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Background: Patients with end-stage renal disease (ESRD) are characterized with high risk of heart failure. Although mineralocorticoid receptor antagonists have beneficial effect on relieving cardiac fibrosis and, thus, reduce the incidence of cardiovascular disease and cardiac death, the therapeutic benefits and adverse effects are still controversial. We conducted a meta-analysis to measure the safety and efficacy of spironolactone in patients undergoing dialysis.

Methods: A systematic search for randomized controlled trials (RCTs) was performed in PubMed, Embase, and Cochrane databases. Primary outcomes included changes in all-cause mortality (ACM), serum potassium concentration, incidence of hyperkalemia and gynecomastia (GYN). Secondary outcomes included changes in blood pressure (BP), left ventricular mass index (LVMI) and left ventricular ejection fraction (LVEF). Subgroup analysis and sensitivity analysis were further conducted. This research was registered with PROSPERO (International Prospective Register of Systematic Reviews; No. CRD42021287493).

Results: Fifteen RCTs with 1,258 patients were enrolled in this pooled-analysis. Spironolactone treatment significantly decreased ACM (RR = 0.42, P < 0.0001), CCV (RR = 0.54, P = 0.008) and LVMI (MD = −6.28, P = 0.002), also increased occurrence of GYN (RR = 4.36, P = 0.0005). However, LVEF (MD = 2.63, P = 0.05), systolic BP (MD = −4.61, P = 0.14) and diastolic BP (MD = −0.12, P = 0.94) did not change between two groups after treatment. Although serum potassium concentration was increased (MD = 0.22, P < 0.0001) after spironolactone supplement, the risk of hyperkalemia remained unchanged (RR = 1.21, P = 0.31). Further subgroup analysis found more obvious advantageous as well as disadvantageous effects in Asian subjects than European or American ones. Also, with more than 9 months of treatment duration, patients achieved more favorable influence than shorter duration.

Conclusions: These results highlight the therapeutic effects of spironolactone on cardiovascular indexes, including ACM, CCV, and LVMI. However, the unignorable increase of GYN incidence and serum potassium level indicate that close monitor in dialysis-dependent patients, especially Asian patients, is essential.

Keywords: dialysis, end-stage renal disease, mineralocorticoid receptor antagonists, spironolactone, meta-analysis


INTRODUCTION

Heart failure, which often occurs in patients with chronic kidney disease (CKD), may contribute to high cardiovascular morbidity and mortality (1, 2). Among all causes of death in patients undergoing dialysis, sudden cardiac death is the leading one, accounting for 25% of all-cause mortality (ACM) (3). Hypertension and left ventricular hypertrophy, which is directly associated with the risk for sudden cardiac death and ACM, occur in more than 70% patients with long-term dialysis (4, 5).

Aldosterone has been implicated as an important factor to keep cardiovascular homeostasis. As a pleiotropic hormone, aldosterone also can regulate various tissues, such as heart, kidney and liver, through activating the mineralocorticoid receptors (MRs) (6). In the presence of impaired renal function, the renin-angiotensin-aldosterone system (RAAS) are always activated abnormally, mediating high blood pressure and cardiac fibrosis (7). Former researches proved that utilization of mineralocorticoid receptor antagonists (MRA) can mitigate the deleterious effects on cardiovascular system and thus, improving the prognosis of patients with end-stage renal disease (ESRD) (8).

The role of MRAs therapy as a neurohormonal antagonist has been studied by prior studies, however, had various outcomes. Flevari et al. (9) found significant increased sodium potassium level and decreased blood pressure after MRAs treatment, while Lin et al. (10) and Gross et al. (11) suggested unchanged serum potassium and blood pressure, respectively. Previous meta-analyses have been limited by small number of clinical trials (12) or results for single system (13). Thus, spironolactone is not widely understood in subjects undergoing dialysis. These differences in adverse effect and efficacy prompted us to conduct a meta-analysis to determine the changes in dialysis-dependent patients after spironolactone supplement. Also, we will further explore the effect of some factors (e.g., country, dosage, intervention duration) on the results through subgroup analysis.



METHODS

This meta-analysis was conducted in accordance with the preferred reporting items for systematic reviews and meta-analyses (PRISMA) guideline, and was registered with PROSPERO (International Prospective Register of Systematic Reviews; No. CRD42021287493).


Search Strategy and Data Sources

Literature published up to October 2021 in PubMed, Embase, and Cochrane databases, without time or language restriction, were searched. The search strategies are provided in Appendix A. Also, the reference lists of review articles and original studies were manually searched for additional eligible reports.



Selection Criteria

Studies were considered to be eligible if they met the following criteria: (1) randomized-control study on humans; (2) dialysis patients (3) patients in the intervention group, were treated with spironolactone, while the control subjects received placebo or standard treatment. Exclusion criteria were: (1) compared different dosages of spironolactone; (2) failed to provide data on outcomes of interest: occurrence of adverse events (ACM, hyperkalemia and gynecomastia [GYN]) and cardiovascular benefits (including incidence of cardiocerebrovascular diseases [CCV], left ventricular mass index [LVMI], left ventricular ejection fraction [LVEF], systolic blood pressure [SBP] and diastolic blood pressure [DBP]).



Data Extraction and Quality Assessment

The data extraction from each studies includes study characteristics (year of publication, country, randomization method, type of study, sample size, duration and follow-up period) and patient characteristics (age, sex, and dialysis type).



Statistical Analyses

Review Manager (RevMan, version 5.4; the Nordic Cochrane Center, the Cochrane Collaboration, Copenhagen, Denmark) and Stata/SE (version 15.1; StataCorp LP, College Station, TX) were used for the analysis. Two authors extracted raw data from individual studies and then calculated pooled risk ratios (RRs) for dichotomous outcomes and mean differences (MDs) for continuous ones, and corresponding 95% confidence intervals (95% CIs) for each outcomes. The outcomes are presented as SMD if continuous indexes were measured in different methods. For research with more than one intervention groups, we split the shared control group into several groups with smaller sample size, and thus, included two or more comparisons (14). A fixed-effects model was used to perform meta-analysis, and a random-effects model was applied when severe heterogeneity was present. Heterogeneity of included studies was quantified by Q test and I2 statistic. High heterogeneity was defined as p < 0.1 for Q statistic or I2 > 50%. To identify the source of heterogeneity, subgroup analysis was further conducted, according to country, dosage, and length of follow-up. Besides, two reviewers performed additional sensitivity analyses to explore the impact of a single article on the results. Cochrane Collaboration methodology (14) was used to assess included studies for bias.




RESULTS


Search Results

The process of study selection is schematically presented in the flowchart (Figure 1). Overall, the search terms identified 511 references. Of these, the reviewers excluded 259 articles from the initial screening. Subsequently, the majority of articles (217 articles) were excluded after reading the title and the abstract. After assessing the remaining 36 full text articles, we eliminated 23 additional articles since they failed to meet the inclusion criteria. Therefore, 15 randomized controlled trials (in 13 articles) were included in the meta-analysis.


[image: Figure 1]
FIGURE 1. Flow diagram of the literature search process.




Search Characteristics and Quality

The studies enrolled 1,258 patients, with the mean age spanned 52.92 ± 6.90 to 70.45 ± 9.70 years. Of these articles, three were conducted in China (10, 15, 16), two in the United States (11, 17), two in Grace (9, 18), two in Japan (19, 20), two in Iran (21, 22), one in Brazil (23) and one in Chile (24). In terms of ethnicity, seven RCTs were performed in Asians and 6 articles (8 RCTs) included non-Asians. Nine RCTs were performed in patients on maintenance HD, 3 articles involved PD patients, and other 3 researches reported data in both HD and PD population (Table 1).


Table 1. Characteristics of enrolled researches.

[image: Table 1]

Figure 2 summarizes the risk of bias of 13 RCTs. Eight studies and 3 studies provided information of random sequence or allocation concealment, respectively. Eleven studies were triple-blinded and 1 had a single-blind design.


[image: Figure 2]
FIGURE 2. Risk of bias in analyzed studies. Unclear risk of bias: “?”, low risk of bias: “-”, and high risk of bias: “+”.




Effects of Spironolactone on Primary Outcomes


ACM and CCV

Analysis of ACM in 1,074 patients in 11 studies found that spironolactone treatment significantly decreased ACM [RR = 0.42, 95%, CI = (0.28, 0.62), P < 0.0001]. Similarly, rate of CCV disease also decreased in spironolactone treatment group [RR = 0.54, 95%, CI = (0.35, 0.85), P = 0.008]. There were no heterogeneity (ACM: Chi2 = 6.19, P = 0.72, I2 = 0%; CCV: Chi2 = 5.32, P = 0.38, I2 = 6%) or publication bias (P = 0.770) (Figure 3).


[image: Figure 3]
FIGURE 3. (A) Effect of spironolactone on ACM; (B) Effect of spironolactone on CCV. ACM, all-cause mortality; CCV, cardiocerebrovascular diseases.




Serum Potassium and Hyperkalemia

As illustrated in Figure 4, meta-analysis showed patients in spironolactone group had significantly higher serum potassium level compared with control ones [MD = 0.22, 95%, CI = (0.12, 0.31), P < 0.0001, I2 = 0%]. However, incidence of hyperkalemia in 1,072 patients in 10 studies showed no significant difference between treated and untreated groups [RR = 1.21, 95%, CI = [0.83, 1.77], P = 0.31, I2 = 0%]. There was no publication bias (P = 0.119).


[image: Figure 4]
FIGURE 4. (A) Effect of spironolactone on serum potassium; (B) Effect of spironolactone on hyperkalemia.




GYN

Analysis of the effects of spironolactone on GYN occurrence in 674 subjects revealed an increase in experimental vs. control groups [RR = 4.36, 95%, CI = (1.90, 10.03), P = 0.0005], with no heterogeneity (Chi2 = 4.80, P = 0.57, I2 = 0%) (Figure 5).


[image: Figure 5]
FIGURE 5. Effect of spironolactone on GYN. GYN, gynecomastia.





Effects of Spironolactone on the Secondary Outcomes


Blood Pressure

The pooled analysis of 10 researches showed that there was no significant difference in SBP [MD = −4.61, 95%, CI = (−10.78, 1.56), P = 0.14, I2 = 74%] or DBP [MD = −0.12, 95%CI = (−3.52, 3.27), P = 0.94, I2 = 59%]between two groups. The considerable heterogeneity was not linked to the country, treatment duration or type of renal replacement (Figures 6A,B). However, sensitivity analysis showed that the results of Flevari et al. (9) and Ni et al. (15) differed significantly from other studies, leading to unstable meta-analysis results for SBP and DBP (Figures 6C–F).


[image: Figure 6]
FIGURE 6. (A) Effect of spironolactone on SBP; (B) Effect of spironolactone on DBP; (C) Sensitive analysis of SBP; (D) Sensitive analysis of DBP; (E) Effect of spironolactone on SBP after sensitive analysis; (F) Effect of spironolactone on DBP after sensitive analysis. DBP, diastolic blood pressure; SBP, systolic blood pressure.




Heart Function

Available data of heart function included LVMI and LVEF. Data on LVMI and LVEF were respectively reported in several trials, and results indicated a significant decrease of LVMI [MD = −6.28, 95%, CI = (−10.29, −2.28), P = 0.002, I2 = 77%] between two groups. However there was no significant difference in LVEF (MD = 2.63, 95%, CI = (−0.03, 5.29), P = 0.05, I2 = 89%] in treated patients vs. untreated ones. Further subgroup analysis was conducted due to the non-ignorable heterogeneity. The data on LVMI showed that spironolactone was beneficial for Asian patients [MD = −9.66, 95%, CI= (−13.78, −5.53), P < 0.00001, I2 = 80%], while there was no significant difference between patients with and without spironolactone in Europe and the United States subgroup [MD = −0.59, 95%, CI = (−4.97, 3.78), P = 0.79, I2 = 0%]. Similarly, the benefit of spironolactone in increasing LVEF only existed in Asian patients (MD = 7.01, 95%, CI= (6.12, 7.91), P < 0.00001, I2 = 0%), not European or American subjects [MD = −0.90, 95%, CI = [−2.40, 0.61], P = 0.24, I2 = 0%] (Figure 7).


[image: Figure 7]
FIGURE 7. (A) Effect of spironolactone on LVMI; (B) Effect of spironolactone on LVEF; (C) Effect of spironolactone on LVMI after subgroup analysis; (D) Effect of spironolactone on LVEF after subgroup analysis. LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index.





Subgroup Analysis

Further subgroup analysis based on country was performed. In Asian subgroup, the pooled analysis found significant difference in serum potassium level, SBP, ACM, LVMI, LVEF, and incidence of CCV and GYN between experimental and control patients. Besides, spironolactone supplementation did not cause a consistent change in DBP and hyperkalemia occurrence. However, in European and American subjects, meta-analysis showed that above mentioned indexes did not confer difference after spironolactone application (Figure 8).


[image: Figure 8]
FIGURE 8. Subgroup analysis based on countries.


To eliminate the effect of duration, we also took subgroup analysis based on duration period. As shown in Figure 9, although longer intervention times (>9 months) had significant benefits on cardiac function (lower ACM and CCV occurrence, decreased LVMI, and increased LVEF), side effects (GYN, hyperkalemia, serum potassium) were significantly increased. However, in the subgroup with a treatment duration of less than or equal to 9 months, neither cardiac-related efficacy nor side effects were significant (Figure 9).


[image: Figure 9]
FIGURE 9. Subgroup analysis based on duration.





DISCUSSION

In this meta-analysis of 15 RCTs of 1,258 dialysis-dependent patients, we suggested that spironolactone treatment affected various parameters associated with cardiovascular system. Spironolactone decreased ACM, SBP, LVMI. Although the serum potassium level significantly increased, spironolactone did not elevate the occurrence of hyperkalemia. The further subgroup analysis implied the intergroup differences across countries. Spironolactone treatment had more obvious efficacy (decreased ACM, CCV, LVMI, and SBP, also increased LVEF) and more severe adverse effects (increased GYN occurrence and serum potassium) on Asian patients. However, spironolactone did not affect these markers in European and American population. Seven RCTs used spironolactone for more than 9 months, appearing more effective in reducing ACM and CCM as well as increasing incidence of GYN and hyperkalemia than those RCTs with shorter application duration.

Hypertension often exists in patients with ESRD, accompanied by activated RASS and secondary hyperaldosteronemia (25). Aldosterone adversely affects blood pressure through both cellular and nervous mechanism. In blood vessels, mineralocorticoid not only decreases deformability of endothelial cells (26), but also suppresses bioactivity of nitric oxide in smooth muscle cells (27), therefore regulates blood pressure. Meanwhile, aldosterone receptors in the central nervous system may enhance sympathetic activity and thus contribute to hypertension (28). Although our meta-analysis didn‘t find antihypertensive effect of spironolactone, the high heterogeneity promoted us to perform sensitive analysis, which found data provided by Ni et al. (15) and Flevari et al. (9) were the source of heterogeneity. It may because all subjects included in these two studies were hypertensive, while other researches had a lower proportion of participants with hypertension (37.5 to 87.6%). Patients with hypertension, especially resistant hypertension, may be particularly prone to salt and water retention, therefore, more susceptible to spironolactone (29). Abnormal level of serum aldosterone promotes the production of profibrotic TGF-βsignaling and following cardiac fibrosis (30). Thus, using aldosterone antagonist can relief cardiac fibrosis in nephrectomized animals (31, 32). Similarly, we also observed rate of LVEF and LVMI significantly changed after MRAs treatment. Spironolactone may also benefit CCV system through following pathways: (1) blocking aldosterone effect on collagen formation, therefore, inhibiting left ventricle remodeling (33); (2) the antihypertensive effect of spironolactone improves vascular endothelial function (34); (3) preventing peritoneal inflammation and fibrosis thereby maintaining peritoneal function (35).

Our research also noted the safety of spironolactone in dialysis-dependent patients, with spironolactone treatment showing a tendency to increase serum potassium concentration, but an unchanged incidence of hyperkalemia. Hyperkalemia, which is well-recognized as adverse effect of MRAs, always prevent the physician from applying spironolactone. Notably, in our pooled-analysis, most of patients who dropped out of the study because of hyperkalemia were hemodialysis (HD) patients, not PD patients. These results are similar to previous findings showing the greater removal of potassium in PD than HD subjects (36, 37). Since dialysis patients are more dependent on dialysis rather than kidney to excrete potassium, using spironolactone maybe safer in dialysis patients than in non-dialysis ones. GYN also appeared with spironolactone application (38), and a significant occurrence of GYN was noted in treated group. The risk of GYN may be minimized if patients used low dose of spironolactone or switched to selective MRAs, such as eplerenone (19).

In subgroup analysis, the effects, including efficacy and side effects, of spironolactone were more significant in Asian patients. Actually, this kind of racial difference existed in several clinical studies on MRAs. Vardeny et al. reported that non-African Americans might have greater beneficial effect from spironolactone supplement than African Americans (39). Besides the unclear genetic mechanism of racial disparity, different selection of ACEI or ARB by ethnic groups may also cause inter-subgroup heterogeneity. The high incidence of cough among Asian patients makes them prone to choose ARB rather than ACEI (40, 41), which may contribute to different results on efficacy and side effects between Asian and non-Asian subgroups (42, 43). Besides, relatively longer intervention duration in Asian populations (3 ~ 36 months) than in European and American ones (0.5 ~ 24 months) should also be taken into account. Till now, the safe duration of spironolactone treatment is still controversial. Spironolactone exerts cardio-protective effects by inhibiting MRs on the one hand and reduces potassium excretion owing to Na+/K+ pump inhibition on the other hand. These double-edged sword effects do not occur simultaneously. Spironolactone elevates serum potassium at an early stage, while cardioprotective effects appear later (44), suggesting close laboratory surveillance for patients newly initiating therapy with MRAs. From this pooled-analysis, longer duration (more than 9 months) was related to an increased LVEF, decreased LVMI, ACM, and CCV, however, the incidence of GYN and ACM also raised. We also did further subgroup-analysis based on dosage, and surprisedly, the results indicated that the lower dosage (≤25 mg) had more obvious side effect and efficacy than higher dosage (50 mg) (Supplementary Figure 2). This may due to the possibility that Asians are more sensitive to drugs and therefore, based on former experience, all Asian groups have chosen smaller doses. Thus, optimal dosage in terms of safety and efficacy remains a critical question that needs to be addressed. Epidemiological evidence suggests that diabetes mellitus is one of the most common modifiable risk factors for CCV and ACM (45). However, all but one article [the study by Vukusich et al. (24)] included only non-diabetic patients, other 12 articles included diabetic and non-diabetic patients. Thus, we failed to perform a diabetes-based subgroup analysis. Besides, as an early sensitive indicator, carotid intima-media thickness has been used as a surrogate endpoint for CCV and ACM to access the efficacy of certain interventions in the past few years (46). Therefore, further studies limited to non-diabetic patients with reported data on carotid intima-media thickness are recommended.

The strength of this study is the strict selection range that only includes RCTs. Meanwhile, without the restrictions of follow-up duration and renal replacement type, we maximized the collected information while selection bias or other potential bias were minimized. Moreover, to the best of our knowledge, this is the first meta-analysis to provide evidence of racial differences in spironolactone use in dialysis-dependent patients. Our results should also be interpreted within the context of several limitations. These include the relatively small sample size and various duration of treatment period. Since spironolactone is an MRA, future studies should report serum as well as urine aldosterone level. Most RCTs included are single-center trials. However, the racial factor is one of the sources of intergroup heterogeneity, thus, multi-central research with patients from various continents is needed in following studies. Moreover, Ito et al. (19) proposed inconsistent changes in kidney-related indicators after spironolactone use in men and women, suggesting further researches to report outcomes according to gender.



CONCLUSIONS

Patients undergoing dialysis can achieve cardiac benefit (LVEF, LVMI, CCV, and ACM) after spironolactone treatment, while the risk of GYN and serum potassium concentration also increased. However, spironolactone does not affect the incidence rate of hyperkalemia. Asian patients can achieve more obvious benefit, although more side effects, from spironolactone than European and American subjects. The use of spironolactone for more than 9 months can have a pharmacological effect compared to a shorter course of treatment. Studies with larger scales and multi-countries are advocated to further evaluate the balance of efficacy and adverse effects in spironolactone use.
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Background: Chronic kidney disease (CKD) in women is often accompanied by hormone disorders such as sex hormones, and most women with CKD are in the post-menopausal age group. Due to the close relationship between menopause and sex hormones, we aimed to explore the association between early menopause and CKD in post-menopausal women, and the influence of early menopause on longevity in the CKD population.

Methods: Information regarding 4,945 post-menopausal women was extracted from the database of the National Health and Nutrition Examination Survey (NHANES) 1999–2014, and then divided into 4 groups according to the type of menopause (natural or surgical) and early menopause (menopause at age <45) or not. The association between early menopause and CKD prevalence was examined using multivariable logistic regression, while we used multivariable Cox proportional hazards models to investigate the possible relationship between early menopause and all-cause mortality in CKD and non-CKD populations. The differences in the levels of sex hormones between women with and without CKD were also explored.

Results: Compared with women with natural menopause at age ≥45, women experiencing early natural menopause had a higher risk of CKD [OR = 1.26 (1.01–1.56)]. Similarly, as compared to women with surgical menopause at age ≥ 45, women in the early surgical menopause group were more likely to have CKD [OR = 1.38 (1.05–1.81)]. In addition, early surgical menopause was associated with higher mortality in the non-CKD group [HR = 1.62 (1.06–2.49)], but not in the CKD group. Women with CKD had a higher level of luteinizing hormone and follicle-stimulating hormone, combined with a lower level of testosterone and estradiol than the non-CKD women.

Conclusion: Both early natural and surgical menopause were associated with a higher risk of CKD. Early surgical menopause was a hazard factor for survival in the non-CKD group, but not in the CKD group. Further research is required to understand the mechanisms.

Keywords: menopause, women, chronic kidney disease, oophorectomy, mortality


INTRODUCTION

Chronic kidney disease (CKD), mainly manifested by decreased GFR and proteinuria (1), is a major public health problem. In the United States, 14.5% of the population meets the criteria for CKD (2). In women with CKD, hormone disorders such as sex hormones disorders are highly prevalent, which may lead to some gynecological problems, for example, menorrhagia and early menopause (3, 4). Moreover, compared with the mean age of 48.8 years at menopause in the general population (5), women with end-stage kidney disease (ESKD) have earlier menopause at a mean age of 45.9 years (6).

Previous studies have shown that early menopause, both natural and surgical, is associated with many diseases, including cardiovascular disease, diabetes, and osteoporosis (7–11). Considering the protective role of estrogens on the cardiovascular system, bone density, and insulin resistance, the shorter lifetime exposure to endogenous estrogens may be the main reason (7, 9). As a consequence, early menopause may influence lifespan (12, 13). Estrogen also appears to be renoprotective in women (14) and it is possible that early menopause is associated with a higher risk of CKD and may affect survival in CKD patients as a consequence of endocrine disturbances. However, the association of early menopause throughout the stages of CKD is inconclusive, and the information about early menopause and mortality in CKD patients is lacking.

We hypothesized that early menopause might be a risk factor of CKD and associated with higher mortality among women with CKD. We examined the National Health and Nutrition Examination Survey (NHANES) database from1999 to 2014 to evaluate the effect of early natural menopause and surgical menopause on CKD prevalence as well as all-cause mortality among women with CKD respectively. The differences in the levels of sex steroid hormone between women with and without CKD were also explored.



METHODS


Study Participants

All data in this study were from NHANES, a representative cross-section survey. It was designed to get information about civilian residents' health and nutritional status in the United States, using a multistage-stratified sample. The NHANES is a periodic survey conducted by the National Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention (CDC). The NCHS Research Ethics Review Board reviewed and approved the NHANES and all participants provided written informed consent. The NHANES Reproductive Health questionnaire surveys females to provide personal interview data on menstrual history, pregnancy history, lactation, oral contraceptive, and other related conditions. These questions were administered at the mobile examination center by trained interviewers, using the Computer-Assisted Personal Interviewing system as part of the Mobile Examination Center (MEC) interview.

We merged the data from the 1999 to 2014 NHANES strictly following the analytical guidelines. 28,688 women answered the reproduction health questionnaire during this period. 10,064 post-menopause women were selected according to the negative response to the question “Have you had at least one menstrual period in the past 12 months? (Please do not include bleedings caused by medical conditions, hormone therapy, or surgeries).” We then excluded women who reported their menopause status as attributable to pregnancy, breastfeeding, usually irregular period. For the surgical menopause group, 1,515 participants reported binary oophorectomy and the surgery time is the same as age at the last period were included. For the natural menopause group, according to the questions “What is the reason that you have not had a period in the past 12 months?” “Have you had a hysterectomy, including a partial hysterectomy, that is, surgery to remove your uterus or womb?” and “Have you had at least one of ovaries removed (either when had the uterus removed or at another time)?” we excluded 2,430 women with a history of hysterectomy, unilateral oophorectomy, or women who reported menopause are due to other medical treatments. Because no data were available on age at menopause, 404 women were excluded. Since this is a questionnaire survey, considering that participants may not be clear about the question, a lot of them reported the age of menopause was the same as age at screening, and most of the participants reported extreme values to have incomplete information. To ensure the accuracy of data, we ruled out 216 women with extreme age at menopause (<30 years old or >60) and 253 women younger than 50 years old at screening consistent with the past study (15–17). Both groups exclude women with missing data of age, race, age at the last period, serum creatinine, or urinary albumin-creatinine ratio. Finally, there were 3,574 participants in the natural menopause group and 1,377 in the surgical menopause group in the present study (Figure 1).


[image: Figure 1]
FIGURE 1. The flowchart of participants' section progress.


For the lack of sex hormone data of women in 1999–2012 NHANES, these laboratory data were from Sex Steroid Hormone—Serum data file in 2013–2016 NHANES. 1,754 women were included to explore the difference in the level of sex hormones between women with CKD and without CKD in the present study.



Definitions of Early Menopause

Natural menopause was defined as physiological amenorrhoea longer than 12 months and does not interfere with other causes, such as surgery or medical treatment (18). Surgical menopause was due to surgical removal of both ovaries before the natural age of menopause (19). Experiencing menopause before 45 was thought to be early menopause which is defined by European Menopause and Andropause Society (20, 21).



Assessment of CKD

Data related to eGFR calculation are accessed from NHANES. Serum Cr was calibrated for the 1999–2000 and 2005–2006 participants. The recalibration equations for 1999–2000 and 2005–2006 NHANES surveys were applied: standard serum Cr (mg/dl) = 0.147 + 1.013 × uncalibrated serum Crw (mg/dl) and standard serum Cr (mg/dl) = −0.016 + 0.978 × uncalibrated serum Cr (mg/dl). Estimating glomerular filtration rate (eGFR) was calculated by the CKD Epidemiology Collaboration equation:

[image: image]

(Scr is serum creatinine, κ is 0.7 for females and 0.9 for males, α is −0.329 for females and −0.411 for males, min indicates the minimum of Scr/κ or 1, and max indicates the maximum of Scr/κ or 1) (22). Relevant data were obtained from laboratory data of NHANES. CKD was defined as participants with an estimated glomerular filtration rate (eGFR) <60 ml/min/1.73 m2 or urinary albumin-to-creatinine ratio (UACR) ≥30 mg/g, and CKD patients were classified into stages according to GFR categories and albuminuria categories by the Kidney Disease: Improving Global Outcomes (KDIGO) organization (23).



Mortality Data

Public-use Linked Mortality Files are available for continuous NHANES 1999–2014. These files provide mortality data from the date of survey enrollment through December 31, 2015. The survival time data we use are the number of Person-Months of follow-up from NHANES Interview date, with a mean follow-up time of 89.5 months. Mortality source and cause of death were determined using death certificates similar to previous studies (24, 25).



Covariates

Clinical covariates were classified as demographics, medical conditions, and lifestyle factors. We used the information at screening from the survey in these analyses. Demographic factors included age, race/ethnicity, and marital status. Medical conditions included hypertension (defined as a history of physician-diagnosed hypertension, a measured average systolic blood pressure ≥ 140 mm Hg, diastolic blood pressure ≥ 90 mm Hg, or current use of antihypertensive medication), diabetes (defined as a history of physician-diagnosed diabetes, hemoglobin A1c level ≥ 6.5% or current use of diabetes medication). Obesity (characterized by standard body index, under 25 kg/m2, 25 to <30 kg/m2, ≧30 kg/m2), triglycerides (TG, mg/dl), total cholesterol (TC, mg/dl), high-density lipoprotein cholesterol (HDL-c, mg/dl), coronary heart disease, congestive heart failure, stroke, cancer were also included in this analysis. Lifestyle factors included smoking status (never, ever, current) and alcohol consumption (never, ever, current).



Statistical Analysis

We reported the characteristics of post-menopause participants and compared those four groups, natural menopause before 45, natural menopause after 45, surgical menopause before 45, and surgical menopause after 45. For continuous variables, if data was of normality, we used ANOVA tests to compared different groups. Otherwise, non-parametric tests were used. And chi-square tests were used for classified variables. After that, we performed logistic regression to evaluate the association of early menopause with CKD prevalence and CKD stages. Model I was a crude model, while model II had been adjusted for age and race/ethnicity, and model III were further adjusted for marital status, smoke, alcohol use, obesity, TG, TC, HDL-c, hypertension, and diabetes. To explore the association between early menopause and all-cause mortality, Cox proportional hazard regression was used in all participants. CKD stage was adjusted in model I,model II was further adjusted for age and race/ethnicity. The fully adjusted model further included smoke, alcohol use, obesity, TG, TC, HDL-c, hypertension, diabetes, coronary heart disease, congestive heart failure, stroke, cancer. We also used Cox proportional hazard regression in CKD and non-CKD groups respectively. eGFR and UACR were adjusted in model I, and model II adjusted for age and race/ethnicity besides. The fully adjusted model included smoke, alcohol use, obesity, TG, TC, HDL-c, hypertension, diabetes, coronary heart disease, congestive heart failure, stroke, cancer additionally. We also performed logistic regression and Cox regression using the same process with the age of menopause as a continuous variable. Finally, we compared the differences in the levels of sex steroid hormone between people with and without CKD, using an independent-samples t-test. A 2-sided p < 0.05 was considered statistically significant. All data management and analyses were performed in SPSS version 26.0.




RESULTS


Description of the Study Population

Table 1 described the characteristics of the women included in the study. Mean ± SD age was 64 ± 10.2 years of all participants, while the mean age at menopause was 47 ± 7.1 years. Women with early menopause, both natural and surgical, had a higher percentage of current smoking and having cardiovascular disease including stroke and congestive heart failure. In addition, the early menopause groups had a higher proportion of having CKD. Compared with people with natural menopause, women who had undergone surgical menopause tended to be obese, have cancer and hypertension, and have a higher level of TC. There were also significant differences in race, marital status, and alcohol use among the groups. The CKD stages of each group were also listed (Supplementary Table 1), few CKD women had UACR <3 mg/mmol, and most of them had a decrease in eGFR.


Table 1. Characteristics of the participants.
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Early Menopause and CKD Prevalence

We used logistics regressions to compare the CKD risk between the early menopause group and the population experiencing menopause after 45 (Table 2). For the natural menopause group, in crude analysis, women with early natural menopause were more likely to have CKD [OR = 1.35 (1.11–1.64), p = 0.003], the model adjusted for demographics factors and the fully adjusted model both supported the result that women with early natural menopause tend to have CKD, and it was significant. For the surgical menopause group, although the unadjusted model showed there was no correlation between early surgical menopause and CKD, women with early surgical menopause had a significant risk of CKD after adjusted for age and race [OR = 1.41 (1.08–1.83), p = 0.011], the result remained the same as the further adjusted model. However, when we explored the relationship between early menopause and CKD-G1/2 and CKD-G3~5 respectively (Supplementary Tables 2, 3), except early natural menopause was associated with CKD-G3~5 [OR = 1.37 (1.04–1.80), p = 0.025], there were no other significant findings. The regression which treated age at menopause as a continuous variable and included surgical vs. non-surgical as a covariate showed the same results (Supplementary Table 4). Older menopausal age was associated with a lower risk of CKD [OR = 0.98 (0.97–0.99), p = 0.002].


Table 2. The association of early menopause and CKD prevalence by logistic regression.
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Early Menopause and All-Cause Mortality

When we treated the CKD stage as a covariate, both early natural menopause and surgical menopause were risk factors for survival (Table 3). Then we separated all participants into two groups according to conditions of CKD and non-CKD. For the CKD group, either early natural or surgical menopause had no significant correlation with all-cause mortality (Table 4). For the non-CKD group (Table 5), although the result of natural menopause is similar to the CKD group, surgical menopause differed from the CKD group. Higher mortality risk was observed in the non-CKD population with early surgical menopause [HR = 1.62 (1.06–2.49), p = 0.027]. However, when we treated age at menopause as a continuous variable (Supplementary Table 5), we found early natural menopause in the CKD group was associated with higher mortality risk [HR = 0.98 (0.96–1.00), p = 0.024]. The other results made no difference.


Table 3. Association of early menopause and all-cause mortality by Cox proportional hazard regression models.
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Table 4. Association of early menopause and all-cause mortality by Cox proportional hazard regression models among CKD group.
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Table 5. Association of early menopause and all-cause mortality by Cox proportional hazard regression models among the non-CKD group.
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The Hormone Differences Between CKD and Non-CKD Group

To find out the connection between the CKD prevalence and early menopause in women, we compared the hormone level of CKD and the non-CKD group (Table 6). Several hormones showed a significant difference. CKD patients had a higher level of follicle-stimulating hormone (34.44 vs. 27.71, p = 0.029) and luteinizing hormone (22.66 vs. 19.63, p = 0.029), but a lower level of testosterone (153.37 vs. 176.29, p = 0.033) and estradiol (29.50 vs. 40.11, p = 0.001). For sex hormone-binding globulin (SHBG), CKD and non-CKD groups made no difference.


Table 6. The difference in hormones between the population with and without CKD.
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DISCUSSION

In the present study, both early natural menopause and early surgical menopause were associated with statistically significant increased risk of CKD, with persistent relation observed after adjusted for conventional factors. In our study, when we treated the CKD stage as a covariate, both early natural menopause and surgical menopause were risk factors for survival, but the results had some differences when we divided the participants into CKD and non-CKD. Early natural menopause was independent of longevity in the non-CKD group. However, in the CKD group, the regression results of the age of menopause as a continuous variable and early menopause as a categorical variable are different. As for surgical menopause, bilateral oophorectomy before age 45 years increased the all-cause mortality in the non-CKD group, but such finding was not observed in the CKD group. Our study also revealed the apparent differences in sex hormone levels between CKD and non-CKD participants.

Our study revealed women with early menopause, both natural and surgical, had a higher percentage of current smoking and having cardiovascular disease including stroke and congestive heart failure. Studies have reported that smoking is associated with an earlier age of menopause, and a later age of menopause could reduce the risk of cardiovascular diseases (26). Our study confirmed this. In our study, compared with people with natural menopause, women who had undergone surgical menopause tended to be obese, have cancer and hypertension, and have a higher level of TC. This indicates that cancer may be an important cause of oophorectomy. Obesity, hyperlipidemia, and hypertension are associated with a higher risk of ovarian diseases (27), which make women more likely to undergo oophorectomy. There were also significant differences in race, marital status, and alcohol use among the groups. A meta-analysis has shown low and moderate alcohol consumption was associated with later menopause onset, compared to non-drinkers (28). In addition, alcohol may also cause lesions in the female reproductive organs leading to oophorectomy (29).

Our study suggested that early menopause, both natural and surgical, was associated with a higher risk of CKD and early natural menopause is mainly associated with CKD-G3~5. A study based on the multiethnic Women's Health Initiative cohort had mentioned early natural menopause occurred more among women with CKD (3), which indicated a potential association between early natural menopause and CKD. Another cohort study found women who had undergone bilateral oophorectomy were more likely to develop CKD compared to age-matched referent women without surgery (30), but the relationship between the age at surgery and CKD prevalence is unclear. In this study, women who had bilateral oophorectomy before age 45 were at a higher risk of CKD than those who had surgery after age 45, suggesting the association between early surgical menopause and CKD prevalence.

The difference in sex hormone levels between the CKD group and the non-CKD group in this study proved that sex hormones may play crucial roles in the association between early menopause and CKD. As CKD develops, an inadequate cyclic release of gonadotropin-releasing hormone (GnRH) by the hypothalamus leads to loss of normal pulsatile gonadotropin secretion by the pituitary including FSH and LH (31–34). In this case, the pre-ovulatory rise of estrogen and progesterone is absent, causing ovulatory obstacles, then amenorrhea occurs, finally resulting in early menopause (35). On the other hand, after menopause, the level of estrogen declines, which may accelerate the progression of glomerulosclerosis (36). A recent study had mentioned that the risk for CKD was higher in women with shorter reproductive life span duration, indicating less endogenous estrogen exposure was closely associated with higher CKD risk in postmenopausal women (37). In addition, in patients with surgical menopause, surgery and subsequent drug use might increase the renal load and lead to injury of renal. Therefore, the relationship between early menopause and CKD is bi-directional. Nevertheless, the mechanism that confers the association of early menopause and CKD is uncertain.

In our study, early natural menopause did no effect on mortality in the non-CKD group. In the CKD group, there was a negative result when we take early menopause as a categories variable, however, when we treated age at menopause as a continuous variable, we found early natural menopause was associated with higher mortality. The relation between age at natural menopause and mortality is controversial. A study based on the Health, Well-Being and Aging study found women with early menopause had a 48% higher risk of all-cause mortality compared to the women with menopause at normal age (38), but a Taiwan study showed there was no significant difference in all-cause mortality between women with early menopause and the normal reference (39). Early menopause is associated with many other diseases and might result in an uncertain relationship between early menopause and mortality. Previous research has shown that early onset of menopause was connected with a higher risk of cardiovascular disease mortality (12, 40), whereas early menopause was known to decrease the risk of developing breast cancer, ovarian and endometrial cancer (41–43). These factors may also affect the longevity of postmenopausal women. More studies are needed to confirm the association of early natural menopause with mortality.

Bilateral oophorectomy undertaken before age 45 years is thought to increase mortality in the general population (44, 45), the similar conclusion was observed in the non-CKD group in our study. Oophorectomy-induced estrogen deficiency may partly explain the surgery's damage to survival. A low level of estrogen increases the risk of cardiovascular disease, osteoporosis, or neurological disease. Consequently, it influences the longevity of these patients (11). There was no data in the NHANES on why women had bilateral oophorectomy, but other studies have reported although some oophorectomies are performed to treat ovary-related pathology or to prevent ovarian cancer in women at increased risk of ovarian cancer, most oophorectomies are done in cases of grossly normal ovaries in women at average risk for ovarian cancer (46). Women who underwent hysterectomy and had mutations in the BCRA2 and BRCA1 genes were most likely to have prophylactic bilateral oophorectomy (47). Hysterectomy and gene mutations may also be the risk factors of mortality. Moreover, early menopause has been linked to psychological disorders such as depression and anxiety, which can accelerate the progression of diseases and increase mortality (48). However, in the CKD population we studied, early bilateral oophorectomy was irrelevant with survival. There were several possible explanations for this result. CKD may interfere with the pathogenesis of menopause. For example, Vasomotor symptoms occur in 30–80% of post-menopausal women in the form of peripheral vasodilation and sweating, while women with CKD have a lower risk to experience it (3). In addition, decreased estradiol catabolism in CKD patients might lead to a higher free estradiol level (49). Moreover, taking the same dose of estradiol, serum concentrations of estradiol and estrone in patients with CKD are 2–3 times higher than in healthy postmenopausal women (50) and improved the treatment efficacy of estradiol supplement after the bilateral oophorectomy. Besides, for the regular medical examinations during the perioperative period of oophorectomy, CKD patients could be early diagnosed, which is also conducive to survival. The above factors may counteract the adverse effects of surgical menopause. However, the exact mechanisms remain inconclusive.

There are still many limitations in our study. First, the criterion of menopause was only 1 year without menstruation after excluding some special conditions, without considering the issue of hormone levels. Second, most of the data were from the questionnaire, including the time of menopause. Although some abnormal data had been screened out, the accuracy of the data was still lacking. As for women with surgical menopause, there are no specific reasons for women to undergo bilateral oophorectomy in the NHANES, and we can only speculate it according to other studies, that might interfere with the outcome. Additionally, there were inevitable censorings in the follow-up, which may have an influence on the results. Finally, because we can't get information about when the participants developed CKD, the sequence of CKD and menopause is unknown and the causal relationship between early menopause and CKD is not clear and requires further cohort studies. Despite these limitations, our study has the merit of using a representative national sample, and we have found evidence in support of the association between early menopause and CKD prevalence and all-cause mortality, and their difference between CKD and non-CKD patients.



CONCLUSION

Both early natural and surgical menopause were associated with a higher risk of CKD. In our study, early surgical menopause was a hazard factor for survival in the non-CKD group, but not in the CKD group. The mechanisms behind these associations need further research.
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Background: Membranous nephropathy (MN) is a common pathological phenotype for adult nephrotic syndrome (NS). The occurrence of MN is increasing across China, but diagnostic methods for MN still rely on kidney biopsy and PLA2R and THSD7A detection in plasma and kidney tissue, and there has been no new biomarker for MN discovered since 2014. Immune infiltration status in MN patients suffers from the dearth of associated studies. In the present study, we aimed to find new bio-markers for MN and evaluate the role of immune cells infiltration in MN pathology.

Methods: We downloaded MN expression profile from the Gene Expression Omnibus database and used R-project to screen differentially expressed genes (DEGs) and performed functional correlation analysis. Least absolute shrinkage and selection operator (LASSO) logistic regression and Radom Forest algorithms were used to screen and verify the bio-markers of MN. Finally, CIBERSORT was used to evaluate the infiltration of immune cells in MN tissues.

Results: A total of 463 DEGs were screened from the MN tissue in this study. ETS2 was identified as bio-marker for MN. The CIBERSORT results showed that there were statistical differences in monocytes, plasma cells, regulatory T cells, and memory B cells. In addition, ETS2 was positively related to monocytes, M1 phase macrophages, and neutrophils and negatively correlated to plasma cells, CD4+ T memory cells, M2 macrophages, CD8+ T cells, memory B cells, and resting mast cells.

Conclusion: (1) Machine learning algorithms reveals Ets2 as a novel target for membranous nephropathy patients. (2) Immune infiltration plays an important part in membranous nephropathy. (3) Ets2 expression is related to immune cells infiltration.

Keywords: membranous nephropathy, machine learning, immune infiltration, Ets2, chronic kidney disease


INTRODUCTION

Membranous nephropathy (MN) is one of the common causes of nephrotic syndrome (NS) in the adult population (1). Recent studies confirmed the occurrence of MN in primary glomerulopathy (2). The typical pathological changes for MN include diffuse thickening of the glomerular capillary basement membrane and diffuse granular deposits of IgG with or without C3 (3). Currently, the diagnosis of MN relies on kidney biopsy and detection of PLA2R (4) and THSD7A (5) in plasma and kidney biopsy tissue: there has been no new biomarker for MN discovered since 2014 (6). Finding new biomarkers for MN diagnosis and treatment target is important.

Based on previous studies on human MN patient kidney biopsy and animal models, MN pathophysiological changes involved B cell activation (7) and immune infiltration caused by B cell activation including macrophages (8) and T cells (9). Recently, Rituximab, a monoclonal antibody against CD20, which can cause B cell degeneration, had been approved as a first-line treatment for MN patients (10), indicating that immune infiltration, especially B cell action, plays an important role in MN activation. However, there has been no large-scale immune infiltration study on human MN patients based on RNA sequencing and the CIBERSORT algorithm.

Machine learning algorithms such as least absolute shrinkage and selection operator logistic regression (LASSO) and random forest algorithms were widely used in clinical practice. These machine learning algorithms provided new insight in COVID-19 mortality (11), progressive of idiopathic pulmonary fibrosis (12) and cancer outcomes (13). Based on these studies, we could use machine learning algorithms to find novel targets for MN patients.

In the present study, a microarray dataset of MN downloaded from the Gene Expression Omnibus (GEO) database was used. We performed differential expression gene analysis and used machine learning algorithms to screen and identify suitable targets for MN treatment and diagnosis. CIBERSORT (14) was then used to ascertain the difference in immune infiltration between normal tissue and MN tissue. In addition, MN treatment target and its relationship with immune infiltration in 22 immune cells were determined.



MATERIALS AND METHODS


Data Download

The “GEOquery” package in R (Version 4.10) was used to download the MN expression profile datasets GSE99340 and GSE108113 from the GEO database.



Data Processing and Deg Screening

The expression matrices of GSE99340 and GSE108113 were downloaded and combined. The control group and MN group samples were selected according to patient data (Table 1). Inter-batch differences were removed using the “sva” package. Two PCA cluster plots were used to demonstrate the effect of inter-sample correction. DEGs were scanned using the “limma” package and “ggplot2” software was used to show differential expression of DEGs.


Table 1. Sample number and group information.
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Functional Analysis

The “clusterProfiler” package was used to perform Gene Ontology (GO) and Disease Ontology (DO) enrichment analyses on DEGs, respectively. KEGG pathway enrichment analyses were also conducted on the gene expression matrix through the “clusterProfiler” package. A false discovery rate (FDR) < 0.25 and p < 0.05 were considered to represent significant enrichment.



Screening and Verification of Treatment Target

We used least absolute shrinkage and selection operator logistic regression (LASSO) and random forest algorithms to perform feature selection to screen treatment target for MN. The LASSO algorithm was applied using the “glmnet” package, and the random forest algorithm was established using the “randomForest” package the further to evaluate treatment targets. The GSE108113 matrix was used as a test matrix to examine random forest algorithm results. Then, we combined genes from the results from running the LASSO and random forest algorithms.



Evaluation of Immune Cell Infiltration

CIBERSORT R-packages and the LM22 document were used to run the algorithm locally (14); we filtered out those samples with p < 0.05 and obtained the immune cell infiltration matrix. The “corrplot” package was used to draw a correlation heatmap to visualize the correlation between infiltrated immune cells; the “ggplot2” package was employed to plot diagrams allowing visualization of the correlations in immune cell infiltration.



Correlation Analysis of Treatment Target and Immune Cell Infiltration

Spearman correlation analysis was applied to the markers and infiltrating immune cells and the “ggplur” package was used to visualize the results.




RESULTS


Data Processing and DEGs Screening

First, we merged expression profile datasets GSE99340 and GSE108113. The “sva” package was then used to remove inter-batch differences between different expression matrices. The merged expression matrix was normalized and processed: two PCA cluster diagrams (before and after normalization, Figures 1A,B) were used, indicating that the sample source was reliable. After data normalization, R-project was used to extract a total of 463 DEGs from the gene expression matrix, as shown in volcano map (Figure 1C). The heatmap of the top-50 DEGs demonstrated that DEGs were expressed differently in normal and MN samples (Figure 2A).


[image: Figure 1]
FIGURE 1. (A) PCA clustering results of expression dataset before removing inter-batch difference: yellow dots represent MN samples and purple dots represent normal samples. (B) PCA clustering results of expression dataset after removing inter-batch difference, yellow dots represent MN samples and purple dots denote normal samples. (C) Volcano map for 463 DEGs, red represents up-regulated DEGs, blue represents down-regulated DEGs.
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FIGURE 2. (A) Top 50 DEG expressions in each sample, red represents a high level of expression and blue represents a low level of expression. (B–D) GO enrichment in biological process (BP), cellular component (CC), and molecular function (MF): color represents the P-value, red represents a low P-value and blue represents a high P-value. (E) DO enrichment: color represents the P-value, red represents a low P-value and blue represents a high P-value. (F) KEGG pathway enrichment results, red represents up-regulated pathways and blue represents down-regulated pathways.




Functional Correlation Analysis

GO analysis showed that DEGs were mainly related to biological process (BP) including inflammatory response, lymphocyte activation, response to bacterium, response to lipopolysaccharide, leukocyte proliferation, leukocyte migration, response to molecules of bacterial origin, and cellular response to biotic stimulus (Figure 2B). The cellular component (CC) aspect of the results of GO analysis of DEGs included external encapsulating, extracellular matrix, collagen containing, external side of plasma membrane, basolateral plasma membrane, basal part of cells, and apical plasma membrane (Figure 2C). The molecular function (MF) aspect of the GO analysis results included active transmembrane transporter activity, symporter activity, secondary active transmembrane transporter activity, active ion transmembrane transporter activity, solute cation symporter activity, solute sodium symporter activity, sodium ion transmembrane transporter activity, and cytokine binding (Figure 2D).

GO analysis showed that DEGs were mainly related to urinary system disease, kidney disease, mouth disease, lung disease, tooth disease, myeloma, bone marrow cancer, and multiple myeloma (Figure 2E). KEGG pathway enrichment showed that human papilloma virus infection pathway, chemokine signaling pathway, pathways in cancer, Epstein-Barr virus infection pathway, proteoglycans in cancer pathway, human cytomegalovirus infection pathway, human T-cell leukemia virus 1 infection pathway, Rap 1 signaling pathway, Wnt signaling pathway, and axon guidance pathway as the top-10 most up-regulated pathways (Figure 2F). These results indicating MN pathophysiological changes involved immune responses.



Screening of Biomarkers for MN

The LASSO logistic regression algorithm was employed to identify 23 genes from DEGs as biomarkers for MN combined results from two λ values (Figure 3A). The protein-protein interaction (PPI) was analyzed (Figure 3B); 30 genes were obtained through use of the random forest algorithm as MN biomarkers (Figure 3C) and PPI analysis (Figure 3D); the learning status of the random forest algorithm showed that the predictive results were useful when scanning MN patients (Figure 3E). The gene markers from two algorithms were overlapped and one related gene (ETS2) was obtained (Figure 3F).


[image: Figure 3]
FIGURE 3. (A) Selection of λ in the LASSO algorithm. (B) PPI network between LASSO algorithm results. (C) Top 30 results from the random forest algorithm. (D) PPI network between random forest algorithm results. (E) Random Forest algorithm learning status. (F) Venn map combining results from the LASSO and random forest algorithms.




Immune Cell Infiltration Results and Correlation Analysis Between Ets2 and Immune Cells

The CIBERSORT tool was used to identify the estimated proportion of immune cells in MN and normal tissues. The estimated proportion of immune cells for each sample is shown in Figure 4A. The immune cell composition in both MN and normal groups was calculated; results showed that there were statistical differences in monocytes, plasma cells, regulatory T cells, and memory B cells (Figure 4B). The correlation between infiltrated immune cells is shown in Figure 4C. The correlation between ETS2 and infiltered immune cells was also determined. ETS2 was positively related to monocytes (cor = 0.63795852, p = 3.007799 × 10−17), M1 phase macrophages (cor = 0.66141468, p = 7.823412 × 10−19), and neutrophils (cor = 0.66695409, p = 3.149015 × 10−19) and negatively correlated to plasma cells (cor = −0.69775865, p = 1.369595 × 10−21), CD4+ T memory cells (cor = −0.50377651, p = 1.119549 × 10−7), M2 macrophages (cor = −0.37665222, p = 5.751199 × 10−6), CD8+ T cells (cor = −0.37258185, p = 6.280381 × 10−6), memory B cells (cor = −0.35864338, p = 1.455759 × 10−5), and resting mast cells (cor = −0.28208991, p = 7.672348 × 10−4) (Figure 4D).


[image: Figure 4]
FIGURE 4. (A) Estimated proportion of immune cells in each sample. (B) Different immune cell infiltration between MN and normal samples. The symbol * represents a P-value < 0.05. (C) Correlation between different infiltrated immune cells. (D) ETS2 Correlation upon different immune cell infiltrations.





DISCUSSION

MN is one of the most common pathological phenotypes for adult NS (3). Treatment for MN includes Rituximab, immunosuppressants, and glucocorticoids (10). Although, some patients can self-heal, many suffer from a protracted course of MN and some would eventually progress to end-stage-kidney-disease and require a kidney transplant.

Immune infiltration plays an important role in MN development (15). B cell activation leads to deposition of immune complex causing classic pathological changes of MN. Immune complex and B cell activation also leads to immune cell infiltration by macrophages. Macrophage phenotypes also play a critical role in the progress of MN; MN patients had a higher ratio of M1 macrophages to M2 phenotype, which led to increased inflammation and caused more damage (8).

We downloaded the expression profile dataset from the GEO database and identified a total of 463 DEGs. GO enrichment analysis showed that DEGs were mainly related to inflammatory response, lymphocyte activation, response to bacterium, response to lipopolysaccharide, leukocyte proliferation, leukocyte migration, response to molecules of bacterial origin, and cellular response to biotic stimulus. These results show that immune activity plays an important role in MN processes. KEGG enrichment analysis showed that up-regulated DEGs mainly belonged to the human papilloma virus infection pathway, chemokine signaling pathway, pathways in cancer, and Epstein-Barr virus infection pathway. These results showed that immune infiltration and immunomodulatory genes were changed during MN pathology changes. Also, targeting immune infiltration and virus-related innate immune could be next generation treatments (15) and diagnostic methods for MN (16).

CIBERSORT analysis result of 22 immune cell infiltration showed the statistical differences in monocytes, plasma cells, regulatory T cells, and memory B cells and indicated that pathways involved in immune cell activation and infiltration could be critical in MN progression. Moreover, these results demonstrated that these immune cells could be viable targets for MN immune suppression treatment.

The expression data were analyzed by using machine learning algorithms to screen possible targets for MN treatment. LASSO and random forest algorithms were used during the scan for treatment targets. We then combined the results from the LASSO algorithm and the random forest algorithm, showing that ETS2 was a suitable target for MN treatment. ETS2 was found to be positively related to monocytes, M1 phase macrophages, and neutrophils and negatively correlated to plasma cells, CD4+ T memory cells, M2 macrophages, CD8+ T cells, memory B cells, and resting mast cells. These results indicated that ETS2 participated in MN pathophysiological immune infiltration. According to previous studies, ETS2 participated in various activities: EST2 can control cytokine production and innate immune activation, which leads to IL-6 suppression and decreased amounts of macrophages (17). These functions of ETS2 could be related to its suppression of MAPK/NF-KB pathways (18). Also, deletion of ETS2 in pancreas leads to fibroblast continuous activation (17), however, studies in kidney showed that ETS2 could promote epithelial-to-mesenchymal transition and cause the progression of renal fibrosis. The study also indicated that these results could be caused by direct levels of regulation between ETS2 and JUNB transcription (19). Moreover, some studies showed that ETS2 interacts with the TGF-β/Smad pathway (20)—a pathway related to renal fibrosis—but studies of ETS2 function in MN are needed.

These results demonstrated that ETS2 was a crucial component for MN activation and immune infiltration, but direct intervention with ETS2 transcription function is not a wise way in which to treat MN. Further studies should be aimed at understanding of ETS2 function in MN and interaction with ETS2 promoting JUNB transaction. Inhibiting ETS2 and JUNB promotor binding could be the next-generation treatment used to cure MN. However, there are some limitations of this study, such as lack of the validations of Ets2 in MN patients at the protein level and Ets2 expression level's relation with patients' clinical outcomes. Further studies in this area are needed.
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Objective: Studies on the association between urinary protein-to-creatinine ratio (UPCR) and chronic kidney disease (CKD) progression are limited. This study aimed to investigate the relationship between UPCR and CKD progression in a Japanese population.

Methods: The present research was a secondary analysis of a prospective cohort study. Eight hundred and ninety-six subjects from the research of CKD-ROUTE in Japan were included. All the patients were new visitors or first referred to the participating centers of nephrology between October 2010 and December 2011. The target-independent variable was UPCR measured at baseline. The dependent variable was CKD progression and the estimated glomerular filtration rate (eGFR) changes during follow-up. We used Cox proportional hazards regression to investigate the association between UPCR and CKD progression risk. To address UPCR and CKD progression's non-linearity, a multivariate Cox proportional hazards regression analysis with cubic spline functions model and smooth curve fitting (penalized spline method) were conducted. We further used a generalized linear mixed model to explore the relationship between UPCR and the changes of eGFR.

Result: The mean age of the included patients was 67.2 ± 13.4 years old. Two hundred and thirty-four people occurred CKD progression during follow-up. The present study showed that UPCR was independently associated with CKD progression in the multivariate analysis [HR = 1.164, 95% CI (1.116, 1.215)]. The non-linear relationship between UPCR and CKD progression was explored in a dose-dependent manner, with an obvious inflection point of 1.699. Furthermore, our findings indicated that the tendency of the effect sizes on both the left and right sides of the inflection point was not consistent [left HR: 4.377, 95% CI (2.956, 6.483); right HR: 1.100, 95% CI (1.049–1.153)]. Using the linear mixed-effects regression model, we found that UPCR was an independent predictor of the longitudinal changes in eGFR (p < 0.001 for the interaction term with time).

Conclusion: This study demonstrates a nonlinear positive relationship between UPCR and CKD progression in the Japanese population. UPCR is also an independent predictor of the longitudinal changes in eGFR.

Keywords: urinary protein-to-creatinine ratio, non-linearity, chronic kidney disease progression, Cox proportional hazards regression, linear mixed-effects regression model


BACKGROUND

Chronic kidney disease (CKD), resulting in end-stage renal disease (ESRD), has become a significant health problem worldwide. In recent years, billions of dollars have been charged to the National Health Insurance system, and the cost has continued to rise (1). CKD affects about 14% of the United States population, and the prevalence of ESRD is around 2,043 per 1 million people, which is ranked third in the world (2). There are ~13.3 million people, accounting for 13% of the Japanese adult population, are estimated to have CKD (3). In addition, patients with CKD also have poorer cardiovascular outcomes and higher mortality (4). Therefore, studying the risk factors that may lead to the damage and deterioration of renal function has become the top priority of preventing and treating kidney diseases.

Diabetes mellitus (DM), age, gender, dyslipidemia, anemia, high-protein diet, smoking, obesity, hyperuricemia, proteinuria, family history for CKD and hypertension are traditional risk factors for the development of CKD (5, 6).

Proteinuria not only indicates the severity of CKD but is also strongly related to CKD progression (7). It is therefore essential to evaluate accurately each patient's proteinuria levels. In clinical practice, there are three indicators used to assess proteinuria: 24-h urine protein excretion (UPE), protein-to-creatinine ratio (UPCR), and urinary albumin-creatinine ratio (ACR). Although 24-h UPE is the most commonly used measure of proteinuria in randomized controlled clinical trials, it has several limitations and is unreliable if not validated by measuring 24-h urinary creatinine concomitantly. It is inconvenient and often inaccurate due to the 24-h urine collection required, and the quality of the urine is easily affected by the environment (8). Some studies support recommendations of using spot UPCR in screening and monitoring proteinuria in CKD patients (8), such as nephritis (9), diabetic nephropathy (10), and IgA nephropathy (11). Currently, a few studies have explored the relationship between UPCR and CKD progression (11–13). Nevertheless, most of these studies only used the logistic regression model or Cox proportional hazards regression to explore the relationship between UPCR and CKD progression. Therefore, evidence on the quantitative relationship between UPCR and CKD progression is still limited. Besides, few studies have investigated the relationship between baseline UPCR and the changes in estimated glomerular filtration rate (eGFR) and the role of other variables in modifying the relationship between UPCR and CKD progression. Moreover, fewer studies evaluated the possible non-linear relationship between UPCR and CKD progression.

Therefore, this study would use a multivariate Cox proportional hazards regression analysis, a multivariate Cox proportional hazards regression analysis with cubic spline functions model and smooth curve fitting (penalized spline method), and a generalized linear mixed model to investigate whether the baseline UPCR was independently related to renal function progression and the changes of eGFR in patients with CKD. A comprehensive understanding of the relationship between UCPR and the risk of CKD progression and changes in eGFR can provide a more scientific reference for clinically delaying renal function progression in CKD patients by controlling proteinuria.



METHODS


Data Source and Participants

Data could be downloaded from the “DATADRYAD” database (www.datadryad.org), a website that allowed users to download raw data freely. All occurrence data for specimens included in this study were available as part of a Dryad (http://datadryad.org/) data package (doi: 10.5061/dryad.kq23s) (14). The variables used in the study were as follows: gender, age, systolic blood pressure (SBP), body mass index (BMI), serum creatinine (Scr), UPCR, urinary occult blood, eGFR, hemoglobin (Hb), serum albumin (ALB), causes of CKD, history of cardiovascular disease (CVD), diabetes, hypertension and anti-hypertensive therapy including calcium channel blocker, angiotensin receptor blockers (ARB), angiotensin-converting enzyme inhibitors (ACEI), and diuretics, years of follow up and CKD progression at follow up (14). According to the Dryad Terms of Service, researchers might apply these data in secondary analysis without infringing on the authors' rights. As written informed consent and research ethics approved were obtained in the previous research, no longer needed for this secondary study (14).

Data were obtained from the research on chronic kidney disease outcomes in treatment and epidemiology (CKD-ROUTE), a prospective, observational cohort study of a representative Japanese population with stage G2-G5 CKD. Stage of CKD was defined based on Kidney disease: improving global outcomes (KDIGO) classification (15). Details of the design in the study have been reported previously (14, 16, 17). More than 1,000 participants participated in Tokyo Medical and Dental University Hospital, and its 15 affiliated hospitals were enrolled (14).

New patients who were older than 20 years of age and who visited or were referred for the treatment of CKD stage 2–5 between October 2010 and December 2011, but were not on dialysis therapy, were recruited in this study (14). Patients with malignancy, transplant recipients, and/or active gastrointestinal bleeding; those who did not provide informed consent were excluded (14). Finally, 1,138 patients were assessed for eligibility in the original study (14). We excluded patients with missing values of UPCR (n = 88), and follow-up time was <3 months (n = 154). The final analysis included 896 subjects (629 male and 267 female) in the present study (see flowchart for details in Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart of study participants.




Study Design and Measurement of Variables

This was a prospective cohort study, and the study's design had been documented elsewhere (14, 17). All patients' medical history and current medications were recorded at enrollment. BMI was calculated from the body height and weight, obtained by anthropometric measurements. A standard sphygmomanometer was used to measure BP. Urine and blood samples were collected to measure creatinine, hemoglobin, albumin, urinary protein, urinary occult blood, and urinary creatinine (14). The eGFR was calculated by the following diet modification in renal disease equation modified for Japanese subjects (18): eGFR = 194 × serum creatinine −1.094 × age −0.287 (if female, × 0.739). Proteinuria was identified by urine dipstick test and the UPCR. Anemia was defined as hemoglobin level <10 g/dL because treatment for anemia was provided with a target Hb level of 10–12 g/dL. Low BMI (<23.5 kg/m2) and low serum albumin level (<4 g/dL) were defined as cutoff values (19). All patients received standard treatment protocols according to the Japanese CKD guidelines (20). All patients were visited every 6 months for assessment of their clinical status. UPCR at baseline was the main independent variable. The dependent variable was CKD progression and eGFR changes during the follow-up period.



Definition of Diabetes, Hypertension, Cardiovascular Disease, and Etiology of Kidney Disease

Hypertension was defined as SBP at least 140 mmHg or DBP at least 90 mmHg or clinician-diagnosed hypertension, or currently on anti-hypertensive medication (14). Diabetes mellitus was defined as HbA1c ≥ 6.5% or antidiabetic therapy history (14). The etiology of CKD in each patient was determined by the physician who treated the patient at the time of enrollment, according to the patient's clinical characteristics, past medical history, and histological findings of renal biopsy specimens (14).

CVD was defined as having a history of coronary heart disease (including myocardial infarction, angina pectoris, coronary revascularization), congestive heart failure, peripheral arterial disease, or stroke (transient ischemic attack, cerebral infarction, subarachnoid hemorrhage, or cerebral hemorrhage) (14).



Study Endpoint

The primary outcome was CKD progression, defined as either initiation of dialysis during or 50% decline in eGFR from baseline (14). And the secondary endpoint was the changes of eGFR.



Statistical Analysis

First, we dealt with the missing values of covariates. The number of participants with missing SBP, BMI, and ALB data was 13, 89 and 3, respectively. Since only some continuous variables had missing data and were not much, it was unlikely to make a big impact. They all satisfied the normal distribution, so we used means to supplement the missing data (21).

Next, UPCR tertiles stratified baseline characteristics of all patients. Continuous variables with normal and skewed distribution were expressed as means with standard deviations or medians with interquartile ranges. Categorical variables were expressed as numbers and percentages. To compare differences among different UPCR groups (tertiles based on UPCR data), one-way analysis of variance (parametric distribution) or Kruskal–Wallis (non-parametric distribution) test was applied. Chi-square was used to compare categorical variables. Kaplan-Meier survival analysis with the log-rank test was used to compare CKD progression-free survival of different UPCR groups.

The process of data analysis was based on two criteria: (1) what was the real relationship between UPCR and CKD progression (linear or non-linear); (2) adjusted the confounding variables or after the stratified analysis, what was the true relationship between UPCR and CKD progression? Therefore, all of the results presented in this study were based on a three-step data analysis approach. Step 1: Univariate and multivariate Cox proportional hazard regression models were employed. According to the recommendation of the STROBE statement (22), we constructed three models: model 1, no covariates were adjusted; model 2, only adjusted for sociodemographic data (age, BMI, gender, SBP, hypertension, diabetes, history of CVD, and etiology of CKD); model 3, model 2+other covariates (HB, eGFR, ALB, urinary occult blood, use of calcium channel blocker, use of RAAS inhibitor, and use of diuretics). When added to the model, those covariates that changed the coefficient by more than 10% were considered confounders and adjusted for the multivariate analysis (23). Step 2: To address the non-linearity of UPCR and CKD progression, a Cox proportional hazards regression with cubic spline functions and smooth curve fitting (the cubic spline smoothing) were conducted. We calculated the inflection point using a recursive algorithm to detect a non-linearity. Then a two-piecewise Cox proportional hazard model was performed to calculate the threshold effect of the UPCR on CKD progression in terms of the smoothing plot. In the end, which model was more suitable for fitting the association between UPCR and CKD progression was mainly determined by the log-likelihood ratio test.

A sensitivity analysis was conducted to ensure the robustness of the data analysis. UPCR was converted into a categorical variable, and the P-value was calculated for the trend. The test's purpose was to verify the results of treating UPCR as a continuous variable and determine the possibility of non-linearity. Achieving complete remission predicts an excellent long-term renal prognosis (24). Therefore, when exploring the association between UPCR and CKD progression in other sensitivity analyses, we excluded participants with UPCR < 0.3.

Furthermore, eGFR levels were followed every 6 months until 36 months. The longitudinal changes in eGFR were analyzed with linear mixed-effects regression models (25), which easily accommodate unbalanced, unequally spaced observations (26). The dependent variable (i.e., eGFR) was assessed on the baseline visit and during all follow-up visits in these models. In contrast, the independent variable (i.e., UPCR) was only measured on the baseline visit. The following variables, measured or calculated on the baseline visit, were entered into all of the models as fixed effects: age, BMI, gender, SBP, hypertension, diabetes, history of CVD, etiology of CKD, HB, eGFR, ALB, urinary occult blood, use of calcium channel blocker, use of RAAS inhibitor, and use of diuretics. In mixed-effects regression models, the interaction term between a fixed effect variable and time assessed whether the variable was a predictor of longitudinal changes in the eGFR variable. Therefore, the interaction terms between time and UPCR were evaluated. All models also included intercept as random term. Random effects allowed each participant's beginning value to vary from the population average (intercept). Patient level (each patient has one intercept) was the level of random intercept. Since patients were assessed for eGFR every 6 months for a total of 6 times, time to repeated measures was treated as a categorical variable (0, 6, 12, 18, 24, 30, 36 months). No structure was imposed on the covariance matrix of these random effects, and the errors were assumed to be independent with constant variance.

All analyses were performed using R (http://www.R-project.org) and EmpowerStats software (www.empowerstats.com, X&Y solutions, Inc., Boston, MA, USA). P-values <0.05 were considered statistically significant.




RESULTS

Thus, a total of 895 participants (70.2% men and 29.8% women) were eventually included in this analysis. The mean age was 67.2 years old (SD = 13.4). The mean follow-up time was 26.53 ± 11.83 months, and 234 people developed CKD progression during follow-up. The baseline mean UPCR and eGFR were 2.09 ± 3.22 and 33.19 ± 17.97 ml/min per 1.73 m2, respectively.


Baseline Characteristics of the Study Participants

Baseline characteristics of the study population were presented by tertiles of UPCR (Table 1). We divided participants into subgroup using UPCR tertiles (<0.224, 0.22–1.648, ≥1.648). In the highest UPCR group, we found that patients generally had higher Scr, SBP, BMI levels, higher rates of urinary occult blood, diabetes, hypertension, history of CVD, calcium channel blocker use, RAAS inhibitor use, and use of diuretics. Besides, patients in the highest UPCR group had a higher proportion of diabetic nephropathy as the primary disease. In contrast, patients generally had lower age, HB, ALB, and eGFR levels in the highest UPCR group.


Table 1. Baseline characteristics of all the patients at enrollment (n = 896).
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Figure 2 showed the distribution of UPCR levels. It presented a skewed distribution while being in the range from 0.006 to 20.183. This result also indicated that most of the FLI were <6.329. Participants were divided into two groups according to whether they developed CKD progression during the follow-up. The UPCR values in the two groups were shown in Figure 3. The results indicated that the distribution level of UPCR in the CKD-progression group was higher, while the UPCR level in the CKD-progression-free group was relatively lower.


[image: Figure 2]
FIGURE 2. Distribution of UPCR. It presented a skewed distribution while being in the range from 0.006 to 20.183.



[image: Figure 3]
FIGURE 3. Data visualization of UPCR of all participants from CKD progression and non-CKD progression groups. The results indicated that the distribution level of UPCR in the CKD progression group was higher, while the level of UPCR in the CKD progression-free group was relatively low.




The Incident Rate of CKD Progression

Table 2 revealed that 234 patients developed CKD progression in total. The total incident rate of all participants was 11.814 per 100 person-years. Specifically, the incident rates of the three UPCR groups were 0.957, 5.776, and 35.424 per 100 person-years, respectively.


Table 2. Incident rate of incident CKD pregression.
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Univariate Analysis

The results of the univariate Cox regression analysis were shown in Table 3. The results showed that UPCR, urinary occult blood, SBP, diabetes, hypertension, use of calcium channel blocker, use of RAAS inhibitor, and use of diuretics were positively associated with the risk of CKD progression. In contrast, HB, eGFR and ALB were negatively related to the risk of CKD progression. We also found that patients with primary onset diabetic nephropathy had a high risk of CKD progression.


Table 3. The results of univariate analysis.
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Figure 4 showed the Kaplan-Meier curves of the probability of CKD progression-free survival stratified by UPCR categories. The probability of CKD progression-free survival between the three UPCR groups was significantly different (log-rank test, p < 0.0001). The probability of CKD progression-free survival gradually decreased with the increasing UPCR group, indicating that the higher the UPCR group, the higher the risk of CKD progression.


[image: Figure 4]
FIGURE 4. Kaplan–Meier event-free survival curve. Kaplan–Meier analysis of incident CKD progression-free survival based on UPCR groups (log-rank, P <0.0001).




The Results of the Relationship Between UPCR and CKD Progression

In this study, we constructed three models to analyze the independent effects of UPCR on CKD progression (univariate and multivariate Cox proportional hazard model). The effect sizes hazard ratio (HR) and 95% confidence intervals were listed in Table 4. In crude model, UPCR showed a positive association with CKD progression [HR = 1.210, 95% confidence interval (CI):1.760–1.903, P < 0.00001]. In the minimally adjusted model (adjusted gender, age, SBP, BMI, hypertension, diabetes, history of CVD, and etiology of CKD), the result did not have obvious change (HR: 1.180, 95% CI: 1.146–1.251). In the fully adjusted model (model II) (adjusted gender, age, SBP, BMI, hypertension, diabetes, history of CVD, etiology of CKD, HB, eGFR, ALB, urinary occult blood, use of calcium channel blocker, use of RAAS inhibitor, and use of diuretics), we could also detect the connection (HR = 1.164, 95% CI: 1.116–1.215, P < 0.00001). Namely, for each additional 1 unit of UPCR, the risk of CKD progression increased by 16.4%.


Table 4. Relationship between UPCR and the chronic kidney disease progression in different models.
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The Analyses of the Non-linear Relationship

We used a Cox proportional hazards regression model with cubic spline functions to evaluate the relationship between UPCR (as continuous and tertile variables) and incident CKD progression (Figures 5A,B). The result showed that the relationship between UPCR and CKD progression was non-linear after adjusting for related confounding factors. When UPCR was a continuous variable, we used both the Cox proportional hazard model and the two-piecewise Cox proportional hazard model to fit the association and select the best fit model based on P for log-likelihood ratio test.


[image: Figure 5]
FIGURE 5. The non-linear relationship between UPCR and CKD progression. (A) The non-linear relationship between UPCR (continuous variable) and CKD progression. (B) The non-linear relationship between UPCR (tertile variable) and CKD progression. We used a Cox proportional hazards regression model with cubic spline functions and smooth curve fitting (penalized spline method) to evaluate the relationship between UPCR and incident CKD progression. The result showed that the relationship between UPCR and CKD progression was non-linear after adjusting for age, gender, BMI, SBP, hypertension, diabetes, history of CVD, etiology of CKD, HB, eGFR, ALB, urinary occult blood, use of RAAS inhibitor, use of calcium channel blocker and use of diuretics.


Because the P for the log-likelihood ratio test was <0.05, we chose the two-piecewise Cox proportional hazard model for fitting the association between UPCR and CKD progression because it could accurately represent the relationship. By the two-piecewise Cox proportional hazard model and recursive algorithm, we calculated the inflection point was 1.699. We observed a stronger positive association between UPCR and CKD progression on the left side of the inflection point, the HR and 95% CI were 4.377, 2.956–6.483, respectively. The results showed that a 1-unit increase in UPCR levels was associated with a 4.377-fold greater risk of CKD progression when the UCR was less than the 1.699. On the right side of the inflection point, we only observed a relatively weaker positive relationship between UPCR and CKD progression, the HR and 95% CI were 1.100, 1.049–1.153, respectively. Which indicated that a 1 unit increase in the UPCR level was only associated with a 1.1 times greater in the risk of CKD progression when UPCR > 1.699 (Table 5).


Table 5. The result of the two-piecewise linear regression model.
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When UCPR was used as a tertile variable, we found that as its grade increased, there was a corresponding increase in the risk of CKD progression, with a more pronounced increase in T2–T3 than T1–T2 (Figure 5).



Sensitivity Analysis

A series of sensitivity analyses were performed to confirm our findings' robustness. We first converted UPCR from a continuous variable to a categorical variable (according to tertile) and then put the categorical-transformed UPCR back into the model. The P for trend of UPCR as a categorical variable in the fully adjusted model was consistent with the result when UPCR was a continuous variable (P for trend <0.00001). Besides, we also found the trend of the effect size in different UPCR groups was non-equidistant.

In addition, we excluded patients with UPCR < 0.3 to explore the non-linear relationship between UPCR and CKD progression in other sensitivity analyses. The result showed that there was still a non-linear association between UPCR and CKD progression after adjusting for related confounding factors. By the two-piecewise Cox proportional hazard model and recursive algorithm, we calculated the inflection point was 1.607. We could still observe a stronger positive association between UPCR and CKD progression on the left side of the inflection point, and a relatively weaker positive relationship on the right side of the inflection point (Table 6, Supplementary Figure S1).


Table 6. The result of the two-piecewise linear regression model in patients with UCPR > 0.3 for sensitivity analyses.
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UPCR and Longitudinal eGFR

We took advantage of the repeated measurements of eGFR at each follow-up visit to characterize the longitudinal changes in eGFR over time in the cohort. Using a linear mixed-effects regression model, we evaluated baseline UPCR's profound influence on the longitudinal changes in eGFR. In this model, a statistically significant interaction term between time and UPCR indicated that the longitudinal changes in eGFR were influenced by UPCR. As shown in Table 7 and Figure 6, after adjusting for BMI, gender, age, SBP, hypertension, diabetes, history of CVD, etiology of CKD, HB, eGFR, ALB, urinary occult blood, use of calcium channel blocker, use of RAAS inhibitor, and use of diuretics, baseline UPCR was independently associated with the longitudinal changes in eGFR (p < 0.001 for the interaction term with time). Besides, the negative association between baseline UPCR and eGFR was also gradually increased with the increase of follow-up time. Each 1 unit of UPCR increased, eGFR decreased by 1.023 ml/min per 1.73 m2 at baseline, while half a year of follow-up, eGFR decreased by 0.489 ml/min per 1.73 m2 more than the level of decrease at baseline. After a year of follow-up, eGFR decreased by 0.936 ml/min per 1.73 m2 more than the baseline. The baseline UPCR had the greatest effect on the decline of eGFR after 30 months of follow-up. Specifically, eGFR decreased by 2.556 ml/min per 1.73 m2 after 30 months of follow-up with an increase of 1 unit of UPCR at baseline.


Table 7. Relationship between baseline UPCR and longitudinal eGFR derived from a linear mixed-effects regression model.
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[image: Figure 6]
FIGURE 6. Baseline and predicted 3-year longitudinal changes in eGFR for the patients with UPCR at baseline were divided into three groups according to tertile. The patients whose baseline UPCR was in the lowest tertile showed an accelerated decrease in eGFR compared with the other two tertiles.


Figure 6 illustrated the effect of the baseline UPCR group on the longitudinal changes of eGFR. While stratified based on the tertiles of UPCR, the association between UPCR and eGFR changes was correspondingly divided into three parts. As UPCR was negatively correlated with eGFR, the patients with the lowest tertile of UPCR at baseline had the highest levels of eGFR at baseline and during follow-up. However, eGFR decreased rapidly in patients with the lowest UPCR group at baseline compared with the other two groups.




DISCUSSION

Our findings indicated UPCR was positively associated with CKD progression after adjusting other covariates. Besides, we calculated the inflection point of UPCR was 1.699, and we found the trend of the effect sizes on the left and right sides of the inflection point was not consistent [left (HR = 4.377, 95% CI: 2.956–6.483, P < 0.0001); right (HR = 1.100, 95% CI: 1.049–1.153, P < 0.0001)]. The result suggested a turning point effect on the independent association between UPCR and CKD progression. Using the linear mixed-effects regression model, we found that the impact of baseline UCPR on changes in eGFR was different at different follow-up times.

Proteinuria has been proposed as a surrogate endpoint in clinical trials on CKD progression (27). Evaluation of proteinuria is inexpensive and straightforward. Some previous studies have probed the association between proteinuria and renal progression in CKD patients. Mass sample of 106,177 participants from the general Japanese population identified proteinuria as the most powerful predictor of ESKD risk over 10 years (28). A similar study in France showed the most potent independent risk factors of poor renal outcome were proteinuria ≥1 g/day [proportional hazard risk (HR) =23.7, P = 0.0001] (29). Another study suggested that baseline UPCR and systolic BP levels were independently associated with CKD progression in children with non-glomerular CKD (12). In a retrospective study of 438 adults with IgA nephropathy, Hong Zhang et al. found that urine ACR, UPCR, and 24-h UPE had a comparable association with severe clinical and histologic findings. All of them showed good performance in predicting IgAN progression (11). On the contrary, another study that assessed the relationship between UPCR, ACR, and 24-h UPE in 6,842 patients with CKD focusing on performance at thresholds of 0.5 and 1 g/day of proteinuria, found that UPCR was a more sensitive screening test than ACR to predict clinically relevant proteinuria. The study also found that the relationship between ACR and UPCR was non-linear. UPCR was highly correlated with 24-h urine protein (Spearman's rho = 0.91), though ACR also performed well (rho = 0.84) (13). However, most of these studies explored the relationship between proteinuria and CKD progression only using the logistic regression model or Cox proportional hazards regression model. They neither further analyzed the possible non-linear relationship between UPCR and CKD progression nor explored the effect of UCPR on eGFR changes. In our research, having a similar sample size, the Cox proportional hazard regression model showed a positive association between UPCR and CKD progression, consistent with those studies. Besides, we found a non-linear relationship between UPCR and CKD progression through multivariate Cox proportional hazards regression analysis with cubic spline functions model and smooth curve fitting (penalized spline method). We also found the inflection point was 1.699. When UPCR was <1.699, there was a stronger positive relationship between UPCR and CKD progression. A 1 unit increase in the UPCR level was associated with 4.377 times greater in the risk of CKD progression (HR = 4.377, 95% CI: 2.956–6.483). However, when UPCR > 1.699, a 1 unit increase in the UPCR level was only associated with a 1.1 times greater in the risk of CKD progression (HR = 1.100, 95% CI: 1.049–1.153). The reason might be that other variables in the participant's baseline also influenced the risk of CKD progression. It could be seen from Supplementary Table S1 that compared with the UPCR < 1.699 group, people with UPCR ≥ 1.699 generally had higher SBP, BMI levels, higher rates of urinary occult blood, hypertension, diabetes, history of CVD, RAAS inhibitor use, and use of diuretics. Besides, patients with UPCR ≥ 1.699 had a higher proportion of diabetic nephropathy as the primary disease. In contrast, patients generally had lower HB, ALB, and eGFR levels in the UPCR ≥ 1.699 group. However, the abnormality of the above indicators was closely related to the progress of CKD. When UPCR was >1.699, due to the presence of these CKD progression risk factors, UPCR had a relatively weak effect on the development of CKD progression. On the contrary, when UPCR was <1.699, the risk factors for CKD progressions, such as SBP, BMI, the proportion of hypertension, diabetes, and use of diuretics, were low. The impact on the occurrence of CKD progression was weakened; at this time, the effect of UPCR was relatively enhanced. It provided a further reference for the prevention of CKD progression in patients with different proteinuria states. The findings of this study should be helpful for future research on the establishment of diagnostic or predictive models of CKD progression. Combining the results in Tables 4, 5, it should be pointed out that since the distribution of UPCR was skewed, the impact of a 50% reduction in proteinuria in the high range when UPCR > 1.699 is bigger than a 50% reduction in the lower range when UPCR < 1.699. In addition, using a linear mixed-effects regression model, we assessed the profound effect of baseline UPCR on longitudinal changes in eGFR. We found that the impact of baseline UCPR on changes in eGFR was different at different follow-up times. With a 1 unit increase in the UPCR level, its effect on the decline in eGFR increased continuously with follow-up time. This result may help clinicians understand the impact of baseline proteinuria on short- and long-term renal outcomes in patients with CKD.

One of the currently widely accepted proteinuria-mediated progressive renal injury mechanisms involves a tubulointerstitial injury caused by the direct toxicity of filtered urine protein. Recent studies support that excessive protein accumulation in podocytes is a factor in the progressive damage of glomerular cells through the release of transforming growth factor-beta, which ultimately leads to myofibroblastic differentiation of mesangial cells (30). The underlying pathophysiological mechanism that has been proposed to link albuminuria to cardiovascular disease is peripheral vascular dysfunction, particularly renal endothelial dysfunction, accelerating the atherothrombotic process and thereby increasing cardiovascular risk (31). Early studies have concluded that clustered plasma proteins in the glomerular mesangial region can cause mesangial cell damage and proliferation, increasing mesangial matrix production and eventually aggravating glomerulosclerosis (32).

Our study has some strengths. (1) Compared with the previous research, the research on the non-linearity addressing was a significant improvement. (2) This observational study was susceptible to residual bias due to unmeasured confounding factors. Therefore, strict statistical adjustment was used to minimize residual confounders. (3) In this study, we tested the robustness of the results through a series of sensitivity analyses (target independent variable transformation, log-likelihood ratio test, and reanalyzing the association between UPCR and CKD progression after excluding patients with UPCR < 0.3, etc.) to ensure the reliability of the results. (4) Using a linear mixed-effects regression model, we assessed the profound effect of baseline UPCR on longitudinal changes in eGFR.

Our research has the following shortcomings and needs attention. First, the data was obtained from the study of the CKD-ROUTE in Japan, and the data has been screened by Iimori et al. (14). Therefore, we could not conclude whether our findings are suitable for people in other areas of a different race. Because this was secondary data analysis, factors not measured in the original study could not be adjusted, such as blood phosphorus level. Second, the attending doctor's diagnosis determined the etiology of CKD. Many patients did not undergo renal biopsy. Third, the effect of diet therapy was not evaluated by a specialized nephrologist. Fourth, the participants enrolled in the present study were patients with CKD stages 2–5. The eGFR of all patients was <90. For patients with CKD stage 1, the relationship between UPCR and CKD progression needs to be further explored. Fifth, the present study only measured UPCR, and other parameters at baseline did not consider changes of UPCR over time. In the future, we can consider designing our studies or collaborating with other researchers to collect as many variables as possible, including patients with CKD stages 1–5 and information on the evolution of UPCR during patients follow-up, to facilitate our better analysis of the impact of change in proteinuria on outcomes as well.



CONCLUSION

This study demonstrates a positive and non-linear relationship between UPCR and incident CKD progression in the Japanese population. There is a threshold effect between the UPCR level and CKD progression. This result is expected to provide a reference for the clinicians to control UPCR. Reducing the UPCR level can significantly reduce the risk of CKD progression and slow down the decline in eGFR levels.
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Background: Huangqi injection (HQI) is the extract of Astragalus membranaceus (Fisch.) Bunge, which is widely used in the treatment of a variety of diseases in China. It is supposed to be an important adjuvant therapy for hypertensive nephropathy.

Objective: To evaluate the efficacy of HQI combined with antihypertensive drugs in the treatment of hypertensive nephropathy.

Materials and Methods: We systematically searched China National Knowledge Infrastructure (CNKI), Chinese Scientific Journals Database (VIP), Wanfang Knowledge Service Platform (WanfangData), Chinese Biomedical Database (CBM), EMBASE, PubMed and Cochrane Library from their inception to April 23st, 2021. All studies were independently screened by two auditors according to the inclusion and exclusion criteria. Randomized controlled trials comparing HQI in combination with antihypertensive drugs vs. antihypertensive drugs alone were extracted.

Results: The meta-analysis included 15 studies involving 1,483 participants.The effect of HQI combined with antihypertensive drugs is better than that of antihypertensive drugs alone in regulating hypertensive nephropathy for reducing 24-h urinary total protein (24 h UTP) [WMD=-0.29, 95% CI (−0.40, −0.18), P = 0.000], microalbuminuria (mALB) [WMD = −17.04, 95% CI (−23.14, −10.94), P = 0.000], serum creatinine (SCr) [WMD = −40.39, 95% CI (−70.39, −10.39), P = 0.008], systolic blood pressure (SBP) [WMD = −9.50, 95% CI (−14.64, −4.37), P = 0.000], diastolic blood pressure (DBP) [WMD = −4.588, 95% CI (−6.036, −3.140), P = 0.000], cystatin-C (Cys-c) [WMD = −0.854, 95% CI (−0.99, −0.72), P = 0.000], blood urea nitrogen (BUN) [WMD = −4.155, 95% CI (−6.152, −2.157), P = 0.000].

Conclusion: The combination of HQI and antihypertensive drugs is more efficient in improving the related indexes of patients with hypertensive nephropathy than using antihypertensive drugs alone, and a moderate dose of HQI (no more than 30 mL) may benefit more. However, the quality of the methodology is low and the number of samples is small, the results need to be confirmed by more stringent randomized controlled trials.

Keywords: hypertensive nephropathy, Astragalus membranaceus (Fisch.) Bunge, Huangqi injection, systematic review, meta-analysis


INTRODUCTION

Hypertension is one of the important risk factors for cardiovascular events and kidney disease, which is considered to be a potential cause of death and a major health problem in all regions of the world. The prevalence of hypertension in different countries ranges from 22 to 55%, which is expected to increase to 60% by 2025. It has become a global high-burden disease (1). Chronic kidney disease (CKD) is a common complication in patients with hypertension, which plays a major role in the progression of most forms of CKD, including diabetic nephropathy. Hypertension accelerates the progression of kidney disease, and the deterioration of renal function makes it more difficult to control blood pressure, resulting in a vicious circle of progressive renal failure (2, 3). When the glomerular filtration rate (GFR) falls below the critical level, CKD will continue to develop to end-stage renal disease (ESRD). Hypertensive nephropathy is the main cause of ESRD after diabetic nephropathy (4). In the United States, hypertension is the second major cause of ESRD patients. More than 30,000 people are diagnosed with hypertension-related ESRD every year, and the number of patients diagnosed with RSRD continues to grow steadily, which has become a major challenge in the field of public health care (5–7).

Studies found that hypertension is positively related to the occurrence and development of cardiovascular disease and kidney disease. Considering that reducing blood pressure can significantly reduce the risk of chronic kidney disease, active intervention and management of blood pressure should be carried out in patients with hypertension. Moreover, the development of hypertensive nephropathy is related to many factors, such as sympathetic nervous activity (SNA) change, renin-angiotensin-aldosterone system (RAAS) activation, arteriosclerosis, water and sodium retention, and genetic susceptibility (3). Current guidelines recommend that adults with hypertension and chronic kidney disease should control the blood pressure below 130/80 mmHg, with an emphasis on the management of blood pressure and urinary microalbumin, and prefer to RAAS inhibitor drugs, usually in combination with diuretics or calcium antagonists to slow the progression of kidney disease (8). Microalbumin (mALB) which was defined as the excretion rate of urinary albumin between 20–200 mg/min or 30–299 mg/d is an important indicator of cardiovascular events and renal function. The degree of mALB is closely related to the progression of ESRD (9, 10). Studies have shown that after active treatment, mALB can be reduced by more than 30%, while the risk of dialysis in 3–5 years is reduced by 39–72%. Progressive kidney disease can be minimized when albuminuria and blood pressure decrease simultaneously (11, 12). As a part of alternative medical adjuvant therapy, traditional chinese medicine is widely used in the treatment of hypertension and chronic kidney disease. More and more evidence support the point of view (13–15).

Huangqi injection (HQI) is a Chinese herbal medicine which is a water extraction and sterilization solution of dried roots of Astragalus membranaceus (Fisch.) Bunge. HQI has a wide range of pharmacological effects. Ultra-high performance liquid phase tandem quadrupole time-of-flight mass spectrometry has identified 46 active components of HQI, such as saponins, flavonoids and amino acids (16, 17). Studies have shown that HQI can dilate blood vessels, increase coronary and renal blood perfusion, reduce myocardial oxygen consumption, improve renal microcirculation, eliminate lipid peroxides and scavenge ROS (18–20). HQI can inhibit phosphodiesterase activity, reduce cAMP decomposition, increase extracellular calcium (CA2+) inflow and sarcoplasmic reticulum CA2+ outflow, increase cardiomyocyte excitability, thus enhance myocardial contractility. HQI can inhibit thromboxane synthesis, reduce blood viscosity, alleviate water retention and increase eGFR by improving arginine vasopressin (AVP) system and AVP-dependent aquaporin2 levels (21). With the study of the pharmacological effects of Astragalus membranaceus (Fisch.) Bunge, HQI is widely used in clinical practice in China, such as in the treatment of coronary heart disease, cardiomyopathy, acute and chronic glomerulonephritis, diabetic nephropathy, as well as hypertensive nephropathy (20, 22).

In recent years, there have been many clinical practices comparing the efficacy of HQI combined with antihypertensive drugs with that of antihypertensive drugs alone in the treatment of hypertensive nephropathy, and the results show that the combined use of HQI and antihypertensive drugs benefits patients, but the efficacy of HQI in the treatment of hypertensive nephropathy has not been laborated. Therefore, we conducted a systematic review and meta-analysis to determine the efficacy of HQI in adjuvant treatment of hypertensive nephropathy.



MATERIALS AND METHODS

Systematic reviews and meta-analyses were designed in accordance with the guidelines of the 2009 Preferred Reporting Project for Systematic Analysis and Meta-analysis (PRISMA) statement (23).


Search Strategy

Literature retrieval is carried out from the electronic network databases from inception to April 23st, 2021, and the retrieval language is not limited. The databases include China National Knowledge Infrastructure (CNKI), China Scientific Journal Database (VIP), WanfangData Knowledge Service Platform (WanfangData), Chinese Biomedical Database (CBM), EMBASE, Cochrane Library and PubMed. The retrieval scheme was based on the combination of subject words and free words, and the search terms included “hypertension,” “Hypertensive nephropathy,” “Hypertension nephropathy,” “Hypertensive renal injury,” “Hypertensive renal damage,” “Hypertensive kidney injury,” “Hypertensive kidney damage,” “Astragalus,” “Astragalus injection,” “Huangqi” and “Huangqi Injection.”



Inclusion Criteries

Inclusion studies should meet the following criteria: (1) Randomized Controlled Trials (RCTs) regardless of blinding, publication status, type of publication, or language; (2) Patients meeting the diagnostic criteria of hypertensive nephropathy, ①meeting the diagnostic criteria of hypertension. Hypertension was defined as SBP ≥ 140 mmHg or DBP≥90 mmHg, ②appearing clinical patterns of abnormal renal function, such as increased urinary protein and serum creatinine, ③excluding secondary hypertension and primary renal disease caused by other reasons, other serious diseases or complications; (3) Comparing the intervention with HQI combined with antihypertensive drugs with the treatment in the control group. The intervention measures in the control group included antihypertensive drugs and conventional therapy, and there were no restrictions on the dosage, type, frequency or course of treatment.



Exclusion Criteria

Research that meets the following criteria will be excluded : (1) duplicate publications; (2) basic research, non-clinical studies, systematic review, case report and case discussion; (3) use of any other drugs and/or herbal medicines during the study; (4) clinical trials from which relevant data cannot be extracted; (5) clinical trials that did not meet the expected inclusion criteria.



Study Selection

The levels of serum creatinine (Scr), microalbuminuria (mALB) and 24-h urinary total protein (24 h UTP) were selected as the main outcome indicators. The secondary outcome included blood urea nitrogen (BUN), cystatin C (Cys-c), systolic blood pressure (SBP), diastolic blood pressure (DBP).



Data Extraction

Two researchers independently conducted searches according to the search strategy. Preliminary screening was based on topics and abstracts, excluding studies that were obviously unqualified. For studies that might be eligible, full text screening was performed according to inclusion and exclusion criteria, and data was extracted. Two researchers then cross-checked the studies.Any differences are resolved through discussion or final arbitration verified by a third researcher.



Quality Assessment

According to the bias risk assessment tool in the Cochrane Handbook for Systematic Reviews, the methodological quality of the included study was evaluated by two researchers. The risk assessment tool consists of seven items: (1) generation of random sequences; (2) allocation concealment; (3) blinding of participants and personnel; (4) blinding of outcome data; (5) incomplete outcome data; (6) selective reporting; (7) other biases, These items were assessed as having “high bias risk,” “low bias risk” or “unclear bias risk” according to the evaluation criteria.



Data Analysis

Stata14.0 software was used to analyze the meta-analysis. For continuous variables, weighted mean difference (WMD) or standardized mean difference (SMD) and 95% CI were used. Heterogeneity is evaluated using I2 statistics and χ2 statistics. The effect model was selected according to the results of heterogeneity test, and the fixed effect model was used when P ≥ 0.05 and I2 <50. P < 0.05 and I2≥ 50 indicated that the heterogeneity of the results could not be ignored, and we used the random effect model. P < 0.05 was considered to be statistically significant. Potential publication bias was tested by egger. The possible abnormal studies were evaluated by sensitivity analysis, and the results were compared with the meta-analysis before exclusion to determine how the excluded study would affect the size of the merger effect and the stability of the meta-analysis. Then we analyzed or eliminated the possible sources of heterogeneity. The indicators with high heterogeneity could not be excluded by subgroup analysis in order to explore the potential causes of heterogeneity according to different interventions or other factors.




RESULTS


Search Results

A total of 1002 articles [Cochrane Library (n = 22), PubMed (n = 5), EMBASE (n = 16), CBM (n = 34), CNKI (n = 873), WanfangData (n = 25) and VIP (n = 27)] met the criteria through the search strategy, and 90 of them were excluded due to repeated publication. Eight hundred and eighty-eight articles were excluded after reviewing titles and abstracts. The remaining 24 articles were reviewed in full, a further 9 articles were excluded. Among them, 3 were not RCTs, 4 were not in accordance with the inclusion criteria, and 2 used any other drugs and/or herbal medicines during the study. In the end, the remaining 15 articles were included in the meta-analysis. The filtering flow chart is as follows (Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart of the process for literature retrieval.




Research Characteristics

All 15 RCTs (24–38) enrolled 1,483 patients, including the experimental group (n = 754) and the control group (n = 729). In all studies, the control therapy was followed by conventional antihypertensive regimen, while in the observation group, the control therapy was combined with HQI intervention with a dose range of 20–60 mg/d. Detailed information about the included studies is provided in Table 1.


Table 1. Characteristics of the included studies.

[image: Table 1]



Quality Assessment

All of the included studies mentioned randomization, and only five of the trials described the randomization method used in their studies, while the others did not describe specific allocation techniques. None of the studies had procedures for hidden assignment and blinding. Quality assessment is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Risk of bias summary.




Results of Meta-Analysis
 
24-H Urinary Total Protein (24 h UTP)

There are 8 studies (25–27, 32–34, 37, 38) included a total of 908 participants reporting 24 h UTP. After heterogeneity was tested (I2 = 79.2%, P = 0.000, Supplementary Figure 1), a random effect model was used. A funnel chart analysis of 8 studies showed significant asymmetry, which may be related to publication bias or inclusion of low-quality studies (Supplementary Figure 2). Egger test (P = 0.372) (Supplementary Figure 3) was used to evaluate publication bias, and the results showed that there was no publication bias. The results of meta-analysis showed that the experimental group was superior to the control group in reducing 24h UTP [WMD = −0.29, 95% CI (−0.40, −0.18), P = 0.000] (Figure 3, Supplementary Figure 1). The difference was statistically significant, and patients with HQI combined with routine antihypertensive intervention had more significant efficacy in reducing 24 h UTP.


[image: Figure 3]
FIGURE 3. Forest plot of 24 h UTP.




Sensitivity Analysis of 24 h UTP

We conducted a sensitivity analysis of 24 h UTP (Supplementary Figure 4). By excluding one inclusion study one by one, a meta-analysis of the remaining experiments was conducted to determine whether the results had changed significantly. Sensitivity analysis shows that the results of 24 h UTP are very similar and have relatively good stability.



Subgroup Analysis of 24 h UTP

There is a high degree of heterogeneity in the evaluation of 24 h UTP. In order to determine the source of heterogeneity, we included the dose of HQI, antihypertensive regimen, course of treatment, and the year in which the study was published. Univariate Meta regression analysis was performed on the parameters of 8 studies (Supplementary Figure 5). The results show that the source of heterogeneity of HQI intervention in 24 h UTP may be related to the course of treatment (P = 0.001). The subgroup analysis was carried out based on the course of treatment. The results of meta-analysis showed that the heterogeneity was lower in the subgroup with a treatment cycle of 4 weeks [WMD = −0.212, 95% CI (−0.287, −0.138), P = 0.000, I2 = 0.0%], The results were statistically significant (Figure 4). Meta-analysis showed that the results were still statistically significant for subgroups with more than 4 weeks of treatment [WMD = −0.448, 95% CI (−0.287, −0.138), P = 0.000, I2 = 0.0%] (Supplementary Figure 6). Results of the subgroup analysis showed a statistically significant reduction in 24h UTP levels in studies that treated for more than 4 weeks compared with studies that treated for 4 weeks (P = 0.000). It is suggested that prolonging the treatment period of HQI may benefit patients with a reduction of 24 h UTP.


[image: Figure 4]
FIGURE 4. Subgroups analysis of 24 h UTP.




Microalbumin (mALB)

A total of 442 participants from 4 studies reported mALB levels (27, 28, 30, 33). After heterogeneity test (I2 = 74.4%, P = 0.008, Supplementary Figure 7), random effects model was used to summarize the data. Publication bias was assessed by Egger test (P = 0.629) (Supplementary Figure 8), and sensitivity analysis of mALB was performed (Supplementary Figure 9). The results showed that there was no significant publication bias, and meta-analysis was conducted to exclude the study at a time. The results of mALB were similar and relatively stable. The results of meta-analysis show that HQI combined with conventional antihypertensive regimen is more effective in reducing mALB [WMD = −17.04, 95% CI (−23.14, −10.94), P = 0.000] (Figure 5, Supplementary Figure 7). Due to the heterogeneity, different doses of HQI were used for subgroup analysis in our study. The effect of subgroup of not <30 mL/d HQI was used [WMD = −13.375, 95% CI (−16.497, −10.252), P = 0.000, I2 = 0.0%] is more significant than subgroup using HQI below 30 mL/d [WMD = −23.71, 95% CI (−28.85, −18.56), P = 0.000, I2 = 0.0%], the results were statistically significant (P = 0.001) (Figure 6, Supplementary Figure 10).


[image: Figure 5]
FIGURE 5. Forest plot of mALB.



[image: Figure 6]
FIGURE 6. Subgroups analysis of mALB.




Serum Creatinine (Scr)

Five studies (26, 29, 32, 35, 38) reported Scr analysis, involving a total of 531 participants. After the heterogeneity test (I2 = 97.6%, P = 0.000, Supplementary Figure 11), the random effect model was used to evaluate the data. Egger test (P = 0.659) (Supplementary Figure 12) showed that there was no significant publication bias. Sensitivity analysis shows the stability of the results (Supplementary Figure 13). Meta-analysis showed that the Scr of patients receiving HQI combined with routine antihypertensive regimen was significantly lower than that of the control group [WMD = −40.39, 95% CI (−70.39, −10.39), P = 0.008] (Figure 7, Supplementary Figure 11). We also carried out a subgroup analysis based on the selection of conventional antihypertensive schemes. The results showed that HQI combined with irbesartan was effective in reducing Scr [WMD = −61.346, 95% CI (−67.075, −55.617), P = 0.000, I2 = 0.0%], In the subgroup of HQI combined with other antihypertensive drugs, the decreasing trend of Scr between the experimental group and the control group was not significant [WMD = −17.073, 95% CI (−34.315, 0.169), P = 0.052, I2 = 41.6%] (Figure 8, Supplementary Figure 14).


[image: Figure 7]
FIGURE 7. Forest plot of Scr.



[image: Figure 8]
FIGURE 8. Subgroups analysis of Scr.




Systolic Blood Pressure (SBP)

There are 7 studies (24, 31–34, 36, 38) involving 810 participants that reported SBP levels. The random effect model was used after heterogeneity test (I2 = 96.5%, P = 0.000, Supplementary Figure 15). We used sensitivity analysis to test the stability of the results (Supplementary Figure 16), and Egger test (P = 0.188) (Supplementary Figure 17) to evaluate the publication bias of SBP. Meta-analysis showed that patients treated with HQI combined with conventional antihypertensive regimen had better SBP management [WMD = −9.50, 95% CI (−14.64, −4.37), P = 0.000] (Figure 9, Supplementary Figure 15). The subgroup analysis based on the dose of HQI showed that there was a correlation between the reduction of SBP and the dose of HQI. The results showed that the heterogeneity decreased in the subgroup using more than 30mL HQI [WMD = −3.451, 95% CI (−14.642, −4.366), P = 0.011, I2 = 0.0%]. the subgroups using less than the dose of 30 mL HQI performed better [WMD = −13.570, 95% CI (−19.506, −7.633), P = 0.000, I2 = 97.2%] (Figure 10, Supplementary Figure 18), the results are statistically significant (P = 0.002). It is suggested that patients receiving dose intervention of no more than 30 mL HQI will benefit more than those who receive dose more than 30 mL HQI. However, the subgroup using <30 mL HQI still has high heterogeneity, suggesting that there are other sources of heterogeneity, which may be related to the low quality of the included study.


[image: Figure 9]
FIGURE 9. Forest plot of SBP.



[image: Figure 10]
FIGURE 10. Subgroups analysis of SBP.




Diastolic Blood Pressure (DBP)

There are 7 studies (24, 31–34, 36, 38) that involved 810 participants assessed the level of DBP. After heterogeneity test (I2 = 47.7%, P = 0.075, Supplementary Figure 19), a fixed-effect model was used.Egger test (P = 0.900) (Supplementary Figure 20) was used to evaluate DBP publication bias. Sensitivity analysis showed that the results of DBP were relatively analogical, while the results of successive exclusion of one trial and reanalysis of the meta-analysis were relatively stable (Supplementary Figure 21). The results showed that HQI combined with conventional antihypertensive regimen was superior to the control group in reducing DBP level [WMD = −4.588, 95% CI (−6.036, −3.140), P = 0.000] (Figure 11, Supplementary Figure 19). Subgroup analysis based on HQI usage dose showed that subgroup using more than 30 ml HQI [WMD = −4.588, 95% CI (−6.036, −3.140), P = 0.000, I2 = 0.0%] and <30 mL HQI [WMD = −5.623, 95% CI (−7.033, −4.213), P = 0.000, I2 = 18.2%] (Figure 12, Supplementary Figure 22) both reduce heterogeneity, and the results were statistically significant (P = 0.010). There was a correlation between the decrease of DBP and the dose of HQI, and the results were consistent with the intervention of SBP with HQI combined with conventional antihypertensive regimen.


[image: Figure 11]
FIGURE 11. Forest plot of DBP.



[image: Figure 12]
FIGURE 12. Subgroups analysis of DBP.




Cystatin C (Cys-c)

Only four studies (26, 27, 30, 32) included Cys-c levels. After testing the heterogeneity (I2 = 76.9%, P = 0.005, Supplementary Figure 23), the random effect model was used. We performed an Egger test (P = 0.336) (Supplementary Figure 24) to assess publication bias. Considering the high degree of heterogeneity, sensitivity analysis was conducted on Cys-C data. By excluding one study one by one and re-meta-analysis of the other studies (Supplementary Figure 25), we found that the study from an article led to an increase in sensitivity. After elimination, meta-analysis was carried out. After heterogeneity test (I2 = 0.0%, P = 0.933, Supplementary Figure 26), a fixed effect model was used. Meta-analysis showed lower Cys-C in patients treated with HQI combined with conventional antihypertensive regimens [WMD = −0.854, 95% CI (−0.987, −0.721), P = 0.000] (Figure 13, Supplementary Figure 26).


[image: Figure 13]
FIGURE 13. Forest plot of Cys-c.




Blood Urea Nitrogen (BUN)

There are 5 studies (26, 29, 32, 33, 35) that showed BUN results. After the heterogeneity test (I2 = 88.5%, P = 0.000, Supplementary Figure 27), the random effect model was used. The publication bias was assessed by Egger test (P = 0.191) (Supplementary Figure 28). High sensitivity was detected, and sensitivity analysis was used, and the results showed that the stability was high (Supplementary Figure 29). Meta-analysis showed that the therapeutic effect of HQI combined with conventional antihypertensive regimen was better than that of the control group [WMD = −4.155, 95% CI (−6.152, −2.157), P = 0.000] (Figure 14, Supplementary Figure 27).


[image: Figure 14]
FIGURE 14. Forest plot of BUN.






DISCUSSION

The increase of blood pressure is closely related to the progress of CKD. The prevalence of CKD and ESRD caused by hypertension continues to rise worldwide. It is a challenge to identify biomarkers of early renal insufficiency due to the lack of unified criteria for the diagnosis of hypertensive nephropathy. Hypertension-related renal dysfunction can lead to an increase in serum creatinine (Scr) which eventually lead to irreversible kidney damage. Urinary protein can be used to evaluate hypertension-related kidney damage caused by glomerular disease, and urinary mALB is also considered as a potential marker of early renal dysfunction (9). Scr, urinary protein and urinary microprotein have become important indicators to evaluate the protective effect of antihypertensive drugs on kidney in clinical trials, and that is also the reason why we take them as the main evaluation indexes (39–41). Cys-c is another biomarker that reflects the level of renal function. Studies have shown that Cys-c-based eGFR is superior to Scr-based eGFR in predicting the risk of cardiovascular disease and chronic kidney disease (42). It has important reference value in evaluating the prognosis of hypertensive nephropathy. BUN is usually considered as an important serum marker to evaluate renal function. BUN plays an important role in the diagnosis of renal disease, prediction of cardiovascular events caused by acute heart failure and prognosis in patients with acute myocardial infarction (43, 44).

The incidence of hypertension and hypertension-related chronic kidney disease is increasing year by year, which is an independent risk factor for the morbidity and mortality of cardiovascular disease. Hypertension is not only the cause of kidney disease, but also the result of kidney disease, so hypertension nephropathy is bound to become a heavy burden in the field of public health and medical insurance. Strict antihypertensive treatment and measures to minimize proteinuria can significantly improve the prognosis of patients with hypertensive nephropathy (45–47). Although the pathogenesis of hypertensive nephropathy is unclear, current evidence suggest that RAAS is associated with hypertension and kidney disease (7, 48). The guidelines recommend that RAAS-inhibitor durgs are the first-line choice for hypertensive patients complicated with CKD (8). Unfortunately, the management of blood pressure in patients with hypertensive nephropathy is very difficult. A data from a trial of IDNT showed that only 30% of patients met the goal of systolic blood pressure management (49). Predictably, the proportion of patients whose blood pressure are effectively controlled in clinical practice is much lower than the reported data. Therefore, it is critical to explore other effective treatments for patients with hypertensive nephropathy.

HQI is the extract of Astragalus membranaceus (Fisch.) Bunge. More and more evidence show that HQI can reduce hypertension and protect kidney. Modern pharmacological studies have proved that HQI has a variety of active components. HQI has obvious advantages in the treatment of hypertensive nephropathy. Some pharmacological experiments on the efficacy and mechanism of HQI in treating hypertensive nephropathy have suggested that it plays an important role in improving renal perfusion, managing blood pressure and delaying renal function progression. (1) Improving hemodynamics. Studies have shown that HQI can affect the expression of renal vasoactive substances, improve renal hemodynamics and reduce tissue ischemia and hypoxia (50). (2) Anti-renal fibrosis. Astragalus polysaccharides can reduce the expression of Transforming Growth Factor β (TGF- β) and connective Tissue Growth Factor (CTGF) in renal tissue, reduce the excessive deposition of extracellular matrix and improve interrenal fibrosis (51, 52). (3) Regulation of vascular cell migration and proliferation. Astragaloside can regulate the effect of Protein Kinase D1 (PKD1)-Histone Deacetylase 5 (HDAC5)-Vascular Endothelial Growth Factor (VEGF) on vascular growth, migration and differentiation in rats (53). (4) Blood pressure management. Astragaloside IV can improve the diastolic and systolic function of the heart and has a two-way regulation, thus playing a role in the regulation of blood pressure (54). (5) Protective effect on myocardial ischemia injury. By increasing the content of cAMP, HQI can fully play the role of positive myodynamia, improve the stability of cardiomyocytes, reduce myocardial oxygen consumption, avoid ischemia-reperfusion injury, and improve the ability of myocardial antioxidation at the same time (55). These studies support the positive effects of HQI in relieving hypertensive nephropathy, but the efficacy of HQI combined with antihypertensive drugs in hypertensive nephropathy remains to be further reviewed and analyzed.

This meta-analysis included 15 RCTs and involved 1,483 patients to evaluating the relationship between HQI combined with antihypertensive agents and the use of antihypertensive agents alone in the treatment of hypertensive nephropathy. Based on the analysis of available data, we found that the efficacy of HQI combined with antihypertensive drugs is better than antihypertensive drugs used alone in the treatment of hypertensive nephropathy. The results showed that all of the involved patients improved from baseline, but the patients who received HQI combined with conventional antihypertensive therapies were more effective in improving 24 h UTP, mALB, Scr, SBP, DBP, Cys-c and BUN than those who only received conventional antihypertensive therapies. Compared with using antihypertensive drugs alone, patients with hypertensive nephropathy treated with HQI have significant advantages in reducing 24 h UTP. Although the included studies showed a high degree of heterogeneity, we conducted a subgroup analysis based on different courses of treatment. We observed the benefit of prolonging the course of HQI combination therapy in all subgroups with low heterogeneity. HQI combination treatment showed statistically significant advantages in the intervention of mALB, SBP and DBP. Interestingly, in the subgroup analysis based on the dosage of HQI, we observed that the intervention of antihypertensive drugs combined with not exceeding 30 mL HQI in hypertensive nephropathy was more effective in reducing mALB, SBP and DBP than that of antihypertensive drugs combined with more than 30 mL HQI, and the difference was statistically significant. We believe that the combined treatment dose of 30 mL HQI is a key point, which can achieve the goal of controlling mALB, SBP and DBP, and the use of large doses of HQI will not increase the benefits of patients. Therefore, excessive HQI combination therapy may be unreasonable. Considering that the methodological quality of these randomized controlled trials is low and the number of cases included is relatively small, the reliability of this conclusion needs to be further tested by prospective studies. In terms of Scr level, HQI combined with antihypertensive drugs was more effective than antihypertensive drugs alone. Subgroup analysis showed that HQI combined with irbesartan was superior to HQI combined with other antihypertensive drugs in the treatment of Scr. However, in view of the ambiguity of the description of other types of antihypertensive drugs in the included study, some studies lack specific and detailed drug regimen, and their reliability needs to be further confirmed, and this finding should be carefully interpreted.


Limitations

Several limiting factors should be taken into account in this study. First of all, all the included studies were published in Chinese journals, which may lead to potential ethnic and geographical bias. Secondly, the methodological quality of the included randomized controlled trials is generally low, and all studies claim to be random, but only 5 studies mention the specific information generated by the sequence, so the so-called randomization method is questionable. Third, blinding is an important way to prevent research results from being affected by placebo effects or observer biases. All studies have no information about hidden allocation and participant blindness, which may lead to potential selection biases. Fourth, safety is the basic principle for the provision of herbal products for adjuvant therapy. Twelve studies have not reported adverse drug events and adverse reactions, and there is not enough evidence to conclude safety because some of the active components of the herbal may be unstable. Finally, there are no clear criteria for the diagnosis of hypertensive nephropathy, and the different diagnostic criteria used in the study may affect the reliability of the results.




CONCLUSION

The results of this meta-analysis show that the combination of HQI and antihypertensive drugs is more significant in improving the related indexes of patients with hypertensive nephropathy than using antihypertensive drugs alone, and a evidence dose of HQI (no more than 30 mL) may benefit more. HQI combined with antihypertensive drugs has significant advantages in blood pressure management and renal function improvement in patients with hypertensive nephropathy. However, the quality of the methodology is low and the number of samples is small, the results need to be confirmed by more stringent randomized controlled trials.
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In this brief report, we reported an IgA nephropathy (IgAN) patient who presented in November 2020 with an acute exacerbation with massive proteinuria and diarrhea. He had the earliest onset in 2018 when his IgAN was diagnosed by renal biopsy. He has been treated with active ACEI/ARB drugs for more than 90 days, intermittent steroid therapy, combined with anti-infective therapy. Although his acute symptoms resolved with each episode, he became increasingly severe as the interval between episodes shortened. Accordingly, the immunosuppressive drugs were administered under the KDIGO guidelines and related guidelines. However, the patient and his family refused this treatment. We pondered over the possible pathogenesis of IgAN, and after a full discussion with the patient and his family, FMT was administered to him after obtaining his informed consent. During the FMT procedure, one healthy volunteer (the doctor himself) also took the FMT capsules. In the end, the patient’s urine protein dropped significantly and even turned negative after treatment. Neither the patient nor the healthy volunteer experienced any serious adverse effects during the use of the capsules and the subsequent 6-month follow-up period. We also used metagenomic sequencing to analyze the intestinal flora of patients before and after treatment, and a gradual increase stood out in the abundance of the patient’s intestinal flora after drug administration.
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INTRODUCTION

IgA nephropathy (IgAN) is the most common primary glomerular disease worldwide and the leading cause of chronic renal insufficiency and renal failure (1). Approximately 25% of patients with IgAN would be subject to end-stage renal disease (ESRD), which requires renal replacement therapy. It has emerged as a major public health issue globally (2). Its pathogenesis remains to be elucidated, and there’s no specific and effective treatments are available, except for optimized supportive care.



DIAGNOSIS AND TREATMENT PROCESS


Case Presentation

Herein, we report a case of a 21-year-old man who repeatedly visited the Department of Nephrology of Shanxi Provincial People’s Hospital for hematuria with diarrhea.

The patient initially presented to the emergency department in 2018 with no obvious cause of tea-colored, foamy urine, occasional burning sensation, intermittent lumbar pain. He was examined for a 24-h urine protein, which stood at 3.19 g/24 h, and his blood pressure is 128/76 mmHg. An ultrasound-guided renal biopsy was performed on the second day of admission to clarify the cause of hematuria and proteinuria and the type of renal pathology.

Pathological reports revealed: Fourteen glomeruli, mesangial cells, and mesangial matrix were mildly segmentally hyperplastic with metanephrin deposition, and 1 small cellular crescent. Vacuolar degeneration of renal tubular epithelium, renal interstitium and arterioles showed no definite lesions. Immunofluorescence sections showed no glomeruli, and immunofluorescence with supplemental paraffin: IgG (–) IgA (+) IgM (–) C3 (–) FRA (–) C1q (–) was deposited in mesangial areas in a granular pattern. Immunohistochemical results: HBsAg (–), HBcAg (–), kappa (+), lambda (+). Consider mild mesangial proliferative IgA nephropathy, M0E0S0T0C1. Information on pathology pictures is provided in Supplementary Material.

Urine routine showed urine protein 1+, erythrocytes 2+, microscopy erythrocytes 45–50/HP, erythrocyte variability 85%. Prednisone 20 mg/day and Irbesartan 150 mg/day were given to the patient. Prednisone was reduced by 10 mg every 2 months, and further reduced to 5 mg daily for maintenance. 6 months later, the urine protein quantification was rechecked at 0.3 g/24 h with hematuria ±, so the patient stopped hormone intake.

Two years later, the patient had a fever with no apparent cause, with a maximum temperature of 37.6°C. He was readmitted to the Department of Nephrology for hematuria. The examination showed that urine red blood cells were 3+, urine protein was 3+, 24-h urine protein quantification was 3.83 g/24 h. As such, the patient received 5 g of piperacillin sulbactam and 0.1 g/day of anti-infective hydroxychloroquine. With improved symptoms, he was then discharged with regular oral prednisone acetate tablets, which were discontinued after 2 months.

In November 2020, the patient was again admitted to the hospital with meatus hematuria and with dilute stools 4–5 times/day. Clinical examination showed urine protein quantification 2.83 g/24 h, and urine routine examination showed red blood cells 1+, urine protein 3+. Therefore, 5 g of piperacillin sulbactam and 0.1 g/day of anti-infective hydroxychloroquine were given to the patient. Irbesartan 150 mg/day was used for protein reduction. Four days later, the 24-h urine protein quantification reached 4.98 g/24 h.



Fecal Microbiota Transplantation Procedure

Donor screening and FMT capsule preparation were conducted by Dongyuan Yikang, Beijing, China. Donors were first clinically evaluated by questionnaire, including medical history, behavioral risk, and current health status. Potential candidates are then screened fecally and serologically to rule out infectious diseases and potential intestinal dysregulation-related diseases. After screening, 2–3% were eligible enough to be donors. The fresh feces collected from donors were subsequently diluted, filtered, and centrifuged by professional technicians in Dongyuan Yikang’s clean laboratory to produce FMT capsules. The patient started the FMT after antibiotic consumption for 1 month. Afterward, FMT capsules were given on days 1, 8, and 15 for one course of treatment. The patient continued to take irbesartan during the FMT treatment.




RESULTS

This patient was followed up for 6 months after treatment and showed a significant downward trend in 24-h urine protein quantification, which is a validated prognostic biomarker. It first decreased to 0.29 g/24 h 1 month after FMT. Surprisingly, his 24-h urine protein quantification eventually witnessed a negative conversion 3 months after FMT treatment (Figure 1).
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FIGURE 1. Patient’s 24-h urine protein quantitative changes since the initial onset.


We also used metagenomic sequencing to analyze the intestinal flora of patients before and after treatment. Alpha diversity is to describe the structure of an ecological community with regard to its richness (number of taxonomic groups), evenness (distribution of abundances of the groups), or both (3). Sobs index and Richness index are to show its richness, whereas Shannon index is to reflect its evenness. Figures 2A–C showed us the gradual increase of alpha-diversity, which was close to the healthy control, indicating the recovery of intestinal composition. The healthy control exhibited no obvious change but slight fluctuation. Meanwhile, no discomfort or side effects were observed, which, in a sense, demonstrated the efficacy and safety of the FMT capsule.
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FIGURE 2. Changes in alpha diversity and main bacterial species before and after FMT. (A–C) Were to show the diversity of IgAN patient and healthy control in this study. (A,B) Were to reflect the Richness, and (C) was to show the Evenness. The larger the point, the larger the value is. Different color means different samples before or after FMT. (D) Was to reflect the changes of main bacterial strains.


In general, a gradual increase stood out in the abundance of the patient’s intestinal flora after drug administration. However, some bacterial abundance were on the increase, such as Bacteroides_fragilis, Bacteroides_ovatus and Bacteroides_stercoris, and some were on the wane, including Eggerthella_lenta, Bilophila_wadsworthia, and Escherichia_coli (Figure 2D).



DISCUSSION

New discoveries suggest that the pathogenesis of IgAN involves excessive circulation of gd-IgA which is target of anti-glycan antibodies. Immune complexes formed by gd-IgA and anti-glycan antibodies ultimately deposit in the mesangium, causing mesangial cell proliferation, secretion of pro-inflammatory cytokines and complement activation (4). More questions are being asked about the origin of focal aberrant IgA, mainly in the mucosal immune response. Previous studies have focused on the hyperresponsiveness of the upper respiratory tract and tonsil mucosa, but current studies exhibit that altered gut microbial composition and immune and metabolic dysregulation of the gut may have a combined role in the development of IgAN through the intestinal-renal axis mechanism, a hypothesis that also provides a theoretical support for the treatment of IgAN by regulation of gut microbial composition. Some studies demonstrated that risk genotypes concerning gut microbial composition are associated with higher serum galactose-deficient IgA1 (GdIgA1) levels (5). Related studies have revealed that mucosal infections can cause acute episodes of IgAN (6), that changes in the microbiota are also associated with the severity of IgAN (7, 8).

Based on the current study, we believe that the future treatment of IgAN will be primarily targeted at the mucosal microbiota, together with some novel agents (such as hydroxychloroquine). Fecal microbiota transplantation (FMT), which involves functional flora transplantation into a diseased gut microbiota, helps to re-establish a normal intestinal flora composition and has been used in various intestinal diseases such as CDI with good efficacy and safety (9). After we performed FMT in this patient, his clinical symptoms were dramatically relieved, the intestinal microbial diversity was significantly increased, which undoubtedly provides a new idea for the treatment of IgAN.

Since the first episode in 2008, the patient has been treated with irbesartan at a starting dose of 150 mg/day and has maintained this dose for a long period, including during each acute episode and FMT implementation. On first admission, the patient’s blood pressure fluctuated at 113/68 mmHg–135/78 mmHg with a maximum of 135/78 mmhg only once. Considering the patient’s good pressure control, the physician did not treat this patient at the maximum dose. The patient discontinued hormonal therapy and anti-infective therapy in the middle of the disease course. Initially, significant results were obtained with hormonal and anti-infective therapy, but in the subsequent course, patients had shorter intervals between each acute episode, more severe infectious symptoms and increased proteinuria. After the first hormonal and anti-infective treatment, the patient was in remission and maintained so for 23 months. However, the most recent acute episode was only 3 months after previous episode, and the infection symptoms were significantly aggravated, accompanied by sore throat, expectoration, diarrhea 4–5 times/day in the form of loose stools. Before admission, he was self-administered amoxicillin 1 g/dose, 3 times/day, orally. There was an improvement in diarrhea symptoms but no significant improvement in hematuria. Antibiotic therapy was empirically used by the physician after admission, and irbesartan was maintained. Five days after admission, the patient’s symptoms of hematuria and sore throat and diarrhea improved, but proteinuria was not effectively controlled and appeared progressively elevated. Seventeen days after discontinuation of antibiotics, the patient was treated with FMT.

In terms of gut microbiota, the patient presented with an increased intestinal flora diversity after FMT, accompanied by an increase of Clostridium_symbiosum, a bacterium whose abundance is positively correlated with renal ACE2 expression (10). Yet, ACE2 deficiency is associated with renal impairment, renal fibrosis, and other kidney-related diseases. Of note, Bacteroides_ovatus has also increased after FMT; It was found that different bacterial strains also vary in the induction of IgA (11). It remains unclear whether the increased Bacteroides_ovatus would induce more IgA production in humans. More follow-up studies are needed, and our ongoing recruitment of IgAN patients would shed light on the alteration of this bacterial strain.

FMT has now been applied to a variety of diseases associated with intestinal dysbioses, such as CDI, IBD, IBS, obesity, and diabetes; it shows efficacy and safety in the above different diseases (12), but a paucity of research on its use in IgAN has been carried out. The patient in our study was treated with FMT capsules, a simpler procedure with lower incidence of side effects, lower risk of bleeding or perforation by endoscopic operation and thus higher acceptance, compared with traditional enema or endoscopy. After FMT, the patient’s proteinuria turned negative, with no significant side effects during treatment and follow-up, showing good efficacy and safety.

In this report, limitation also emerges that more clinical evidence is required to prove the efficacy and safety of FMT in IgAN. Regarding other indicators reflecting prognosis, we didn’t conduct a regular monthly test for them, such as serum creatinine, as there were no significant abnormalities in the patient’s renal function or serum albumin. As such, the effect of FMT on these indicators still needs to be further verified. Meanwhile, with regard to the timing of FMT capsule use as well as usage, we previously referenced the standard usage provided by the capsule preparer, and the optimal usage for patients with IgA still needs further validation. Since, we are preparing for a single-center clinical trial, whose protocol was approved by the ethics committee of Shanxi Provincial People’s Hospital. Besides, we have managed to register the protocol in Chinese Clinical Trial Registry Center (ChiCTR2100053206), and in ClinicalTrials.gov (NCT05182775).
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Background: The micro-inflammatory state is important for the occurrence of diabetic kidney disease (DKD). Here, we aimed to explore the expression of pyroptosis related indicators and ultrastructural characteristics in DKD, and investigate pyroptosis in renal tubular epithelial cells induced by high glucose.

Methods: Immunohistochemistry was used to detect expression of the inflammation-related protein NOD-like receptor protein 3 (NLRP3) and pyroptosis key protein gasdermin D (GSDMD) in kidney tissues of DKD patients. HK-2 cells were cultured in vitro and stimulated with different concentrations of glucose. The changes in HK-2 cell ultrastructure were observed using electronmicroscopy, and western blot was used to detect NLRP3, caspase-1 p20, GSDMD-N, interleukin (IL)-1β, and IL-18 expression.

Results: NLRP3 and GSDMD expression in kidney tissues of DKD patients was higher than that in control subjects. Further, GSDMD expression was positively correlated with that of NLRP3 (r = 0.847, P = 0.02). After stimulating HK-2 cells for 24 h with different glucose concentrations, compared with the control group, the 15 and 30 mmol/L glucose groups showed typical ultrastructural changes of pyroptosis. The protein expression of NLRP3, caspase-1 p20, GSDMD-N, IL-1β, and IL-18 expression in high glucose group increased significantly compared with the control group, and was glucose-concentration-dependent.

Conclusion: High glucose can activate inflammasome, cause inflammatory cytokines release, and induce pyroptosis in HK-2 cells. NLRP3-caspase-1 may be involved in GSDMD-mediated pyroptosis. This study shows a novel relationship between glucose concentration and pyroptosis, which can be studied further to design better therapies for patients with DKD.

Keywords: diabetic kidney disease, GSDMD, NLRP3 inflammasome, pyroptosis, renal tubular epithelial cells


INTRODUCTION

Diabetic kidney disease (DKD) is the primary cause of end-stage renal disease (1). In recent years, it has been found that renal tubular injury and renal interstitial fibrosis are important features of DKD. The micro-inflammatory state is an important basis for the occurrence of DKD (2). In this regard, pyroptosis is an inflammatory programmed cell death mediated by gasdermin D (GSDMD) (3). Inflammasomes are the key to triggering cell pyroptosis. NOD-like receptor protein 3 (NLRP3) is one of inflammasomes, it can sense different pathogen-associated or danger-associated molecular patterns (PAMPs or DAMPs) and oligomerize these components into a very gigantic and efficient protein complexes, leading to Caspase-1 activation and IL-1β and IL-18 production and participate in the regulation of cell functions (4).

In recent years, pyroptosis has become a research hotspot in the field of inflammation globally (5–7). However, there are few studies on the relationship between pyroptosis and DKD. Recently, evidence indicates that inhibition of the NLRP3 inflammasome pathway may reduce the occurrence of pyroptosis in diabetes-related complications (8, 9). However, the specific relationship between NLRP3 inflammasome activation and pyroptosis remains to be clarified. In addition, there have been few experimental studies on whether pyroptosis is involved in the process of renal tubular epithelial cell damage in DKD.

In this study, we compared the expression of pyroptosis-related proteins in human renal tubular epithelial cells and in the kidney tissues of healthy people and patients with DKD. We also used transmission electron microscope (TEM) to observe the occurrence of pyroptosis in human renal tubular epithelial cells treated with different concentrations of glucose, and analyzed the possible mechanism of pyroptosis caused by high glucose concentration. This study may obtain information about the progression of DKD and provide theoretical basis for further study of the molecular mechanism of the pyroptosis-related signal transduction pathway.



MATERIALS AND METHODS


Materials

GSDMD (20770-1-AP) was purchased from Proteintech, China. Dulbecco's modified Eagle's medium/F12 medium, fetal bovine serum, and trypsin were purchased from Gibco, USA. Antibodies to NLRP3 (ab214185), Caspase-1 p20 (ab1872), GSDMD-N (ab215203), IL-1β (ab200478), IL-18 (ab207324), and GAPDH (ab9485) were purchased from Abcam, UK. Goat anti-rabbit (G1213-100UL) secondary antibody and diaminobenzidine chromogenic reagent (G1212-200T) were purchased from Servicebio, China.



Tissue Specimen Collection

We collected renal tissues from four patients diagnosed with DKD after renal biopsy in the Second Xiangya Hospital of Central South University from December 2019 to May 2020 as the experimental group, and normal renal tissues from three patients undergoing surgical resection after renal trauma as the control group. None of the patients received any immune-related treatment, and all DKD patients were diagnosed by pathology. Informed consent was obtained from all patients prior to tissue sample collection.



Cell Culture and Experimental Groups

The human renal tubular epithelial cell line HK-2 was from the Nephrology Laboratory of the Second Xiangya Hospital of Central South University; it was cultured with Dulbecco's modified Eagle's medium/F12 medium, 10% fetal bovine serum and 1% double antibiotics (penicillin, streptomycin), and was placed in a cell incubator at 37°C and 5% CO2. At the logarithmic growth phase, HK-2 cells were divided into four groups, with the complete medium being replaced with different concentrations of glucose (5.6, 15, 30, and 45 mmol/L), and were cultured for 24 h.



Biochemical Analyses and ELISA

Routine blood samples for measurement of serum creatinine, eGFR and microalbuminuria were assayed at the central laboratory of Second Xiangya Hospital. Serum NLRP3 was detected by ELISA method.



Immunohistochemistry

Following gradient ethanol deparaffinization of kidney tissue slices, antigen retrieval was performed, followed by NLRP3 and GSDMD immunohistochemical staining. The slices were incubated overnight at 4°C with primary antibody. Diaminobenzidine staining was performed according to the method specified in the immunohistochemistry kit. In each slice of each group, at least three 200-fold fields of view were randomly selected for imaging; Image J software was used for analysis, and mean density was calculated.



Transmission Electron Microscope

TEM was used to observe the ultrastructure of cells. The electron microscope fixative solution glutaraldehyde was quickly added after discarding the culture medium for each group. Then, the cells were gently scraped off using a cell scraper and centrifuged. The cells were collected after it was visually observed that they precipitated to the size of sesame seeds or mung beans. New fixative solution was added for fixation, and the cells were dehydrated, embedded in paraffin, and then sliced. The slices were stained with lead citrate to observe the changes in cell ultrastructure.



Western Blot

The cells were lysed using RIPA lysate buffer containing protease inhibitors. 20 ug protein samples were resolved using 8% SDS-PAGE gel electrophoresis, transferred to polyvinylidene fluoride membrane, blocked using skim milk for 1 h, and incubated overnight at 4°C after adding primary antibodies to detect NLRP3, caspase-1 p20, GSDMD-N, IL-1β, and IL-18. After washing three times with phosphate-buffered saline-Tween 20 (PBST), the membrane was incubated with the secondary antibody [HRP-conjugated goat anti-rabbit IgG (1:5000)] at 37°C for 1 h, then washed and exposured to Kodak film. Using GAPDH protein as an internal reference, the gray-scale ratio between the target protein band and the GAPDH band was semi-quantitatively analyzed using Image Pro Plus software.



Statistical Methods

The SPSS 23 software was used to perform statistical analysis, and GraphPad Prism 7 software was used for graph plotting. Measurement data are expressed as mean ± standard deviation, and inter-group differences were compared using t-test or analysis of variance. Spearman's correlation was used for the analysis, and P < 0.05 was considered to indicate statistical significance.




RESULTS


Expression of NLRP3 and GSDMD in Kidney Tissues of Healthy People and Patients With DKD

Immunohistochemistry results showed that NLRP3 and GSDMD were primarily expressed in renal tubular epithelial cells. NLRP3 was expressed in normal kidney tissue (0.206 ± 0.028); however, its expression in the kidney tissue of patients with DKD was significantly increased (0.263 ± 0.033) (P < 0.05; Figure 1). Similarly, GSDMD was also expressed in normal kidney tissue (0.192 ± 0.029), but its expression in the kidney tissue of patients with DKD was significantly increased (0.276 ± 0.028) (P < 0.05; Figure 2). Further, GSDMD expression was positively correlated with that of NLRP3 (r = 0.847, P = 0.02; Figure 3).


[image: Figure 1]
FIGURE 1. Increased expression of NLRP3 in renal tissues of DKD patients. (A) IHC studies revealed increased expression of NLRP3 in DKD patients (×200 and ×400) (B) Averaged relative intensity for the staining of NLRP3 in kidney biopsies of normal vs. DKD patients (*P < 0.05).



[image: Figure 2]
FIGURE 2. Increased expression of GSDMD in renal tissues of DKD patients. (A) IHC studies revealed increased expression of GSDMD in DKD patients (×200 and ×400) (B) Averaged relative intensity for the staining of GSDMD in kidney biopsies of normal vs. DKD patients (*P < 0.05).
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FIGURE 3. GSDMD expression was positively correlated with that of NLRP3.




Ultrastructural Changes in HK-2 Cells at Different Glucose Concentrations

Different concentrations of glucose (control group 5.6 mmol/L, high glucose groups 15, 30, and 45 mmol/L) were used to stimulate HK-2 cells for 24 h. Using TEM, it was observed that the cells in the control group had an intact structure without swelling; the cell membrane structure was complete and continuous and did not have membranous perforation or cytoplasm content overflow; the cell organelle structure was intact, without swelling, vacuolation, or other damages; the structure of the cell nuclei was complete; and chromatin pyknosis and adhesion to the nuclear membrane was not observed. These observations indicated that the cell structure was normal and no pyroptosis had occurred (Figures 4A,B).


[image: Figure 4]
FIGURE 4. The characteristic of HK-2 cells at different glucose concentrations. (A,B) Control group; (C–E) 15 mmol/L glucose group; (F–H) 30 mmol/L glucose group; (I,J) 45 mmol/L glucose group. Black arrow: cell membrane injure; White arrow: endoplasmic reticulum vesiculated expansion; Blue arrow: mitochondrial vacuolation; Yellow arrow: Golgi swelling; Red arrow: chromatin marginated; White circle: myeloid structure.


Compared with that in the control group, a higher proportion of cells in the 15 mmol/L group showed slight swelling; some cell membrane edges were fuzzy brush-like, with membranous perforations and cytoplasmic content overflow; some cells showed vesiculation and expansion of endoplasmic reticulum; and the nuclear chromatin showed pyknosis, margination, and adhesion to the nuclear membrane. These observations indicated that a small number of cells in this group had undergone pyroptosis (Figures 4C–E).

Compared with control group, the cell swelling in the 30 mmol/L group was significantly increased; a large number of cell membrane was perforated or had disappeared; a large amount of cytoplasmic content had overflowed; vesiculation and expansion of endoplasmic reticulum, mitochondrial vacuolation, and Golgi swelling were widely present; part of the nucleoli had disappeared; chromatin were marginated and adhered to the nuclear membrane; and the overall electron density of the cells had decreased (cell viability had decreased). These observations indicated that a large number of cells in this group had experienced pyroptosis (Figures 4F–H).

Further, compared with the control group, the 45 mmol/L group showed significant cell swelling; the cell membrane structure was intact and continuous, and did not show membranous perforation or cytoplasmic content overflow; a large number of myeloid structures was observed in the cytoplasm of some cells, showing mitochondrial vacuolation and swelling; there was no significant damage to the cell nuclei, and no phenomena such as chromatin margination were seen. It was revealed that the cells in this group had serious pathological changes, but no significant ultrastructural changes associated with pyroptosis (Figures 4I,J). The comparison of the ultrastructure of HK-2 cells in different group is summarized in Table 1.


Table 1. Comparison of HK-2 cell ultrastructure in different experimental groups.

[image: Table 1]



Expression of NLRP3 and Pyroptosis-Related Proteins in HK-2 Cells Stimulated by Different Glucose Concentrations

Following stimulation of HK-2 cells with different glucose concentrations (control group 5.6 mmol/L and high glucose groups 15, 30, and 45 mmol/L) for 24 h, we observed that compared with control group, the expression of NLRP3, caspase-1 p20, GSDMD-N, IL-1β, and IL-18 increased significantly in a glucose-concentration-dependent manner (P < 0.05; Figure 5).


[image: Figure 5]
FIGURE 5. Expression of NLRP3 and pyroptosis-related proteins increased after stimulation with different glucose concentrations in HK-2 cells. (A) Western blot showing the expression of NLRP3, caspase-1 p20, GSDMD-N, IL-1β, and IL-18 increased in a glucose-concentration-dependent manner. (B) The protein fold change of NLRP3, caspase-1 p20, GSDMD-N, IL-1β, and IL-18, using Gapdh as a reference gene. Data is presented as the average fold change compared to controls ± s.e.m. n = 3. *P < 0.05 vs. 5.6 mmol/L glucose group; #P < 0.05 vs. 15 mmol/L glucose group; ΔP < 0.05 vs. 30 mmol/L glucose group. n = 3.





DISCUSSION

DKD is the primary cause of chronic kidney disease. Effective treatment of DKD and exploration of new therapeutic targets has always been a major topic of research. In addition to abnormal blood glucose and lipid metabolism, abnormal activation of inflammasomes also plays a key role in the development of DKD (10, 11). Pyroptosis is a form of inflammatory programmed cell death, and NLRP3 inflammasome activation plays a central role in this process. In our study, we found that NLRP3 and GSDMD (key protein of pyroptosis) are primarily expressed in human renal tubular epithelial cells. Their expression in kidney tissue of patients with DKD is significantly higher than that in normal human kidney tissues, and the expression of GSDMD is positively correlated with that of NLRP3. It is therefore speculated that NLRP3 cooperates with GSDMD to participate in the development and progression of DKD.

Inflammasomes are multi-protein complexes assembled by pattern recognition receptors in the cytoplasm. They can recognize a variety of stimuli such as pathogen-associated molecular patterns or damage-associated molecular patterns. By recruiting and activating caspase-1, they induce mature inflammatory factors such as IL-1β and IL-18. NLRP3 is the most widely studied inflammasome, which can be activated through classical or non-classical pathways and participates in the pathogenesis of acute kidney injury and chronic kidney disease (12). The activation of NLRP3 inflammasome in DKD has attracted widespread attention. The activated NLRP3 inflammasome promotes secretion of IL-1β and IL-18, which in turn promotes the progression of DKD (13). Researchers have observed upregulation of NLRP3 and caspase-1 expression in endothelial cells and podocytes in the kidneys of mice and patients with DKD (14). In vitro cell culture and animal models have confirmed the role of NLRP3 in DKD (15–17). In this study, we stimulated HK-2 cells with high concentrations of glucose and observed increased expression of NLRP3, caspase-1 p20, IL-1β, and IL-18, suggesting that high glucose concentration activates HK-2 cell inflammasome and causes the release of inflammatory factors. That consistent with previous studies.

Although pyroptosis was initially considered a unique feature of immune cells, recent studies have shown that it also plays a role in non-immune cells (6, 18). In contrast-induced acute kidney injury and renal ischemia-reperfusion injury, renal tubular epithelial cell pyroptosis is an indispensable process (19, 20). The activated NLRP3 activates caspase-1, cleaves GSDMD, breaks self-inhibition, and produces an N-terminal fragment. GSDMD-N targets the cell membrane to form pores and causes water influx, so that the ion gradients across the cell membrane disappear, and the cells undergo swelling and osmotic lysis, eventually leading to cell pyroptosis (21, 22). In our study, we also observed that renal tubular epithelial cells showed obvious pyroptosis with the increase expression of NLRP3 after stimulated by high glucose. In addition, for the first time, we observed through TEM that the HK-2 cells in the high-glucose groups (15 and 30 mmol/L) showed ultrastructural changes that are typical of pyroptosis, such as cell membrane damage, discontinuity, cytoplasmic content overflow, and chromatin margination and adhesion to the nuclear membrane. However, the cells in the control group did not undergo pyroptosis. Further, we found through western blot that compared with that in the normal control group, the expression of NLRP3, caspase-1 p20, GSDMD-N, IL-1β, and IL-18 in the high-glucose groups (15, 30, and 45 mmol/L) increased in a concentration-dependent manner, which also indicated that high glucose concentration promotes the occurrence of cell pyroptosis, and that NLRP3-caspase-1 may be related to GSDMD-mediated pyroptosis. Although the expression of pyroptosis-related proteins in the 45 mmol/L group was higher than that in the other groups, and TEM showed that the cells in this group were significantly swollen with part of cells appearing large number of myeloid structures and vacuolated mitochondria. This phenomenon indicated that the cells were seriously damaged, but there were no ultrastructural characteristics typical of pyroptosis. We speculated that the cells in the 45 mmol/L group have other complex cell damage patterns, such as autophagy.

In conclusion, our study confirmed that high glucose concentration can induce pyroptosis of human renal tubular epithelial cells. We stimulated human renal tubular epithelial cells with different concentrations of glucose, which showed a series of changes in NLRP3 inflammasomes, pyroptosis-related proteins, and inflammatory factors, suggesting that high glucose concentration affects the activation of NLRP3 inflammasome in the autoimmune system, leading to the occurrence of pyroptosis and release of inflammatory factors. This provides a basis for further animal and clinical experiments. With the elucidation of the relevant mechanisms, the targets in the pyroptosis-related signaling pathways are expected to become a new hotspot in the treatment of DKD, and targeting pyroptosis through inflammasome assembly, caspase activation, GSDMD-mediated nuclear pore formation, and other unknown upstream or downstream pathways may be a new way to treat DKD.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

FY and YL designed the research. MH and HX did the cell experiment. FY and MH analyzed the data and drafted the manuscript. FY revised the manuscript. All authors have read and approved the manuscript.



FUNDING

This work was supported by Grants from the National Natural Science Foundation of China (No. 81770730) and the Natural Science Fund of Changsha (No. kq2014235).



ACKNOWLEDGMENTS

The authors wish to Liuxia Xiang for her help in pathological assessment.



ABBREVIATIONS

DKD, diabetic kidney disease; NLRP3, NOD-like receptor protein 3; GSDMD, Gasmedermin D; IL, Interleukin; TEM, Transmission electron microscope.



REFERENCES

 1. Zhu B, Cheng X, Jiang Y, Cheng M, Chen L, Bao J, et al. Silencing of KCNQ1OT1 decreases oxidative stress and pyroptosis of renal tubular epithelial cells. Diabetes Metab Syndr Obes. (2020) 13:365–75. doi: 10.2147/DMSO.S225791

 2. Qiu YY, Tang LQ. Roles of the NLRP3 inflammasome in the pathogenesis of diabetic nephropathy. Pharmacol Res. (2016) 114:251–64. doi: 10.1016/j.phrs.2016.11.004

 3. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature. (2015) 526:660–5. doi: 10.1038/nature15514

 4. Schroder K, Tschopp J. The inflammasomes. Cell. (2010) 140:821–32. doi: 10.1016/j.cell.2010.01.040

 5. Man SM, Karki R, Kanneganti TD. Molecular mechanisms and functions of pyroptosis, inflammatory caspases and inflammasomes in infectious diseases. Immunol Rev. (2017) 277:61–75. doi: 10.1111/imr.12534

 6. Xu YJ, Zheng L, Hu YW, Wang Q. Pyroptosis and its relationship to atherosclerosis. Clin Chim Acta. (2018) 476:28–37. doi: 10.1016/j.cca.2017.11.005

 7. Mamik MK, Power C. Inflammasomes in neurological diseases: emerging pathogenic and therapeutic concepts. Brain. (2017) 140:2273–85. doi: 10.1093/brain/awx133

 8. Wu D, Yan ZB, Cheng YG, Zhong MW, Liu SZ, Zhang GY, et al. Deactivation of the NLRP3 inflammasome in infiltrating macrophages by duodenal-jejunal bypass surgery mediates improvement of beta cell function in type 2 diabetes. Metabolism. (2018) 81:1–12. doi: 10.1016/j.metabol.2017.10.015

 9. Song Y, Yang L, Guo R, Lu N, Shi Y, Wang X. Long noncoding RNA MALAT1 promotes high glucose-induced human endothelial cells pyroptosis by affecting NLRP3 expression through competitively binding miR-22. Biochem Biophys Res Commun. (2019) 509:359–66. doi: 10.1016/j.bbrc.2018.12.139

 10. Yaribeygi H, Atkin SL, Simental-Mendía LE, Barreto GE, Sahebkar A. Anti-inflammatory effects of resolvins in diabetic nephropathy: mechanistic pathways. J Cell Physiol. (2019) 234:14873–82. doi: 10.1002/jcp.28315

 11. Tönnies T, Stahl-Pehe A, Baechle C, Castillo K, Yossa R, Holl RW, et al. Diabetic nephropathy and quality of life among youths with long-duration type 1 diabetes: a population-based cross-sectional study. Pediatr Diabetes. (2019) 20:613–21. doi: 10.1111/pedi.12837

 12. Ding W, Guo H, Xu C, Wang B, Zhang M, Ding F. Mitochondrial reactive oxygen species-mediated NLRP3 inflammasome activation contributes to aldosterone-induced renal tubular cells injury. Oncotarget. (2016) 7:17479–91. doi: 10.18632/oncotarget.8243

 13. Li LH, Lin JS, Chiu HW, Lin WY, Ju TC, Chen FH, et al. Mechanistic insight into the activation of the nlrp3 inflammasome by neisseria gonorrhoeae in macrophages. Front Immunol. (2019) 10:1815. doi: 10.3389/fimmu.2019.01815

 14. Mulay SR. Multifactorial functions of the inflammasome component NLRP3 in pathogenesis of chronic kidney diseases. Kidney Int. (2019) 96:58–66. doi: 10.1016/j.kint.2019.01.014

 15. Feng H, Gu J, Gou F, Huang W, Gao C, Chen G, et al. High glucose and lipopolysaccharide prime NLRP3 inflammasome via ROS/TXNIP pathway in mesangial cells. J Diabetes Res. (2016) 2016:6973175. doi: 10.1155/2016/6973175

 16. Gao P, He FF, Tang H, Lei CT, Chen S, Meng XF, et al. NADPH oxidase-induced NALP3 inflammasome activation is driven by thioredoxin-interacting protein which contributes to podocyte injury in hyperglycemia. J Diabetes Res. (2015) 2015:504761. doi: 10.1155/2015/504761

 17. Shahzad K, Bock F, Dong W, Wang H, Kopf S, Kohli S, et al. Nlrp3-inflammasome activation in non-myeloid-derived cells aggravates diabetic nephropathy. Kidney Int. (2015) 87:74–84. doi: 10.1038/ki.2014.271

 18. Tan CC, Zhang JG, Tan MS, Chen H, Meng DW, Jiang T, et al. NLRP1 inflammasome is activated in patients with medial temporal lobe epilepsy and contributes to neuronal pyroptosis in amygdala kindling-induced rat model. J Neuroinflammation. (2015) 12:18. doi: 10.1186/s12974-014-0233-0

 19. Zhang Z, Shao X, Jiang N, Mou S, Gu L, Li S, et al. Caspase-11-mediated tubular epithelial pyroptosis underlies contrast-induced acute kidney injury. Cell Death Dis. (2018) 9:983. doi: 10.1038/s41419-018-1023-x

 20. Yang JR, Yao FH, Zhang JG, Ji ZY, Li KL, Zhan J, et al. Ischemia-reperfusion induces renal tubule pyroptosis via the CHOP-caspase-11 pathway. Am J Physiol Renal Physiol. (2014) 306:F75–84. doi: 10.1152/ajprenal.00117.2013

 21. Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activity and structural autoinhibition of the gasdermin family. Nature. (2016) 535:111–6. doi: 10.1038/nature18590

 22. Sborgi L, Rühl S, Mulvihill E, Pipercevic J, Heilig R, Stahlberg H, et al. GSDMD membrane pore formation constitutes the mechanism of pyroptotic cell death. EMBO J. (2016) 35:1766–78. doi: 10.15252/embj.201694696

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Liu, He, Xiong and Yuan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 30 May 2022
doi: 10.3389/fmed.2022.882692






[image: image2]

Long-Term Kidney Prognosis and Pathological Characteristics of Late-Onset Lupus Nephritis

Na Tian1,2, Qian Zhou1,3, PeiRan Yin1,4, WenFang Chen5, LingYao Hong1, QiMei Luo1, MengHua Chen2, XueQing Yu6 and Wei Chen1*


1Department of Nephrology, The First Affiliated Hospital, Sun Yat-sen University, Key Laboratory of National Health Commission, Guangdong Provincial Key Laboratory of Nephrology, Guangzhou, China

2Department of Nephrology, General Hospital of Ningxia Medical University, Ningxia, China

3Department of Medical Statistics, Clinical Trials Unit, The First Affiliated Hospital of Sun Yat-sen University, Guangzhou, China

4Department of Nephrology, Second Affiliated Hospital of Soochow University, Suzhou, China

5Department of Pathology, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China

6Guangdong Provincial People's Hospital, Guangzhou, China

Edited by:
Li Zuo, Peking University People's Hospital, China

Reviewed by:
Marc Hilhorst, Academic Medical Center, Netherlands
 Giorgia Comai, Alma Mater Studiorum University of Bologna, Italy

*Correspondence: Wei Chen, vvchen66@qq.com

Specialty section: This article was submitted to Nephrology, a section of the journal Frontiers in Medicine

Received: 24 February 2022
 Accepted: 09 May 2022
 Published: 30 May 2022

Citation: Tian N, Zhou Q, Yin P, Chen W, Hong L, Luo Q, Chen M, Yu X and Chen W (2022) Long-Term Kidney Prognosis and Pathological Characteristics of Late-Onset Lupus Nephritis. Front. Med. 9:882692. doi: 10.3389/fmed.2022.882692



Background: Arguments still exist on prognosis of late-onset SLE, especially their kidney function. The purpose of this study was to investigate long-term kidney outcomes in patients with late-onset lupus nephritis (LN).

Methods: A retrospective long-term cohort study was conducted in adult Chinese patients with LN. The patients were divided into late- (>50 years) and early-onset (<50 years) LN groups. The baseline characteristics, especially the kidney pathological characteristics, were compared. The cohort was followed-up for kidney outcome defined as doubling of serum creatinine or ESRD. Cox regression analysis was used to examine the association between late onset LN and its outcomes.

Results: A total of 1,264 patients were recruited, who were assigned to late-onset LN with 102 patients and early-onset LN with 1,162 patients. The late-onset LN group showed a worse baseline kidney function and more chronic pathological lesions than the early-onset LN group. During a follow-up time of 55 (3, 207) months, 114 (13.1%) deaths occurred, 107 (12.2%) had doubling of creatinine, and 80 (9.1%) developed end-stage kidney disease. The 5- and 10-year survival rates of the late-onset LN group were 67.6 and 50.5%, respectively, which were much worse than those of the early-onset LN group (89.8 and 84.6%, respectively). However, no significant difference was found on kidney survival (log-rank chi-square = 3.55, p = 0.06). Cox regression analysis showed that late-onset LN was an independent risk factor for patient survival (hazard ratio = 3.03, 95% CI (1.39, 6.58), p = 0.005). Increased baseline serum creatinine was an independent risk factor for kidney survival of patients with late-onset LN.

Conclusions: Patients with late-onset LN had milder active lesions but severer chronic lesions in kidney pathology. They have poorer overall outcome but relatively favorable kidney outcome.

Trial Registration: ClinicalTrials.gov Identifier: NCT03001973, 22 December 2016 retrospectively registered.

Keywords: lupus nephritis, late-onset, kidney outcome, renal pathology, Chinese population


INTRODUCTION

Systemic lupus erythematosus (SLE) is the most common cause (54.3%) of secondary glomerular nephropathy in China (1). SLE mainly occurs in young women of child-bearing age and is not commonly found in elderly population. Previous studies suggested that the onset age of lupus is an important risk factor associated with clinical manifestations and outcomes (2–6). Two nested case-control study from Brazil and US, respectively, Appenzeller et al. (7), Bertoli et al. (8) found that patients with late-onset SLE have milder symptoms, but present higher rate of organ damage and mortality than patients with early-onset SLE. While another found that late-onset SLE has a benign prognosis (9). In a Chinese study, kidney pathology analysis showed that activity lesions are milder and chronic lesions are more severe in patients with late-onset SLE compared with those in patients with early-onset SLE, but no difference in kidney outcomes was found between the two groups (3).

Although certain differences between late- and early-onset SLE have been reported, few distinct patterns of clinical manifestation, therapeutic response, or prognosis have been confirmed. In addition, to the best of our knowledge, only a few studies have investigated kidney pathological features and kidney outcome in population with late-onset lupus nephritis (LN). Therefore, we aimed to assess the kidney pathological characteristics and outcomes of patients with late-onset LN based on a large sample size and long-term follow-up data.



MATERIALS AND METHODS


Subjects

A single center, retrospective cohort study was designed. Clinical and kidney histopathological data were extracted from the LN database (ln.medidata.cn) of the Department of Nephrology, the First Affiliated Hospital of Sun Yat-sen University. Patients diagnosed with LN at the age of 16 years or older from January 1, 1996 to December 31, 2011 were enrolled. All patients were diagnosed using the 1997 revised SLE criteria of the American College of Rheumatology (10). Patients who had end-stage renal disease (ESRD), cancer, or drug-induced LN at the time of diagnosis were excluded. Each biopsy specimen with at least 10 glomeruli was included for histopathological analysis. The protocol was approved by the human ethics committee of the First Affiliated Hospital, Sun Yat-sen University. Written informed consent was obtained from each participant.

The cut-off age of 50 was employed referring to the previous studies to define the late-onset LN (11–15). Patients with LN aged 50 years or older at kidney biopsy were assigned to the late-onset LN group, whereas those with LN aged <50 years at kidney biopsy were assigned to the early-onset LN group (control).



Data Collection and Clinical Definitions

Age at onset was obtained in a retrospective manner as the first sign of kidney involvement was detected, including proteinuria ≥0.5 g/24 h, glomerular hematuria, and cellular cast. Cardiovascular complications included coronary heart disease, chronic heart failure, arrhythmia, and cardiomyopathy. Organ damage was assessed using the Systemic Lupus Erythematosus International Collaborating Clinics/American College of Rheumatology Damage Index (SDI) (16). To be scored, each manifestation in the SDI is required to be present for at least 6 months unless it is noted in the SDI instructions. Disease activity was evaluated using the SLE disease activity index (SLEDAI) (17). Acute kidney injury (AKI) was diagnosed based on 2012 KDIGO criteria (18). Estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation (19).

Therapeutic variables included exposure to glucocorticoid at induction treatment, dose of prednisone at induction, high-dose glucocorticoid at first diagnosed (pulse therapy or oral prednisone ≥1 mg/kg day), immunosuppressive agents treatment (taken methotrexate, mycophenolate mofetil, cyclophosphamide, azathioprine, or combination), and use of angiotensin converting enzyme inhibitor (ACEI)/angiotensin receptor blocker (ARB).

Kidney histopathological data were reviewed by an experienced pathologist according to the 2003 International Society of Nephrology/Kidney Pathology Society classification of LN (20).



Study Outcomes

All the participants were followed up for at least 1 year until December 31, 2013. Patients were required to return to our hospital at least once a year for an overall medical evaluation and/or were interviewed annually through phone call by experienced doctors to assess the general conditions. The primary endpoint was a composite of kidney outcomes, including doubling of serum creatinine (serum creatinine doubled compared with the baseline) and ESRD (eGFR ≦15 mL/min; persistent dialysis; kidney transplant). The secondary endpoint was all cause mortality.



Statistical Analysis

Patient characteristics were presented as mean ± SD for normally distributed continuous variables, median (interquartile range) for skewed continuous variables, and frequencies and percentages for categorical variables. Comparisons between the late- and control groups were performed using the Student's t-test for normally distributed continuous variables, the Mann–Whitney U-test for non-normally distributed continuous variables, and the Chi-square test for categorical variables. Patients' cumulative survival and kidney survival rates (at a combined kidney endpoint of creatinine doubling and ESRD) were calculated using Kaplan–Meier curves. Unadjusted and adjusted Cox proportional hazards regression models were used to evaluate the risk factors for mortality in all participants and kidney mortality in patients with late-onset LN. Potential confounders were included in univariate Cox regression analysis. Significant variates with a p-value <0.10 in the univariate analysis were forced into the multivariate models. Other variates were selected into the multivariable models using the forward method (entry: 0.1, removal: 0.2). To adjust the impact of age on patient survival, we collected the data of life expectancy at LN onset for each participant based on the World Bank latest report (The World Bank. Data of life expectancy at birth, total (years), China (2019). https://data.worldbank.org/indicator/SP.DYN.LE00.IN?end=2016&locations=CN&start=1960&view=chart&year_low_desc=true). Since only data from 1960 to 2016 could be obtained, we estimated life expectancy with the recent 5-year life growth rate of 0.21% for those who were born between 1920 and 1959. In the multivariable Cox regression, life expectancy was considered as a confounder into model to adjust the impact of age to patient survival.

A two-sided p-value <0.05 was considered statistically significant. Statistical analysis was performed using SPSS software, version 20.0 (SPSS, Inc., Chicago, IL, USA).




RESULTS


Clinical Characteristics of Late-Onset LN

A total of 1,264 patients who met the inclusion criteria were enrolled from the 1,408 patients diagnosed with LN during the study period (Figure 1). Among the eligible patients, 102 (8.1%) were assigned to the late-onset LN group and 1,162 (91.9%) to the early-onset LN group.


[image: Figure 1]
FIGURE 1. Enrollment and follow-up of study population.


Tables 1, 2 showed the baseline of the two groups. The male-to-female ratio in the late-onset LN group was 2:5, which was twice of that in the early-onset LN group (p = 0.001). More patients with late-onset LN had hypertension and cardiovascular disease (CVD) complications compared with the patients in the early-onset LN group (p < 0.001). Diabetes percentage was similar in both groups. Higher percentage of patients with late-onset LN had no skin or mucous lesions. The serositis frequency was lower in the late-onset LN group. The SDI and SLEDAI scores indicated no difference between the two groups. The baseline kidney function of the late-onset LN group was significantly worse, presenting more urine protein (p = 0.03), smaller kidney size, and lower eGFR (p < 0.001). AKI occurred more frequently in the late-onset LN group (p = 0.005).


Table 1. Comparisons of baseline clinical manifestations between late- and early-onset LN groups.
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Table 2. Comparisons of baseline examination profiles between late- and early-onset LN groups.
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As for the treatment, patients with late-onset LN were administered lower dose of prednisone at the induction phase. Immunosuppressant drugs and angiotensin-converting enzyme inhibitor/angiotensin receptor blocker drugs were used in less proportion of patients with late-onset LN (Table 3).


Table 3. Comparisons of treatment regimen between late- and early-onset LN groups.
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Kidney Histopathological Evaluation

Kidney pathological analysis was conducted in 784 eligible patients. The proportion of biopsied patients showed no statistical difference between the late- and early-onset LN groups (p = 0.07). The distribution of LN pathological type (ISN/RPS, 2003) was similarly between the two groups. It generally showed that chronic lesions (glomerular sclerosis, interstitial fibrosis, tubular atrophy, and arterial wall thickening) were more severe in the late-onset LN group (all p-value <0.05). Active lesions (including crescents, karyorrhexis, capillary tuft necrosis, glomerular capsule adhesion, subendothelial hyaline deposits and tubular necrosis) were not statistically different between the two groups (all p-value > 0.05) (Table 4).


Table 4. Kidney pathological characteristics of late-onset LN.
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Patient Overall Survival and Kidney Survival

Flow chart of the enrollment, follow-up process, and study outcome is shown in Figure 1. At the end of the study period, 114 patients died; 27 belonged to the late-onset LN group and 87 in the early-onset LN group. The main causes of death were CVD (late vs. early: 22.2% vs. 19.8%, p = 0.12) and infection (late vs. early: 22.2% vs. 25.6%, p = 0.28). More patients with late-onset LN died of kidney failure (after the onset of ESRD) (late vs. early: 14.8% vs. 4.7%, p = 0.02).

Kaplan–Meier analysis showed that the patient survival of the late-onset LN group at 5 and 10 years (67.6 and 50.5%, respectively) was much poorer than that of the early-onset LN group (89.8 and 84.6%, respectively) (log-rank chi-square = 35.9, p < 0.001; Supplementary Figure 2A). However, no significant statistical differences were observed on kidney survival at the composite endpoint of serum creatinine doubling or ESRD (log-rank chi-square = 3.55, p = 0.06; Figure 2).


[image: Figure 2]
FIGURE 2. (A) Kidney survival (at the composite endpoint of serum creatinine doubling and ESRD) stratified on the age of LN onset. (B) Kidney survival (at the composite endpoint of serum creatinine doubling and ESRD) stratified on the age of LN onset by cox regression.




Association of the Onset Age of LN With Kidney Prognosis

The onset age of LN ≧50 years was an independent risk factor of mortality after adjusted for confounders, such as gender, life expectancy, comorbidity diseases, pathological characteristics, and treatment. No statistically significant association was found between the onset age of LN and kidney failure by using regression models 1 to 4 (Table 5 and Figure 2B).


Table 5. Association of late-onset LN with all-cause mortality and kidney mortality.
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Risk Factors for Kidney Survival in Patients With Late-Onset LN

Further analysis was performed focusing on the risk factors for kidney survival in patients with late-onset LN. The results showed that the increased serum creatinine at baseline was an independent risk factor (hazard ratio = 1.45 (1.20–1.73), p < 0.001; Table 6).


Table 6. Predictors of kidney survival in patients with late-onset LN.
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DISCUSSION

Late-onset SLE is a relatively minority in the SLE patients. Studies have shown differences on clinical manifestation, seroantibodies and damage accrual between late-onset and the early-onset, but the findings were variable (2–9). Our large retrospective cohort study indicated that the patient survival of late-onset LN population was poorer while the kidney outcome was comparable than that of patients with early-onset LN. The advanced age-onset of LN was closely related to the poor clinical outcome independent of potential confounders.

Late-onset SLE has been reported to occur in 3%−18% of patients with SLE. As early as 1989, a meta-analysis conducted by Ward and Polisson concluded that the clinical manifestation between early- and late-onset SLE is different (2). However, there remains a debate on the clinical characteristics and the outcomes of patients with late-onset SLE (21–25). The discrepancy in findings in previous studies may partially be due to the different cutoff ages used in different studies and the inter-ethnic differences (13, 25). In our cohort, we selected a cut-off age of 50 years because it was arbitrarily designated as late onset when the clinical diagnosis of the disease occurred after the age of 50 years (14, 26, 27). Based on the cut-off age, the incidence of late-onset LN was 8.1% in our cohort. The percentage of male in the late-onset SLE group doubled that in the early-onset SLE group, which may be explained by the less apparent female predominance among older patients with SLE, mainly owing to the decreased estrogen levels (26). Estrogen status is important in determining disease activity and prognosis in SLE (21, 26, 28), and sex and age factors may inevitably interact to influence SLE prognosis. However, when we specifically adjusted for sex as a confounder in the multivariate Cox regression model, the hazard ratio of death in patients with late-onset LN was three-fold higher than that in patients with early-onset LN. This may suggest the age plays an important role on patient survival independent of sex difference.

Previous studies reported that late-onset SLE has greater comorbidities (8, 14), lower SLE activity (14), and less major organ involvement (8, 12). As shown in our study, patients with late-onset LN had higher blood pressure, more CVD complications, and worse kidney function at baseline, while most systematic organ involvement associated with SLE are not different from the early-onset group. Moreover, the SLEDAI scores and the SDI scores were also similar in the two groups, which is different from previous report on a lower SLEDAI score in patients with late-onset SLE (8, 14). Further analysis of kidney histopathology implied that the chronic lesions (glomerular sclerosis, interstitial fibrosis, tubular atrophy, and cortex wall thickening) were more severe in patients with late-onset LN. However, active lesions such as crescents, karyorrhexis, capillary tuft necrosis, glomerular capsule adhesion, tubular necrosis, were not significantly different between the two groups. The glomerular leukocyte infiltration and endocapillary hypercellularity showed more severe in the early-onset group. Therefore, it indicated that the relatively poorer conditions of patients with late-onset SLE at baseline are mainly associated with their advanced age, while not with SLE activity per se. To our knowledge, there is only few detailed information available on kidney histopathological features of late-onset LN in published papers (3, 23, 24). Both chronic lesion and active lesion associated influenced the outcome of LN. Therefore, the results of kidney survival analysis which showed no statistical difference even by Cox regression (adjusted for multivariate) was the combined effect of the two factors. In consideration of the more comorbid conditions and chronic impairment of histopathology, practitioners tended to give late-onset LN with lower corticosteroid dose and less frequent cyclophosphamide lest the side-effect. However, the present study failed to prove whether the limited therapeutic options for SLE due to the presence of comorbidities and concomitant therapies in elderly patients may contribute to the poorer outcome.

There were conflicting reports with regard to patient outcome of late-onset SLE. An epidemiological study from Canada (29) and long-term cohort studies from Brazil (7) and China (28) found that late-onset SLE is not a benign subgroup. Another study reported that older patients have less kidney involvement and better prognosis than their younger counterparts (9). In our cohort, the 5- and 10-year survival rates of patients with late-onset LN were 68.5 and 49.1%, respectively, which are much lower than those of patients with early-onset LN (95.5 and 92.1%). In patients with late-onset LN, kidney failure was a more common cause of death (14.8%) than in patients with early-onset LN (4.7%). Results of multivariate regression equation showed that onset at age >50 years was an independent risk factor of patient survival. Considering that age is naturally associated with survival, life expectancy was taken as a confounder into the multivariable Cox regression model. The independent association between late-onset LN and patient survival still existed, which made the conclusion more robust.

Only a small number of studies have reported on kidney outcome (3, 30, 31). In our study, although patients with late-onset LN had a poorer kidney baseline, no significant difference on the kidney outcome was found between late- and early-onset LN. The contradiction of worse kidney baseline and benign kidney prognosis may have partially been related to relatively milder SLE course in older patients (12). These might also be explained by the results of comparisons on histopathological characteristics. In general, no significant difference was found in the pathological type distribution between the two groups. With respect to the activity indices and chronicity indices, there were significantly lower scores in activity indices but significantly higher scores in chronic indices such as tubular atrophy and interstitial fibrosis in the late onset group. This is consistent with another report based on Chinese population (3). Nevertheless, in older patients, AKI occurred, to some extent, more frequently on conditions of aggravating factors, such as hypovolemia, infection, and nephrotoxic medication. More attention should be paid on overall condition balancing and complication correcting in elder patients.

The strengths of our study are the relatively large sample size and long follow-up duration focusing on the kidney survival and taking a closer sight on the detailed pathological changing analysis to investigate the effect of onset-age of LN on the prognosis of late-onset LN.

An important potential limitation of our study is its retrospective design, where information bias, selection bias, and uncontrolled confounding effects could potentially influence the results. A critical and unresolved question is whether or not the poorer outcomes observed in patients with late-onset LN are solely age related. This issue warrants further investigation in a prospective controlled cohort study.



CONCLUSIONS

Age-related impairments are the most significant determinant of both clinical and pathological manifestations in patients with late-onset LN. Patients with late-onset LN have milder active lesions related to SLE but severer chronic lesions in kidney pathology, and they have an unfavorable patient outcome but rather acceptable kidney prognosis.
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If a technical failure occurs during peritoneal dialysis (PD), the patients undergoing PD may be transitioned to hemodialysis (HD). However, the clinical outcomes of patients who have undergone such a transition are under studied. This study assessed whether patients undergoing HD who have transitioned from PD have the same clinical outcomes as HD-only patients. This research was a retrospective cohort study by searching a National Health Insurance research database for data on patients in Taiwan who had undergone HD between January 2006 and December 2013. The patients were divided into two groups, namely a case group in which the patients were transitioned from PD to HD and a HD-only control group, through propensity score matching at a ratio of 1:4 (n = 1,100 vs. 4,400, respectively). We used the Cox regression model to estimate the hazard ratios (HRs) for all-cause death, all-cause hospitalization, infection-related admission, and major adverse cardiac events (MACE). Those selected patients will be followed until death or the end of the study period (December, 2017), whichever occurs first. Over a mean follow-up of 3.2 years, 1,695 patients (30.8%) died, 3,825 (69.5%) required hospitalization, and 1,142 (20.8%) experienced MACE. Patients transitioning from PD had a higher risk of all-cause death (HR: 1.36; 95% CI: 1.21–1.53) than HD-only patients. However, no significant difference was noted in terms of MACE (HR: 0.91; 95% CI: 0.73–1.12), all-cause hospitalization (HR: 1.07; 95% CI: 0.96–1.18), or infection-related admission (HR: 0.97, 95% CI: 0.80–1.18) between groups. Because of the violation of the proportional hazard assumption, the piecewise-HRs showed that the risk of mortality in the case group was significant within 5 months of the transition (HR: 2.61; 95% CI: 2.04–3.35) not in other partitions of the time axis. In conclusion, patients undergoing HD who transitioned from PD had a higher risk of death than the HD-only patients, especially in the first 5 months after transition (a 161% higher risk). Therefore, more caution and monitoring may be required for patients undergoing HD who transitioned from PD.
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INTRODUCTION

Taiwan has a high burden of chronic kidney disease (CKD) (1). In a comparison of international data from the United States Renal Data System in 2016, Taiwan was reported to have the highest incidence [0.455/1,000 person-years (PY)] and prevalence (0.32%) of end-stage renal disease (ESRD) requiring renal replacement therapy among surveyed countries, and it maintained high levels of incidence and prevalence in subsequent years (2, 3). The trend of choosing peritoneal dialysis (PD) as treatment for ESRD has gradually decreased in Taiwan, accounting for only 6–8% of dialysis treatments from 2000 to 2018. This may be due to a decrease in new-onset PD from 14.2% in 2007 to 9.4% in 2018. Because of this decrease, hemodialysis (HD) has gained prevalence (4).

Compared with HD, PD offers several clinical benefits. First, patients undergoing PD have been reported to have a better 3-year survival rate, although the age-adjusted life span for both treatments was similar (2). Second, the degree of residual kidney function preservation and quality of life has been reported to be more favorable in PD than in HD (5, 6). Third, PD is more cost-effective than HD (7, 8). Accordingly, PD has been widely recognized and employed as the first therapy of choice (9).

However, several limitations and risks have been reported for PD that lead to patients requiring a transition to HD. The most prevalent risk is PD-related peritonitis, which is the reason for 28–35% of PD dropouts (10). In addition, gradual loss of residual kidney function and progressive reduction of peritoneal function resulting from PD may cause insufficient clearance and ultrafiltration (11). These limitations often negate the initial benefits of PD, and approximately 35% of patients undergoing PD drop out of the therapy and require transition to HD (12).

Because transition from PD to HD is inevitable for patients with ESRD, no study has yet analyzed outcomes by using a real-world dataset. In this study, we compared the outcomes of patients who transitioned from PD to HD with those of patients undergoing HD-only using a nationwide population-based dataset.



MATERIALS AND METHODS


Data Sources and Research Samples

We used a CKD sub-database from the National Health Insurance Research Database (NHIRD) maintained by the Health and Welfare Data Science Center of the Ministry of Health and Welfare of Taiwan. The diagnosis of CKD includes 124 ICD-9-CM codes that were verified officially in the Chronic Kidney Disease Prevention Technology Research Project conducted by the Health Promotion Administration, Ministry of Health and Welfare (13). Since its launch in 1995, the NHIRD has compiled records of 99% of Taiwan’s 23 million citizens who have enrolled in the Taiwan National Health Insurance program (14). Before they are released from the NHIRD, data are deidentified and identifying information is encrypted. The deidentified, personal information retained in the data are date of birth, sex, area of residence, diagnostic codes, medical procedures, and drug prescriptions. Before 2015, diseases listed in the NHIRD were defined according to International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes. After 2015, diseases were defined according to International Classification of Diseases, Tenth Revision, Clinical Modification (ICD-10-CM) codes. This study was exempted from full ethical review and was approved by the institutional review board of Shin-Kong Wu Ho-Su Memorial Hospital (IRB approval number: No. 20200806R). Informed consent was waived by the Ethics Committee of Shin-Kong Wu Ho-Su Memorial Hospital because the personal information of all beneficiaries listed in the NHIRD was deidentified.



Study Design and Population

This study was designed as a population-based longitudinal cohort study. The target population was patients who newly entering chronic dialysis (receiving dialysis more than 3 months) from January 1, 2006, to December 31, 2013 (n = 48,294). Patients who were under 20 years of age, were undergoing PD, and were given a diagnosis of malignancy or who underwent coronary artery bypass graft (CABG) 1 year prior to beginning dialysis were excluded. Moreover, patients who transitioned from PD to HD with a PD history of less than 3 months or who died within a month of dialysis transition were also excluded. A total of 40,108 patients undergoing dialysis were included in the analysis. To reduce baseline differences between study groups, we used 1:4 propensity score matching for variables age, sex, and Charlson comorbidity index score (15). Accordingly, our analysis included patients undergoing HD who had transitioned from PD (n = 1,100) and patients in a matched comparison group (n = 4,400; Figure 1). The index day for the first group was 1 month after the transition from PD to HD. The index day for the HD-only group was the day when they started to undergo chronic dialysis, plus the dialysis vintage of the matching case. Those selected patients will be followed until death or the end of the study period (December 31, 2017), whichever occurs first.
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FIGURE 1. Schematic of patient enrollment. CKD, chronic kidney disease; PD, peritoneal dialysis; CABG coronary artery bypass graft; HD, hemodialysis; MACE, major adverse cardiovascular events.


Baseline comorbidities, including hypertension, diabetes mellitus, coronary artery disease (CAD), chronic heart failure (CHF), atrial fibrillation, peripheral vascular disease (PVD), stroke, chronic obstructive pulmonary disease (COPD), hyperlipidemia, and polycystic kidney disease, were defined as present if the patient had at least three outpatient diagnoses or one inpatient diagnosis within the year preceding the index date (Supplementary Table 1). Use of drugs, including renin–angiotensin system blockers (RASB), beta-blockers, calcium channel blockers (CCB), anticoagulants, dipeptidyl peptidase-4, and lipid-lowering agents, was defined as present if the patient had used the drug for least 3 months within 1 year preceding the index date (Supplementary Table 2).



Definition of Outcomes

The primary outcomes of this study were all-cause mortality, all-cause hospitalization, infection-related admission, and major adverse cardiac events (MACE), which comprises myocardial infarction, cerebrovascular disease, heart failure, and arrhythmia (Supplementary Table 1). Data were analyzed from the index date to the first instance of the desired outcome (as previously defined) or to the end of the study period (December 31, 2017).



Statistical Analysis

Continuous data of the baseline characteristics are expressed as mean ± standard deviation, and categorical data are expressed as counts with proportions. The differences between the groups were determined using Chi-squared tests and t tests for proportions and continuous variables, respectively. The Kaplan–Meier method was employed for estimating and plotting event-free curves, which were then tested using a log-rank test. A Cox proportional-hazard model for clustered data was used to estimate the hazard ratios (HRs), and a 95% confidence interval (CI) was calculated for the risk of clinical outcomes. Both crude-adjusted and multivariable-adjusted analyses were performed. The assumption of proportional hazard was tested for the interaction between time and the variables. If the assumption was violated, the time axis was partitioned for the further analysis. Moreover, death was considered a competing risk for the development of desired outcomes in our analysis.

All statistical analyses were performed using SAS software, version 9.4 (SAS Institute, Cary, NC, United States). For all tests, two-sided p values < 0.05 indicated statistical significance.




RESULTS


Patient Characteristics

In the present study, we enrolled 5,500 patients undergoing HD (Figure 1). Among these patients, 1,100 had transitioned from PD to HD and 4,400 were HD-only. The two groups were matched using propensity scores. The differences in the baseline characteristics between groups are presented in Table 1. Several significant differences in comorbidities, such as for hypertension, diabetes mellitus, atrial fibrillation, stroke, COPD, and hyperlipidemia (all p < 0.05), were identified between the groups. Moreover, the patients who had previously undergone PD had higher instances of the use of RASB, beta-blockers, CCB, anticoagulants, dipeptidyl peptidase-4, and lipid-lowering agents (all p < 0.05).


TABLE 1. Baseline characteristics of study population on hemodialysis after matching.
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All-Cause Deaths Between Groups

Within the mean follow-up time of 3.2 years, all-cause death differed between the transition from PD to HD and HD-only groups, with 385 patients [incidence, 0.126/person-year (PY)] and 1310 patients (incidence, 0.089/PY) dying, respectively (Table 2). Table 3 shows no significant difference of the causes of death between groups (p = 0.748). The deaths resulted from cancer, sepsis, cardiovascular disease and dialysis between the transition from PD to HD and HD-only groups were 22 (5.7%) versus 76 (5.8%); 43 (11.2%) versus 152 (11.6%); 97 (25.2%) versus 315 (24 %); and 85 (22.1%) versus 326 (24.9%), respectively. The Kaplan–Meier event-free curves for all-cause deaths are presented in Figure 2A. The log-rank test indicated that the difference between the two groups was significant (χ2 = 33.02, p < 0.001). However, the two survival curves came close as time went on, indicating it may violate the proportional hazard assumption.


TABLE 2. Outcomes between hemodialysis patients with/without previous peritoneal dialysis.
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TABLE 3. The causes of death in hemodialysis patients.
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FIGURE 2. Kaplan–Meier cumulative event-free plots of (A) all-cause death, (B) all-cause hospitalization, (C) infection-related hospitalization, and (D) major adverse cardiac events in the study population based on having experienced peritoneal dialysis; the results of log-rank tests were χ2 = 33.01 (p < 0.001), χ2 = 12.89 (p < 0.001), χ2 = 0.22 (p = 0.635) and χ2 = 0.03 (p = 0.869), respectively. Abbreviation: HD, hemodialysis; PD, peritoneal dialysis.


As presented in Table 2, the patients who had transitioned from PD had a higher risk of all-cause death (HR: 1.39; 95% CI: 1.24–1.56) in crude analysis, and this significant association remained even after adjustment for comorbidities and drug use (HR: 1.36; 95% CI: 1.21–1.53). The parameter estimates for the covariates in the multivariable model of all-cause death are shown in Supplementary Table 3. Because of the assumption of proportional hazard was violated (time interaction, p < 0.001), the times axis were divided into four periods (≤5 months, 5–24 months, 2–5 years, and >5 years), a significant risk difference was observed only in the ≤5 months period (HR: 2.61; 95% CI: 2.04–3.35) (Table 4).


TABLE 4. Outcome analysis of mortality and hospitalization by times axis in hemodialysis patients.
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MACE and Hospitalization Between the Groups

As presented in Table 2, the incidence of all-cause hospitalization, infection-related admission, and MACE between the transition from PD to HD and HD-only groups were 0.522/PY versus 0.435/PY, 0.117/PY versus 0.11/PY, and 0.076/PY versus 0.074/PY, respectively. The Kaplan–Meier event-free curves for all-cause hospitalization (χ2 = 33.02, p < 0.001), infection-related admission (χ2 = 0.22, p = 0.635) and MACE (χ2 = 0.07, p = 0.79) are displayed in Figures 2B–D.

As indicated by the crude analysis presented in Table 2, no significant differences in risk of all-cause hospitalization (HR: 1.01; 95% CI: 0.91–1.12), infection-related admission (HR: 1.07; 95% CI: 0.89–1.30), and MACE (HR: 0.93; 95% CI: 0.75–1.14) were identified between the groups. These associations remained non-significant even after further adjustment for comorbidities and drug use, with HRs of 1.07 (95% CI: 0.96–1.18), 0.97 (95% CI: 0.80–1.18), and 0.91 (95% CI: 0.73–1.12) for all-cause hospitalization, infection-related admission, and MACE, respectively.

A sensitivity analysis was done by removing the exclusion criteria of CABG. There was still no significant difference in risk of MACE between the transition from PD to HD and HD-only groups (HR: 0.95; 95% CI: 0.81–1.12). The assumption of proportional hazard for all-cause hospitalization was violated (p = 0.044). Therefore, the times axis were partitioned into four groups (≤5 months, 5–24 months, 2–5 years, and >5 years) and no significant differences in risk of all-cause hospitalization was noted in the different time periods (Table 4).



Subgroup Analysis

The association of all-cause deaths in the transition from PD to HD group stratified by covariates is presented in Figure 3. The hazardous outcomes in this group were consistent and significant in all subgroups, with the exception of the subgroup with patients aged < 65 years (HR: 1.12; 95% CI: 0.96–1.31) and with a history of CAD (HR: 1.10; 95% CI: 0.88–1.38), CHF (HR: 1.27; 95% CI: 0.94–.1.71), PVD (HR: 1.25; 95% CI: 0.85–1.83), and hyperlipidemia (HR: 0.96; 95% CI: 0.73–1.27).


[image: image]

FIGURE 3. Subgroup analysis of all-cause mortality of patients undergoing dialysis with and without previous peritoneal dialysis in a multivariable adjusting model∗. ∗Full adjusted model is the same as that in Table 2. CAD, coronary artery disease; CHF, congestive heart failure; PVD, peripheral vascular disease; COPD, chronic obstructive pulmonary disease.


In the patients with a DM history, the association of all-cause deaths in the transition from PD kept significant (HR: 1.35; 95% CI: 1.16–1.57), but the association of all-cause hospitalization, infection-related admission, and MACE didn’t (Supplementary Table 4).




DISCUSSION

Through analysis of data from a nationwide database, we demonstrated the outcomes of patients with ESRD who transitioned from PD to HD due to PD failure. The results indicate no significant differences in hospitalization and MACE in the transition from PD to HD group compared with the HD-only group. However, a higher rate of all-cause mortality was observed in the transition from PD to HD group, with the significance of this association remaining consistent in most subgroups. Moreover, the risk of mortality was noted to be the highest in the 5 months following dialysis transition. The results of our study not only expand on current understanding of dialysis but also indicate that greater care should be given to patients undergoing HD who have transitioned from PD.

Whether PD or HD is a more favorable treatment option for patients with ESRD has long been a topic of debate (16). Generally, PD offers more favorable preservation of residual renal function (17), quality of life (18), and stability of hemodynamic changes than HD (19). In addition, the survival outcomes did not seem to differ between PD and HD (20, 21). Accordingly, PD has been identified as a favorable first treatment choice. However, such favorability was not indicated in a small randomized controlled trial conducted by Korevaar JC et al. (22). Therefore, clinicians should view both PD and HD as viable options for treating ESRD.

Transitioning from PD to HD is not uncommon during the disease course among patients with dialysis-dependent ESRD. The average mortality-censored medial technique survival for this group is only 3.7 years (11). In a report that used data from the NECOSAD Study Group, the 2-year PD technique survival was 64%, indicating that one-third of the patients had dropped out of the treatment (23). Transition from PD to HD is a common and gradual process in patients with ESRD who undergo PD as their first dialysis modality (11). Jaar et al. (24) conducted a prospective study of 262 patients and reported no difference in survival between a PD group that transitioned to HD and a PD group that did not (HR, 0.89; 95% CI: 0.41–1.93). Chen et al. by using Australian and New Zealand Dialysis and Transplant (ANZDATA) registry data, reported infection and social-related technique failure to be associated with deaths within 2 years of technique failure in patients undergoing PD (25). To our knowledge, no study has compared the outcomes of transitioning from PD to HD with those of HD-only.

In our study, transitioning from PD to HD yielded the same clinical outcomes as (all-cause hospitalization, infection-hospitalization, and MACE) but poorer survival outcomes than HD-only. Furthermore, the piecewise HR showed that such worse outcome occurred especially in the first 5 months after transitioning to HD. This is possibly because the early period after transitioning to HD are key with respect to premature mortality in such a group, which is consistent with the results of Chen et al. (25). Therefore, a personalized care program for patients undergoing HD who have transitioned from PD may be warranted to prevent mortality.

In the subgroup analysis, we found that older adults had the poorest mortality outcomes (HR: 2.14; 95% CI, 1.79–2.56). Dialysis in older patients presents several challenges; the choice of dialysis modality for older patients is mostly dependent on caregiver (such as family) preferences. In the literature, whether mortality is higher in PD than in HD is highly debated. Several reports have indicated no difference in mortality between PD and HD in older patients (26, 27). However, some studies have reported that the mortality rate of patients undergoing PD was higher than that of those undergoing HD (28, 29). In a study conducted by Sakai K et al. older adults undergoing PD had similar rates of peritonitis or catheter-related complications but lower rates of transition to HD compared with adult patients undergoing PD (30). This may explain our findings. The conditions and complications of transitioning to HD may have been severe for the older adults included in our study, which may have led to poorer outcomes in the older adults in this group than in those in the HD control group. Moreover, in our study, the association was non-significant in patients with severe comorbidities, such as CAD, CHF, PVD, and hyperlipidemia. These comorbidities may, therefore, be hypothesized to play a major role in mortality in older adult populations transitioning from PD to HD. Atherosclerosis and stenosis of the large vessels could result in reduced blood flow to the smaller arteries and arterioles of the peritoneum leading to reduced ultrafiltration and clearance, which resultantly to PD technique failure (31). In addition to the above hypothesis, the other possible explanation for these insignificant results is the small sample size of these subgroups in our study.

Notably, we also found that patients with prior stroke had higher mortality rates when they had transitioned from PD to HD (HR: 1.80; 95% CI: 1.36–2.38). According to a retrospective study by Wu et al. patients who underwent continual ambulatory PD with prior stroke had a higher rate of all-cause mortality and death-censored technique failure compared with those without prior stroke. The study further reported older age and nutritional status to be independent risk factors (32). In this cohort study, patients with prior stroke undergoing PD had higher rates of peritonitis, leading to a need for transition to HD. Malnutrition has been well documented as a risk factor for mortality in PD (33, 34). Patients who have experienced previous stroke are prone to malnutrition (35). This may be due to underlying chronic inflammation, infection, and an inability to achieve optimal intake. In our cohort, patients with stroke transitioning from PD to HD had higher mortality rates, suggesting that these two factors have additive effects, which may be caused by malnutrition.

Our study had several strengths. First, this was a nationwide population-based cohort study (real-world evidence), which ensured a large sample size and the generalizable results. Second, our follow-up duration was sufficiently long to obtain primary outcomes. Finally, we used propensity scores to remove baseline imbalances and adjusted for potential confounders, which improved the reliability of our inferences. However, our study also has some limitations. First, data on potential confounding factors, such as body mass index, blood pressure, laboratory data, lifestyle, and dialysis quality, were not available in the NHI database. However, the consistency in the majority of the subgroup analyses indicates that our study results are robust. Second, the reasons for PD failure were also unavailable in the NHI database, which prevented us from conducting further risk analyses for deaths in patients who had undergone PD. Chen et al. reported that infection and social-related PD technique failure are associated with premature death within 2 years in patients who transition from PD to HD (25). Therefore, further study of risk assessment in such a population is required. Third, the medication use between groups was not balanced. The more prescription of RASB, beta-blockers, CCB and anticoagulants in the group transitioned from PD to HD might indicate volume overload, which lead to higher mortality. Nevertheless, further multiple variables adjusted in the data analysis can reduce this bias. Finally, the results derived from this Taiwanese population of patients undergoing HD may require further verification to be applied to other ethnic populations.



CONCLUSION

Patients transitioning from PD to HD may experience poorer mortality outcomes compared with patients who are HD-only, especially within 5 months of the transition. Although this finding does not evidence the superiority of either PD or HD, it indicates that clinicians transitioning patients from PD to HD should be well trained and well prepared.
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Background: Chronic kidney disease (CKD) is a global public health issue. Red blood cell distribution width (RDW) is a recently recognized potential inflammatory marker, which mirrors the variability in erythrocyte volume. Studies indicate that elevated RDW is associated with increased risk of mortality in CKD patients, while evidence regarding the impact of RDW on kidney outcome is limited.

Methods: Altogether 523 patients with CKD stage 1–4 from a single center were enrolled. We identified the cutoff point for RDW level using maximally selected log-rank statistics. The time-averaged estimated glomerular filtration rate (eGFR) slope was determined using linear mixed effects models. Rapid CKD progression was defined by an eGFR decline >5 ml/min/1.73 m2/year. The composite endpoints were defined as doubling of serum creatinine, a 30% decline in initial eGFR or incidence of eGFR < 15 ml/min/1.73 m2, whichever occurred first. Multivariable logistic regression or Cox proportional hazards regression was performed, as appropriate.

Results: During a median follow-up of 26 [interquartile range (IQR): 12, 36] months, 65 (12.43%) patients suffered a rapid CKD progression and 172 (32.89%) composite kidney events occurred at a rate of 32.3/100 patient-years in the high RDW group, compared with 14.7/100 patient-years of the remainder. The annual eGFR change was clearly steeper in high RDW group {−3.48 [95% confidence interval (CI): −4.84, −2.12] ml/min/1.73 m2/year vs. −1.86 [95% CI: −2.27, −1.45] ml/min/1.73 m2/year among those with RDW of >14.5% and ≤14.5%, respectively, P for between-group difference <0.05}. So was the risk of rapid renal function loss (odds ratio = 6.79, 95% CI: 3.08–14.97) and composite kidney outcomes (hazards ratio = 1.51, 95% CI: 1.02–2.23). The significant association remained consistent in the sensitivity analysis.

Conclusion: Increased RDW value is independently associated with accelerated CKD deterioration. Findings of this study suggest RDW be a potential indicator for risk of CKD progression.

Keywords: chronic kidney disease (CKD), rapid CKD progression, kidney outcomes, red blood cell distribution width, estimated glomerular filtration rate (eGFR) slope


INTRODUCTION

Chronic kidney disease (CKD) is a growing public health issue, affecting approximately 8–16% of global population, posing a significant public burden both socially and economically (1, 2). The co-occurrence of chronic malnutrition and inflammation is considered as a common pathophysiologic status in CKD progression, triggering deterioration of renal function and poor prognosis (3, 4). Measurable parameters in blood which could provide early detection of these specific conditions are of utmost importance.

Red blood cell distribution width (RDW) is a common coefficient of heterogeneity in red blood cell (RBC) size, which is routinely reported in complete blood count. RDW is calculated by dividing the standard deviation of the mean cell size by the mean cell volume (MCV) of RBC (5, 6). Therefore, RDW elevation is mathematically caused by decrease in MCV or increase in RBC size variance (7). Previous literatures revealed that the correlation between RDW elevation and impaired erythropoiesis might be attributed to bone marrow dysfunction and poor nutritional status (8). Recently, the RDW level was reported to be influenced by the rate of RBC turnover, which allows persistence of older and smaller cells in circulation. Thus, delayed RBC clearance would have an impact on RBC size variance (9, 10). All the above-mentioned research suggests that increased RDW be an emerging biomarker of abnormal erythrocyte metabolism and survival, potentially representing oxidative stress, inflammation, and a variety of disorders.

It seems hence rational that this simple parameter may reflect the adverse prognosis in many clinical conditions. There are several studies indicating the prognostic performance of advanced RDW level in coronary artery disease (11, 12), heart failure (13, 14), atrial fibrillation (15, 16), and new-onset stroke (17, 18). Existing reports on the relationship between RDW and CKD are comparatively sparse. While some studies showed that RDW was significantly correlated with markers of kidney damage and adverse outcomes in CKD patients (19, 20), others failed to reveal this relationship (21). Despite accumulating evidence, the majority of studies were retrospective, conducted among patients with advanced CKD and/or converged on clinical hard endpoints or ambiguous kidney outcomes.

Furthermore, according to our review of published literature, there are no studies focused on the association between RDW and rate of estimated glomerular filtration rate (eGFR) decline. From this perspective, we attempted to evaluate whether the RDW level was independently associated with eGFR decline and could serve as a novel biomarker for CKD progression among a prospective cohort of patients with stage 1–4 CKD.



MATERIALS AND METHODS


Cohort Participants

This study was conducted based on the prospective CKD cohort at Peking University First Hospital, which is the first renal division and a renal reference center in China. The patients were from all over China, particularly from northern China. The criteria for the registration consist of aged >18 years, diagnosis of CKD but not on dialysis. Patients were excluded for being with acute kidney injury, having had kidney transplant, active malignancy, or being under pregnancy. The diagnosis of CKD was the presence of persistent anatomical kidney lesions, continuous kidney damage markers or decreased eGFR below 60 ml/min/1.73 m2 existing for at least 3 months. All data were collected prospectively. Between January 2003 and December 2020, there were 974 patients with a total of 16,457 records in the database. Among the cohort, 902 patients had at least one measurement of RDW. We identified the date for the first measurement of RDW as baseline date. We excluded patients without eGFR within 3 months prior to the first measurement of RDW (n = 69), with a baseline eGFR of < 15 ml/min/1.72 m2 (n = 126), with number of eGFR measurements <3 over the first-year (n = 159), and with follow-up time less than 3 months (n = 25), leading to the final study cohort involving 523 participants for the analysis (Figure 1).


[image: image]

FIGURE 1. Flow chart of study population. eGFR, estimated glomerular filtration rate; RDW, red blood cell distribution width.


Written informed consent was obtained from all participants for use of the clinical data in future studies before they were registered in the cohort. The conduct of the study has been approved by the Ethics Committee of Peking University First Hospital.



Data Collection


Assessment of Red Blood Cell Distribution Width

In this study, the optimal cut-off point for RDW as a dichotomous classification of the study participants was chosen based on the maximally selected log-rank statistic for the study outcome, as well as by taking into account the upper limit of normal value of the parameter (14.5%) defined by the local laboratory (the clinical laboratory center of Peking University First Hospital). Coincidentally, the statistic-maximization driven method found out the same threshold of 14.5% (Figure 2).
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FIGURE 2. Maximally selected log-rank statistics for cut-off point of RDW. RDW, red blood cell distribution width.




Definition of Hypertension, Anemia, and Diabetes

Hypertension was defined by systolic blood pressure (BP) persistently ≥140 mmHg and/or diastolic BP ≥90 mmHg on two different visits, or self-reported history of hypertension, or use of antihypertensive medications (22). Diabetes was defined by either a fasting blood glucose (FBG) ≥7.0 mmol/L (126 mg/dL) or use of antidiabetic medications (23). We used a criterion for anemia as hemoglobin concentration <13 g/dL in men and <12 g/dL in women, respectively (24).



Assessment of Covariates

Patients were followed up regularly every 3–6 months, depending on the patients’ disease condition. We set a time window of 3 months prior to baseline to obtain information of the covariates. Baseline characteristics consisting of demographics (age, sex, and original cause of renal disease), medical history (hypertension and diabetes), medication use and laboratory variables were considered as the most proximate results prior to baseline date. The medication use included iron supplements, erythropoietin (EPO) stimulating agents, angiotensin converting–enzyme inhibitors (ACEI), angiotensin II–receptor blockers (ARB), alpha-blockers, beta-blockers, calcium-channel blockers, and loop diuretics. The laboratory variables included white blood cell (WBC), RBC, hemoglobin, percentage of lymphocyte, MCV, blood glucose, serum albumin, uric acid, serum bicarbonate, calcium, phosphorus, serum iron, urinary albumin-creatinine ratio (UACR), 24-h urine protein, low-density lipoprotein cholesterol (LDL-C), total cholesterol (TCHO), and triglyceride (TG). eGFR was computed using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. The baseline eGFR for each individual established the staging of CKD according to the standards proposed by Kidney Disease: Improving Global Outcomes (KDIGO) guidelines (25). Follow-up data were obtained from the clinical records at the outpatient visits. All of the measurements were performed according to the standard procedure in the clinical laboratory center of Peking University First Hospital.




Outcomes

To reflect CKD progression, the primary outcome of the study was the slope of eGFR for each individual estimated by linear mixed effect model. We identified a rapid renal function decline as > 5 ml/min/1.73 m2/year decline in eGFR, consistent with the 2012 KDIGO guideline (25).

The composite kidney outcome was defined as a confirmed doubling of serum creatinine concentration, a 30% decline in baseline eGFR or incident eGFR <15 ml/min/1.73 m2, whichever occurred first. The follow-up was censored at the earliest date among the study end date (31 December 2020), the date of mortality, and the last follow-up date of serum creatinine.



Statistical Analysis

Descriptive data were presented as number (percentage), mean ± standard deviation (SD) and median with interquartile range, as appropriate. Variables with skewed distributions were log transformed or square root transformed before analysis. Comparisons of between-group variance in baseline characteristics were analyzed using two-sample t-test or Mann–Whitney U test for continuous data, as appropriate, and Chi-squared test for categorical data.

Spearman’s correlation analysis was performed to evaluate correlation between RDW value and other laboratory parameters, and correlation coefficients were calculated to determine the strength of these associations. Multivariable analysis was performed among those significant parameters in univariate analysis.

After adjusting for baseline eGFR, we calculated eGFR slope over the entire follow-up period for each patient by using a linear mixed effects model with a random patient-specific intercept and time effect. Category of RDW, follow-up time, category of RDW × time and eGFR recorded at baseline was treated as fixed effect items. An unstructured variance-covariance matrix was employed for each individual. Individual-level eGFR slope was calculated using the fixed-portion linear predictor plus the corresponding predictor in random effects. The distribution was depicted by RDW groups and summarized into categories. The between-group difference in eGFR slope was evaluated by calculating the interaction of RDW groups with time for eGFR decline. Subsequently, univariate and multivariable logistic regression analysis was performed with rapid eGFR decline treated as the outcome. The stepwise elimination with a threshold of P < 0.05 was used to select covariates in the multivariable analysis to determine the impact of elevated RDW value on the event.

The incidence rates of composite kidney outcomes were calculated as number of events per 100 person-years. Survival analysis was performed by Kaplan–Meier curves to compare the event rates between RDW categories, with the differences tested by log-rank test. Furthermore, we performed univariate and multivariable Cox proportional hazards regression to estimate the effect of increased RDW value on the composite outcome. Similarly, a stepwise variable selection was employed to select covariates. Hazard ratios were calculated to indicate the strength of association. We checked the proportional hazards assumption by involving an interaction term between the category of RDW and follow-up time to see if there is a statistical significance.

We performed the following sensitivity analyses to test the robustness of our findings. First, we reimplemented our primary analyses using the data over the first-year after enrollment in the cohort. Second, as proposed by several studies, we used an alternative cutoff of 3 ml/min/1.73 m2/year to define a rapid renal function decline. Third, given the arbitrary, although not unreasonable, definition of rapid renal function decline, we redefined it as the lowest quartile of eGFR slope among participants included in the cohort. Fourth, to assess whether differences in the frequency of eGFR measurements influence study results, we repeated the primary analyses among patients with at least 2 eGFR measurements during the first-year. Regarding the potential relationship between anemia and RDW value, we tested their cross-product for each of the study outcomes. All analyses were conducted using SAS 9.4 (version 9.4, SAS institute, CA, United States). The threshold for significance was set at P < 0.05 (two-side).




RESULTS


Baseline Characteristics

In total, 523 patients with a median age 57 (IQR: 44, 69) years were enrolled. Of these patients, 52.77% were men and 38.24% exhibited anemia. The median eGFR at baseline was 37.30 (IQR: 26.86, 49.01) ml/min/1.73 m2, and the majority of patients (89.29%) had CKD stage 3 or 4. The cutoff point of RDW level in this study was defined as 14.5%. Thus, enrolled patients were divided into RDW ≤14.5% group and RDW >14.5% group. Baseline characteristics according to dichotomy of RDW are displayed in Table 1. Patients with elevated RDW presented a higher prevalence of anemia and were more likely of receiving iron supplements, EPO stimulating agents, beta-blockers and calcium-channel blockers. In addition, patients with RDW >14.5% had lower values of eGFR, hemoglobin, RBC, MCV, percentage of lymphocyte, serum albumin, calcium, bicarbonate, TCHO, LDL-C and serum iron, but higher levels of UACR, and 24-h urine protein.


TABLE 1. Baseline characteristics of the study populations according to the RDW level.

[image: Table 1]


Laboratory Variables in Relation to Red Blood Cell Distribution Width

As illustrated in Table 2, the spearman correlation coefficients show that seven parameters correlated inversely with RDW, including RBC, hemoglobin, serum albumin, bicarbonate, calcium, serum iron, and eGFR values in the multivariable adjustment analysis. Conversely, we observed a significant positive association between the RDW level and UACR. Hemoglobin appeared to be the strongest factor correlating with RDW (Spearman’s rank test correlation coefficient, −0.154, P < 0.001).


TABLE 2. Correlations between baseline RDW and laboratory parameters.
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Associations of Red Blood Cell Distribution Width With Estimated Glomerular Filtration Rate Decline

The observed change rate in eGFR after a median follow-up of 26 (IQR: 12, 36) months was −1.86 (95% CI: −2.27, −1.45) ml/min/1.73 m2/year in the RDW ≤14.5% group compared with −3.48 (95% CI: −4.84, −2.12) ml/min/1.73 m2/year in the RDW >14.5% group, with a significant between-group difference of 1.62 (95% CI: 0.20, 3.04) ml/min/1.73 m2/year (P = 0.03).

The distribution of eGFR slope was graphically depicted across RDW groups in Figure 3. In total, 29.64 and 7.84% of enrolled patients suffered an eGFR decline rate of 3–6 ml/min/1.73 m2/year and over 6 ml/min/1.73 m2/year, with higher proportions in those with RDW >14.5% (Figure 3).
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FIGURE 3. Distribution of eGFR slope during the entire study period by RDW group. eGFR, estimated glomerular filtration rate.


Consequently, a total of 65 patients (12.43%) underwent rapid renal function decline (eGFR loss >5 ml/min/1.73 m2/year). 44 (9.50%) of these were in the RDW ≤14.5% group and 21 (35.00%) in the RDW >14.5% group (Table 3).


TABLE 3. Univariate and multivariable adjusted odds ratios for rapid eGFR decline.

[image: Table 3]
Multivariable logistic regression reveals that elevated RDW values at baseline was associated with rapid eGFR deterioration. Adjusted odds ratio exceeded 5.79 for RDW >14.5% with 95% confidence interval of 3.08–14.97 (P < 0.001) (Table 3). Covariate selection is displayed in Supplementary Table 1.



Associations of Red Blood Cell Distribution Width With Composite Kidney Outcomes

There were 172 events (32.89%) of composite kidney outcomes including 33 (55.00%) in the RDW >14.5% group and 139 (30.02%) in the RDW ≤14.5% group, following crude incidence rates of 32.3 and 14.7 per 100 patient-years, respectively. The overall kidney survival rate was 64.20% in the RDW ≤14.5% group and 43.20% in the RDW >14.5% group (P for log-rank test < 0.001) (Figure 4).
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FIGURE 4. Kaplan–Meier survival curves of composite kidney outcomes according to RDW levels. (Log-rank test, P < 0.001). The numbers below the x-axis indicate the number of event-free patients observed at 6, 12, 18, 24, 30, and 36 months.


Table 4 shows the multivariable adjusted hazard ratios of RDW categories for progression to composite kidney outcomes. Presence of elevated RDW was significantly associated with kidney events (fully adjusted hazard ratio: 1.51, 95% CI: 1.02–2.23, P = 0.03). Nonetheless, interactions between the concentration of hemoglobin and baseline eGFR were not significant through all models (data not shown).


TABLE 4. Hazard ratios (95% CI) for composite kidney outcomes over the entire study period.
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Sensitivity Analyses

Similar associations were confirmed in several sensitivity analyses. Individual 1-year eGFR slope consistently diverged significantly between RDW >14.5% group (−5.29 [95% CI: −7.97, −2.62] ml/min/1.73 m2/year) and RDW ≤14.5% group (−1.60 [95% CI: −2.42, −0.79] ml/min/1.73 m2/year) with between-group difference of 3.69 (95% CI: 0.89, 6.49) ml/min/1.73 m2/year (P = 0.009). (Supplementary Table 2 and Supplementary Figure 1). The association of RDW with rapid function decline and composite kidney outcomes remained consistently significant over the first-year after enrollment (Supplementary Tables 2, 3 and Supplementary Figure 2). Consistent findings were observed when rapid function decline was redefined by the lowest quartile of eGFR slope or an alternative cutoff of 3 ml/min/1.73 m2/year (Supplementary Tables 4, 5). Among patients with at least 2 eGFR measurements available over the first-year, we found that RDW >14.5% remained a statistically significant association with fast eGFR decline (Supplementary Table 6).




DISCUSSION

In this prospective study of 523 patients with non-dialysis-dependent CKD (NDD-CKD) stage 1–4, we demonstrated that RDW >14.5% was independently associated with faster eGFR loss rate and the presence of rapid kidney disfunction. Survival analysis provided further validation of observed associations between RDW and adverse CKD prognostic outcomes.

Despite multiple epidemiological studies, the impact of RDW on the prognosis of kidney disease remains controversial and data observed in populations with earlier stages of CKD are limited. To date, higher RDW level has been proved to associate with all-cause mortality risk in both hemodialysis (26) and peritoneal dialysis patients (27). A retrospective study on 282 NDD-CKD patients found that RDW ≥14.5% was associated with an enhanced risk of major composite cardiovascular outcomes (28). Additionally, a significantly higher risk of requiring dialysis or doubling of serum creatinine was observed in NDD-CKD patients with sustained, higher RDW (29). On the contrary, a large registry-based cohort study did not confirm that RDW was a prognostic factor of persistent requirement for dialysis therapy (21). Given the unclear relationship between RDW and CKD prognosis, our study extended the previous results by demonstrating that RDW was correlated with rapid renal function loss, concerning both long-term effects and short-term effects over 1-year follow-up.

Since some inherent explanations of RDW variation have been previously studied, including aging, inflammation, metabolic disorders and nutritional deficiencies (30), we investigated the associations between RDW and possibly related variables. Notably significant correlations between RDW value and a series of laboratory variables including erythrocytes count, hemoglobin, initial eGFR, UACR, serum albumin, and serum iron were observed in this study, indicating the potential role of RDW as manifestation of malnutrition and impaired erythropoiesis, thus poorer overall health, which was consistent with previous articles (5). Although it is hypothesized that factors like age, sex, lipid profiles, co-existing diabetes, or hypertension might also associate with RDW, we found no constant connection between RDW level and these variables after adjustments for covariates.

Previous studies reported that RDW is either normal or elevated. The circumstance of a RDW value below the normal reference range is infrequent and considered to be clinically meaningless (31, 32). Taken together, we noted that elevated RDW was associated with higher risk of CKD progression, after adjusting for baseline eGFR, albuminuria, serum iron, blood level of hemoglobin, and albumin. Although the hidden mechanisms were not fully understood, we have several speculations. Very importantly, the presence of anemia was associated with adverse clinical outcomes in CKD patients (33). It was demonstrated in experimental researches that RDW first became abnormal than other measures including hemoglobin, MCV and transferrin saturation as iron deficiency anemia (IDA) developed (34), suggesting an early biochemical clue. Because advanced CKD often results in deficiency of EPO production and impaired iron absorption, RDW may be an essential reflection of progressive renal disease. Another reasonable explanation is probably related to systemic inflammation. A strong, graded association between RDW and C-reactive protein (CRP), along with erythrocyte sedimentation rate (ESR) independently of multiple confounders was revealed in a large-size cohort (35). Chronic inflammation and subsequent oxidative stress were suspected to serve as the key intermediates linking increased RDW value to kidney injury (36). However, the pathophysiologic effect of inflammatory biomarkers could not be assessed in our study. In addition, whether RDW is simply an epiphenomenon of underlying inflammation as the result of kidney disease or an essential risk factor of progressive renal damage, remained to be confirmed in future exploration. On top of that, atherosclerosis is commonplace in the context of CKD, and may help explain the correlates of RDW and cardiovascular risk (37). Previous studies concluded that the cholesterol content of erythrocytes membranes was positively associated with RDW values independently of inflammatory, nutritional and hematological confounders (38). Partially owing to the fact that anisocytosis might result in turbulence of blood flow, RDW was associated with thrombotic occlusions and vascular injuries in glomeruli (39). In summary, impaired body metabolism might contribute to elevated RDW level and thereby facilitate inflammatory process and impaired antioxidant status, thus triggering adverse kidney outcomes.

The strengths of this study included the sequential measurements of serum creatinine and calculation of eGFR slope. As former studies primarily concentrated on clinical hard endpoints, this is the first research that evaluated the impact of RDW on eGFR decline rate, a dynamic parameter with strong prognostic utility (40), in NDD-CKD patients. Previous studies have emphasized that the accuracy in estimating eGFR slope lies in the number of repeated eGFR measurements (41). Our study cohort was conducted in a busy outpatient nephrology clinic, providing frequent measurements of eGFR, which helped mitigate bias from acute effect of intervention or random fluctuations of eGFR. Also, we used linear mixed effects models to calculate eGFR slope, which are more robust than ordinary linear regression models when the baseline eGFR values significantly vary among study participants. As there is no consensus definition of a rapid eGFR decline, our primary analysis was performed using the original criteria recommended by the KDIGO guideline (eGFR decline >5 ml/min/1.73 m2/year) (25). Furthermore, as proposed by other studies (42), we conducted the sensitivity analysis under alternative thresholds of eGFR decline >3 ml/min/1.73 m2/year and that based on a natural distribution of eGFR change in our own study sample. Since the length of observation may influence the effect of the exposure, another sensitivity analysis was carried out using only the first-year data. Additionally, to mitigate the possible selection bias, we added participants with only 2 eGFR available during the first-year observation period into analysis. Overall, the above sensitivity analyses suggested consistent results.

There are several limitations that must be acknowledged. Firstly, this cohort with an observational design was conducted at a single center on a moderate sample size, which might restrict the cause-and-effect relationship and the extrapolation of findings to other populations. Secondly, the 3-year follow-up was relatively short and thus confined implication for long-term effects on CVD events or death. Thirdly, our database is lacking inflammatory biomarkers, such as CRP or interleukin-6 (IL-6), because only a small proportion of patients maintained routine tests of these indices. Fourthly, our data source was also short of information on nutrition intake or anthropometric parameters. Hence, serum albumin, TG, TC, and LDL-C were regarded as substitute nutritional data. Finally, some unknown confounders might affect the observed associations even after extensive adjustments.



CONCLUSION

In conclusion, our results revealed that RDW >14.5% was independently associated with rapid CKD progression and adverse kidney outcomes, after adjusting for initial kidney function, nutritional state, and presence of anemia. Since chronic inflammation or ineffective erythropoiesis might be prevalent silently until a later stage in the course of CKD progression, RDW might serve as an indicator for the disease progression. With its wide availability and low cost for measurement, RDW might be useful in monitoring NDD-CKD patients.
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Background: Prior work from the Dialysis Outcomes and Practice Patterns Study (DOPPS) showed HCV prevalence in China in 2012–2015 being in the upper third and HCV incidence the 2nd highest among 15 different countries/regions investigated. The goal of the present investigation was to: (1) determine if HCV prevalence and incidence has changed, and (2) collect detailed data to understand how HCV is treated, monitored, and managed in Chinese HD facilities and non-dialysis chronic kidney disease (CKD) clinics.

Data and Methods: Detailed data for 1,700 randomly selected HD patients were reported by 39 randomly selected HD facilities from Beijing, Shanghai, and Guangzhou participating in the DOPPS 7-China study from 2019 to 2021. The study site medical directors completed a survey regarding numerous aspects of HCV treatment and management in HD and ND-CKD patients.

Results: In this 2019 to 2021 cohort, HCV prevalence was 7.4%, which was lower than the 14.8 and 11.5% HCV prevalence for the 2009–2011 and 2012–2015 cohorts, respectively. HCV incidence of 1.2 cases per 100 pt-yrs also was lower compared to the incidence of 2.1 for the 2012–2015 cohort. Although the great majority of study site medical directors indicated that all or nearly HCV+ patients should be treated for their HCV, very few HCV+ patients have been treated presumably due to substantial cost barriers for affording the new direct acting antivirals (DAAs). The randomly selected facilities in our DOPPS 7-China study appear to have excellent programs in place for frequent monitoring of patients and staff for HCV, education of staff, and referral of HCV cases to external infectious disease, gastroenterology, and liver disease specialists. Liver biopsies were not commonly performed in HCV+ HD patients. HCV genotyping also was rarely performed in participating units.

Conclusions: Our study indicates a 50% decline in HCV prevalence and a >40% decline in HCV incidence in Chinese HD patients over the past 10–12 yrs. Chinese HD facilities and associated specialists appear to be well-equipped and organized for successfully treating and managing their HCV+ HD and CKD patients in order to achieve the WHO goal of eliminating HCV by 2030.

Keywords: chronic kidney disease, hemodialysis, hepatitis C virus, prevalence, incidence, Dialysis Outcomes and Practice Patterns Study


INTRODUCTION

During the past 3 decades, patients receiving chronic dialysis as kidney replacement therapy for end stage kidney failure have been indicated to be at high risk for hepatitis C virus (HCV) infection. We have previously reported in the international, prospective Dialysis Outcomes and Practice Patterns Study (DOPPS) that HCV infection is common among in-center hemodialysis (HD) patients in >20 countries (1) and is associated with elevated all-cause mortality and morbidity, highly elevated rates of hepatic-related mortality and morbidity, and worse quality of life (2).

HCV has been reported to be the fourth-most commonly reported infectious disease in China, with ~10 million people infected (3). In addition, a disease sentinel surveillance program in China between 2010 and 2012, identified that the highest HCV seropositive rates in China were among persons using drugs and patients receiving hemodialysis (3). Previously, Jadoul et al. (1) reported an HCV prevalence of 11.5% among Chinese in-center chronic HD patients and an HCV incidence (95% CI) of 2.1(1.0, 4.2) new HCV cases per 100 patient-yrs based on a cohort of patients participating in DOPPS phase 5 data (2012–2015). The above HCV prevalence in China was in the upper third and HCV incidence the 2nd highest among the 15 different countries/regions investigated by Jadoul et al. (1).

However, the above HCV prevalence and incidence reported for China in DOPPS phase 5 was before direct acting antivirals (DAAs) were approved for treating HCV in China in 2017, and the management of blood-borne infectious diseases in hemodialysis facilities has been strengthened after establishing Hemodialysis Quality Control and Improvement Centers (HDQCIC) in each province. The current study was designed to describe the practice of HCV treatment among Chinese HD patients in phase 7 of the China DOPPS (2019–2021) and assess the impact of the availability of DAAs upon the trend in HCV prevalence and incidence.



METHODS AND MATERIALS


Patients and Data Collection

Analyses were based on data collected in DOPPS 7-China as part of the 7th phase of the broader international Dialysis Outcomes and Practice Patterns Study (DOPPS). DOPPS is a prospective cohort study of HD patients ≥18 years of age. The present study included 1,700 Chinese HD patients, who participated in DOPPS 7 anytime between April 2019 and October 2021. Study participants were randomly selected for study participation from a representative sample of HD dialysis facilities in Beijing (N = 14 facilities), Shanghai (N = 13 facilities), and Guangzhou (N = 15 facilities) as described previously (4). All study sites were hospital-based with 56% being academic vs. 44% non-academic, and 55% designated as grade 3 hospitals vs. 45% as grade 2 hospitals. All Chinese study sites which participated in DOPPS 7 also had previously participated in DOPPS 5 (2012–2015), although there were 3 military hospital dialysis units that participated in China-DOPPS 5 which did not participate in DOPPS 7. The current investigation was based on patient- and facility-level data from 39 randomly selected Chinese HD facilities participating in DOPPS 7-China from April 2019 to October 2021 and which had completed a Medical Director's Survey on HCV Management and Monitoring. Study approval was obtained by a central institutional review board. Additional study approval and patient consent were obtained as required by national and local ethics committee regulations.

Patients from the initial prevalent cross-section of DOPPS 7 participants were included in analyses of overall HCV prevalence and comparison of patient characteristics by HCV status. From a total population of 1,700 study patients, the following exclusions were implemented (a) two facilities did not accept HCV+ patients (n = 69), (b) an additional 350 patients were not in the initial prevalent cross section, and (c) 2 patients were missing HCV status at enrollment for an overall sample of 1,279 patients used for prevalence analyses. When calculating HCV incidence among all patients the following exclusion criteria were applied: (a) two facilities did not accept HCV+ patients (n = 69), (b) 92 patients had an indication of HCV infection history at study enrollment, and (c) 342 patients had fewer than two HCV antibody tests during follow-up for an overall sample of 1,197 patients when calculating HCV incidence.

Demographic data, comorbid conditions, and laboratory values were abstracted from patient records. Baseline HCV status was determined based on an established diagnosis of HCV infection or positive HCV serology at DOPPS enrollment. HCV serology (quantitative and qualitative) were collected monthly. Information regarding each study site's treatment, management, screening and monitoring practices for HCV in their HD patients and non-dialysis chronic kidney disease (CKD) stages 3–5 patients was obtained by administering a specific HCV survey for each facility's Medical Director. These HCV surveys were completed by 39 of the 42 DOPPS 7-China study site Medical Directors, with responses used for analyses described in this investigation. Completion dates for these surveys were from December 2020 to September 2021, with 90% of the surveys completed between December 2020 and June 2021.



Data Analysis

Seroconversion models and rates were restricted to patients with an initial negative HCV antibody measurement and at least one follow-up HCV antibody value. Time at risk started at the lab date for the first negative HCV antibody measurement (at study baseline or during follow-up) and ended at the seroconversion lab date or last negative HCV antibody lab date. Patients departing the study before a follow-up HCV antibody was measured were not included in the incident HCV seroconversion analyses. The median follow-up time for HCV seroconversion was 1.2 years.

Standard descriptive statistics were used to characterize the DOPPS patients included in the study as well as HCV prevalence, incidence, and facility HCV control practices. All analyses used SAS software, version 9.4 (SAS institute, Cary, NC).




RESULTS


Study Sample Characteristics

Of the 39 facilities, 12, 12, and 15 of the facilities were from Beijing, Shanghai, and Guangzhou, respectively. Table 1 provides a comparison of the characteristics of HCV+ vs. HCV- patients from the initial cross-section of 1,279 Chinese HD patients in facilities participating in DOPPS 7. In this cross-section, 81 of the 1,279 patients were HCV+. This corresponds to 6.3% of patients but 7.4% when weighted by the facility sampling fraction. HCV+ patients had a lower mean age of 58.9 yrs (vs. 60.9 yrs among HCV- patients), and a much longer mean time on dialysis of 10.8 yrs (vs. 6.1 yrs among HCV- patients). HCV+ patients were almost evenly split between males and females whereas HCV- patients were more likely to be male. The prevalence of hepatitis B was 1.6 fold higher in HCV+ patients (8%) compared to HCV- patients (5%). However, the prevalence of coronary artery disease, hypertension, other cardiovascular disease, congestive heart failure, and cerebrovascular disease was lower among HCV+ vs. HCV- patients, whereas the prevalence of diabetes and peripheral vascular disease was very similar in HCV+ vs. HCV- patients. The prevalence of other displayed characteristics was quite low overall (<5%) with absolute differences consequently being relatively small in magnitude.


Table 1. Baseline patient characteristics of Chinese HD study patients, by HCV+ (China DOPPS, 2019–2021; initial cross-section of patients).
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Prevalence and Incidence of HCV in Chinese HD Patients in DOPPS 7-China (2019–2021)

Although 6.3% of the initial cross-section of 1,229 study patients were HCV+, once analyses were weighted by the fraction of patients sampled within each HD facility, the prevalence of HCV+ was calculated to be 7.4% (Table 2). For comparison, we have shown that this HCV+ prevalence seen among Chinese HD patients in DOPPS 7 is lower than that which we reported previously in DOPPS for China. These new results from DOPPS 7 show a continual decline in HCV+ prevalence in Chinese HD patients from 14.8% in DOPPS 4 (2009–2011) to 11.5% in DOPPS 5 (2012–2015), and now to 7.4% in DOPPS 7 (2019–2021) despite 48.7% of HD facilities used the more sensitive PCR method in routine HCV screening (Table 3). DOPPS did not collect these data in China during the period from 2016 to 2018.


Table 2. HCV prevalence among Chinese HD Patients in DOPPS, at baseline by study phase.
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Table 3. Method typically used for routine HCV screening in facility HD patients (China Medical Director HCV survey, 2021).
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Further analyses revealed an incidence rate of 1.2 new cases of HCV per 100 patient-years based on 16 new cases arising during follow-up of 1,197 patients who had data that met the analysis criteria introduced earlier (Table 4). This incidence rate is approximately half the rate of 2.1 new cases of HCV per 100 patient-years that we had determined previously for Chinese HD patients in DOPPS 5 (2012–2015). HCV antibody tests were reported as the method used for routine HCV screening by 51% of medical directors while 44% reported using both HCV antibody and HCV RNA (PCR) tests (Table 4). Although the number of incident HCV cases was too small for formal statistical analyses, several risk factors or HCV seroconversion were explored descriptively. The median (IQR) facility percent of patients with HCV at enrollment for units without any seroconverters (n = 28) vs. those with a seroconverter (n = 10) was 2.5% (0.0–4.8%) vs. 5.3% (2.5–7.9%). One seroconverter received a transfusion among 70 unique patients with a transfusion in China DOPPS 7. All incident HCV+ patients were HIV negative and had no substance abuse history in the last 12 months. The percentage of hepatitis B positivity in incident HCV+ patients vs. HCV- patients was 6.3 vs. 4.8%.


Table 4. Incidence of becoming HCV+ during study follow-up, among Chinese HD Patients in DOPPS, by study phase.
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HCV Treatment in DOPPS 7-China HD Patients During Study Follow-Up

Among the 97 patients noted to be HCV+ at study baseline or who became HCV+ during study follow-up, anti-HCV medications were prescribed for 9 of these patients (Table 5): 4 of 9 patients (44%) were prescribed Epclusa (sofosbuvir + velpatasvir), 1 each prescribed Daklinza (daclatasvir), Interferon beta, and Sovaldi (sofosbuvir), and with no drug name reported for 2 treated patients.


Table 5. Treatment of HCV+ patients based on patient-level prescription data (China DOPPS, 2019–2021).
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The type of HCV medication used to treat HCV+ dialysis patients was also indicated by 13 of the 39 China-DOPPS 7 medical directors (Table 6), showing greater diversity in the range of medications used for treating HCV compared to the HCV medications prescribed for the relatively small number of 9 patients treated during follow-up as described above. At 4 of these 13 HD units, HCV was typically treated with interferon alone or with ribavirin; 3 of the 13 HD units used only Zepatier, and 1 site used only Epclusa, 1 used Epclusa or Zepatier, 1 used Epclusa or Viekira Pak, 1 used Epclusa, interferon or ribavirin, 1 used Epclusa, Harvoni, Ribavirin or Interferon, and 1 used either Epclusa, Harvoni, Sovaldi, Vosevi, Viekira Pak, or interferon + ribavirin; 2 of the 39 facilities indicated they did not accept HCV+ patients, 3 facilities indicated that they didn't currently have any HCV+ patients (and didn't answer the medication question), and 21 facilities (53%) indicated that HCV treatment was administered outside of their facility.


Table 6. Medical director responses regarding the types of medications used by DOPPS 7-China HD units for treating HCV+ in their HD patients (China Medical Director HCV survey, 2021).
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Medical Director Survey Responses on HCV Management and Monitoring


Perspectives on Treating HCV

Surveys regarding the treatment, management and monitoring of HCV were completed by the medical directors from 39 of the 42 DOPPS 7-China study sites. Nearly all medical directors (92 and 95%) indicated that all or nearly all HCV+ dialysis patients on a kidney transplant waiting list or HCV+ CKD stage 3 patients should be treated with antiviral medication for HCV (Table 7), and with a similar, although slightly lower percentage for the treatment of HCV+ dialysis patients NOT on a kidney transplant waiting list or having CKD stage 4–5 patients. In contrast to the above perspectives, when asked what % of current HCV+ patients had ever been treated with anti-HCV medications at any time, by any physicians managing HCV care (Table 8), ~50% of medical directors indicated that none of their current HCV+ dialysis patients had ever been treated with an anti-HCV medication, whereas ~20% of medical directors indicated that >50% of current HCV+ dialysis patients had ever been treated with an anti-HCV medication. Similar results were noted in HCV treatment of CKD stage 3–5 HCV+ patients.


Table 7. Medical director perspectives of whether HCV+ dialysis or CKD patients should be treated with an anti-viral medication (China Medical Director HCV survey, 2021).
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Table 8. Estimated % of clinic HCV+ patients that have been treated with anti-HCV medications, by ESKD stage (China Medical Director HCV survey, 2021).
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Type of Doctor Who Typically Treats HCV in Dialysis or ND-CKD Patients

When dialysis unit medical directors were asked to what degree they felt comfortable or adequately trained in treating HCV in their HCV+ patients, 15% of medical directors indicated being somewhat or very comfortable, 44% were neutral, and 41% felt somewhat or very uncomfortable in treating HCV in their HCV+ patients (Table 9). Consequently, at the majority of DOPPS 7-China HD units, the type of doctor who usually prescribes antiviral medications to treat HCV in their dialysis patients typically is not a nephrologist with: 40% of study sites indicating this to be an infectious disease specialist, 30% indicating a liver or gastroenterology specialist, only 11% indicating a nephrologist, 8% indicating a type of doctor different than those above, and 11% of sites indicating that their facility's practice is to NOT have hepatitis C treated in their HCV+ patients (Table 10A). Furthermore, 85% of medical directors indicated that their HCV+ dialysis patients typically were referred to a liver or gastroenterology specialist as part of their care (Table 10B). Medical director responses were nearly identical for HCV treatment of non-dialysis CKD stage 3–5 patients vs. dialysis patients with regard to the above two questions.


Table 9. Do you feel comfortable/adequately trained in treating HCV in your facility's HCV+ patients? (China Medical Director HCV survey, 2021).
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Table 10A. Physician type who usually prescribed antiviral medications to treat HCV+ patients, by ESKD stage (China Medical Director HCV survey, 2021).
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Table 10B. HCV+ patients are usually referred to a liver/gastroenterology specialist, by ESKD stage (China Medical Director HCV survey, 2021).
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Testing for HCV Genotypes and Frequency of Liver Biopsies

In asking about the percent of a HD facility's HCV+ patients for whom HCV genotyping was performed either for new HCV cases or when the HCV genotype is unknown, 85% of unit medical directors indicated that HCV genotyping is performed only for 1–20% of such HCV+ patients in their dialysis units, with 6 and 9% of medical directors, respectively, indicating that HCV genotyping was performed for 41–80% and 81–100% of their HCV+ HD patients (Table 11). Only a small fraction of unit medical directors–13 and 5%, respectively, —were aware of whether their HD unit's HCV genotype 1 patients were tested for NS5A resistance polymorphisms or whether their HCV genotype 1a dialysis patients were tested for the NS3 Q80K mutation (Table 11). Medical directors were also questioned about what % of HCV+ patients had ever had a liver biopsy (Table 12). Medical director responses indicated that no liver biopsies had been performed for any of their current HCV+ patients in ~70% of HD units and 72% of CKD clinics treating CKD stage 3 and 4 patients. Medical directors indicate that only 3–5% of HD facilities and 3–5% of ND-CKD clinics had performed a liver biopsy in >50% of their HCV+ patients.


Table 11. HCV genotyping practices (China Medical Director HCV survey, 2021).
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Table 12. Estimated percent of facility HCV+ patients who have ever had a liver biopsy, by ESKD stage (China Medical Director HCV survey, 2021).
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Screening for HCV in HD Facility or in ND-CKD Patients

Medical directors were asked the frequency at which HD patients in their facility were typically screened for HCV (Table 13A), with 92% indicating twice per year or more often, 6% indicating once per year or less often, and 3% only when a patient joins their facility. However, compared to HCV screening in dialysis patients, the frequency of HCV screening of non-dialysis CKD stage 3 or 4 patients at many facilities is considerably less frequent, with ~50% indicating twice per year or more often, 28% indicating only once per year or less often than once per year, and ~22% screening for HCV only when a patient joins their CKD clinic. A difference was seen as well in practices for monitoring HCV trends in dialysis vs. non-dialysis CKD stage 3–5 patients (Table 13B): 31, 54, and 5% of medical directors indicated that their facilities monitor HCV trends in their dialysis patients on a monthly, twice per year, or once per year frequency, respectively; by contrast, 62, 12, and 20% of medical directors indicate that their facilities monitor HCV trends in their ND-CKD patients on a monthly, twice per year, or once per year frequency, respectively. Finally, nearly all HD unit medical directors (95–97%) indicated that their HD patients are typically screened for HCV after returning from travel or a long-term hospitalization (Table 13C).


Table 13A. Frequency of screening for HCV, by ESKD stage (China Medical Director HCV survey, 2021).

[image: Table 13]


Table 13B. Frequency of monitoring facility HCV trends, by ESKD stage (China Medical Director HCV survey, 2021).
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Table 13C. Situations after which HCV testing is typically performed (China Medical Director HCV survey, 2021).
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Dialysis Unit Staff HCV Education and HCV Screening

Medical directors indicated that screening of dialysis unit staff members for HCV was very common across nearly all China-DOPPS HD study sites with most sites (92%) screening staff members once per year, 5% screening twice per year, and 3% screening less often than once per year (Table 14). In addition, 95% of dialysis units provide staff members with educational courses on prevention of transmission of blood borne viruses (including HCV) once per year, 3% once every 2 years, and 3% less often than every 2 years (Table 14). In addition, 97% of dialysis units instruct new staff members about HCV precautions as part of their orientation.


Table 14. HCV education and screening of dialysis staff members (China Medical Director HCV survey, 2021).
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DISCUSSION

In China, the main high-risk populations for HCV infection have been reported to be intravenous drug users, patients receiving hemodialysis, and patients co-infected with HIV or hepatitis B (5). In view of the large population of individuals receiving hemodialysis for end stage kidney failure in China, great efforts have been underway for many years to reduce HCV infections in this patient population. The present study represents the most detailed investigation of the prevalence, incidence, treatment, and monitoring of HCV in chronic HD patients in China since direct acting antiviral medications were approved for HCV treatment in China in 2017.

Our study results from the DOPPS 7-China indicate a 50% decline in HCV+ prevalence in Chinese HD patients over the past 10–12 yrs, with a prevalence of 7.4% seen in 2019–2021 compared to 11.5% in DOPPS 5 (2012–2015) and 14.8% in DOPPS 4 (2009–2011) (1). The above possible substantial decline in HCV prevalence within the DOPPS-China study sites over time has been seen despite the possibility that detection of HCV infected HD patients may have increased due to PCR more commonly being used as part of HCV monitoring activities in more recent years. Similar to what we had seen previously in an analysis of HCV across 15 countries/international regions in DOPPS (1), HCV+ HD patients in China were more likely to be younger, had a considerably longer mean number of years on dialysis, and were much more likely to also be hepatitis B+. However, the percentage of HD patients who were female was higher among HCV+ vs. HCV- patients in China in contrast to our prior international findings in which the proportion of female patients was lower among HCV+ individuals. The lower prevalence of cardiovascular disease comorbidities seen among HCV+ patients in our Chinese study sample may be a reflection in part of the younger mean age of HCV+ patients.

Consistent with the above trend in declining HCV prevalence among Chinese HD patients, our analyses also indicate an HCV incidence of 1.2 new cases of HCV per 100 patient-yrs seen among study patients who became HCV antibody positive during study follow-up in DOPPS 7-China (2019–2021). This incidence rate is >40% lower than the rate of 2.1 new cases of HCV per 100 patient-yrs that Jadoul et al. (1) had reported previously for Chinese HD patients in DOPPS 5 (2012–2015).

The large improvement seen in the incidence and prevalence of HCV in HD patients in China-DOPPS could be a reflection of the extensive HCV management program in place at many of the DOPPS 7-China study sites under the direction of local HDQCIC which was first established in Shanghai in 1999, followed by Beijing in 2002 (6). Strict adherence to infection control procedures and routine serologic screening plays a pivotal role in preventing transmission of HCV within hemodialysis units (7, 8). HDQCIC pushes hemodialysis facilities to formulate infection control procedures including routine training, HCV screening for new HD patients or patients transferring from another hemodialysis facility followed by retesting every 6–12 months for all HCV- hemodialysis patients, and implementation of optimal hygienic precautions. Also HDQCIC does routine observational audits of various infection control practices combined with feedback of results to clinical staff in accordance with KDIGO hepatitis C guidelines (8).

This well-developed infection control monitoring program is reflected by nearly all medical directors in DOPPS China facilities reporting frequent monitoring for HCV, with 26 and 67% of HD units screening their patients for HCV every 3 or 6 months, respectively. Additionally, 31% of HD units monitor their trends in HCV positivity every month, while 64% monitor their HCV+ trends 2–3 times per yr. Moreover, in ~95% of facilities, patients are typically tested for HCV when returning to the facility after a long-term hospitalization or having traveled to a country known to have high HCV prevalence. Regular HCV testing is also applied to staff, with 97% of DOPPS 7-China HD units screening dialysis unit staff at least once per year for HCV. Furthermore, 95% of HD units have a HCV training course for staff each year, and orientation of new staff includes HCV precaution instructions at 97% of HD units.

DAAs were approved for treating HCV in China in 2017 which is later than some other developed countries and the safety and efficacy of DAA therapy in CKD have been demonstrated by a number of studies (9–11). From the medical directors survey we get the answer about whether application of DAAs in HD patients is a reason for the declining HCV prevalence and incidence in Chinese HD patients. Although nearly all China DOPPS medical directors (92+%) indicated that their HCV+ should be treated with DAAs, ~50% of medical directors indicated that none of their current HCV+ dialysis patients had ever been treated with an anti-HCV medication (consistent with patient-level data). Reasons are likely multifactorial for the low level of antiviral treatment of HCV+ patients in practice among the DOPPS 7-China HD units, but we suspect the main factor is the high cost of DAAs accompanied by lack of reimbursement by the national insurance system during this study time period (12). A similar situation occurred in Taiwan, where DAAs were approved for use in 2015, but the number of patients receiving DAAs treatment was very limited until 2018 due to medical insurance reimbursement policy (13). In our study, HCV+ patients were referred to a liver/gastroenterology specialist in 85% of HD units. Furthermore, in most facilities, prescription of antiviral medications to treat HCV+ patients was typically managed by an infectious disease or liver/gastroenterology specialist, with nephrologists prescribing antiviral medications for their HCV+ patients in only 11% of HD units. So adequate access to DAAs in dialysis patients in China also depends on good collaboration between nephrologists and other specialists (14).

When DAAs were used, Medical Director responses and the few patient-level prescriptions demonstrate that a broad array of different DAAs are being used across these study sites—and in different combinations—indicating substantial diversity in how DAAs are being applied in different HD units. This is partly due to the fact that these drugs were not available at the same time in China, and the drug choices available in different hospitals were not equal. Daclatasvir was one of the earliest DAAs available in China, while DAAs such as Pibrentasvir/Glecaprevir or Elbasvir/Grazoprevir, which are more suitable for patients with end-stage renal disease, entered China much later.

Although HCV was not treated in many HCV+ HD patients as discussed above, Medical Director responses provide a clear picture that management and monitoring of HCV appeared to be well-organized across the vast majority of study site HD units. After 2020, Elbasvir/Grazoprevir, Ledipasvir/Sofosbuvir, and Sofosbuvir/Velpatasvir were successfully reimbursed by the national insurance system, with an average price drop of more than 85% (15). These drugs are available gradually in different hospitals and the costs of these drugs are affordable after reimbursement now. Physicians, nephrologists, or other specialists will be free to choose DAAs suitable for dialysis patients. With proper quality improvement initiatives, HCV elimination from dialysis facilities is possible (16, 17).

Since 7.4% is still a relatively high HCV prevalence, the nosocomial transmission signs in China DOPPS7 should also be explored. One of the 16 incident HCV+ patients had history of a blood transfusion during DOPPS follow-up. Transfusion safety has been greatly improved in China with more sensitive nucleic acid testing (NAT) screening for HCV being widely used in blood donors (1). However, the HCV incidence in repeat blood donors in China was 15.2 per 100,000 person-years which indicates that there remains some infection risk because of the time window/period of donation and thus HCV infection is still an important concern for transfusion safety (18). As previously published in DOPPS (1), facility HCV prevalence is higher in facilities with seroconverters than in facilities without seroconverters (5.3 vs. 2.5%). Facility HCV prevalence is also a risk factor of seroconversion in China. As suggested by KDIGO hepatitis guideline, strategies to prevent HCV transmission within hemodialysis units should prioritize adherence to standard infection control practices (8).

Although a strength of the DOPPS 7–China study is the random selection of HD units for participation in the study, stratified to represent both tier 2 and 3 hospitals, a limitation of our study is that it does not represent all Chinese dialysis/CKD practice in being limited to hospital-based facilities located in the metropolitan areas of Beijing, Shanghai, and Guangzhou, and HCV prevalence is known to vary considerably across different regions of China (19, 20). However, the current study facility sample provides the ability to compare with earlier DOPPS-China results of HCV prevalence and incidence which included many of the same facilities as those participating in DOPPS 7-China. Additionally, the methodology and surveys used in the present study hopefully can serve as the basis for broader capture of these numerous aspects of HCV care in HD units in other Chinese jurisdictions to more thoroughly understand the variability in HD patient HCV incidence, prevalence and treatment across Chinese HD facilities. Another limitation of our study is that since HCV treatment for most HD patients is managed by non-nephrologist specialists, it is conceivable that HCV genotyping and anti-HCV medications prescribed for HCV+ dialysis patients were not always captured within a dialysis unit's medical record for such care provided outside of the dialysis unit. Additionally, even though PCR HCV viral load data were reported for >500 viral load measurements for study patients during follow-up, the diversity in how these values were reported for patients by different HD study sites, and in the common occurrence of duplicate values being reported over a 3 month period made interpretation challenging. This latter experience suggests the need for standardized measurement and reporting systems for PCR HCV viral load levels to be implemented across Chinese HD units if desiring to capture viral load data in a meaningful and interpretable fashion across HD facilities as one aspect of a broad-based HCV surveillance system for China.

In conclusion, this latest investigation of HCV in Chinese HD patients as viewed through the lens of the DOPPS-China study in Beijing, Shanghai, and Guangzhou documents a decline in HCV prevalence and incidence in Chinese HD patients when compared to earlier DOPPS-China results. The randomly selected HD units in the DOPPS 7-China study appear to have excellent programs in place for frequent monitoring of patients and staff for HCV, education of staff, and referral of HCV cases in most HD units to external infectious disease, gastroenterology, and liver disease specialists. Even though the great majority of study site medical directors feel that all or nearly HCV+ patients should be treated, very few if any HCV+ patients have been treated presumably due to substantial cost barriers for affording the new DAAs. DAAs are now covered by the Chinese National Medical Insurance reimbursement system which will likely lead to widespread use of DAAs and further reductions in the incidence and prevalence of HCV in this large patient population.
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Fibroblast growth factor 23(FGF23) is the most important biomarker and pathogenic factor in Chronic Kidney Disease–Mineral and Bone Disorder (CKD–MBD). In the moderate and severe stages of chronic renal failure, abnormally elevated circulating FGF23 can lead to some complications, including myocardial hypertrophy, which is positively correlated with all-cause mortality. However, the circulating FGF23 level of different hemodialysis modalities, the underlying essential regulatory factors, and potential clinical benefits remain to be elucidated. In this retrospective cohort study, 90 in-center nocturnal hemodialysis (INHD) and 90 matched conventional hemodialysis (CHD) patients were enrolled. The complete blood count, intact FGF23(iFGF23), calcium, phosphorus, PTH, and other biochemical and echocardiographic parameters of INHD and CHD patients were collected and analyzed at 1-year follow-up. The all-cause mortality was recorded during the 7-year follow-up. Furthermore, the regulatory factors of iFGF23 and its association with echocardiographic parameters and mortality were investigated by multivariate regression. The levels of iFGF23 and serum phosphate in patients undergoing INHD were significantly lower than those in patients undergoing CHD. The left ventricular volume index (LVMI) in patients with INHD was significantly attenuated and positively correlated with the drop of serum iFGF23. The INHD group had reduced all-cause mortality compared to the CHD group. Multivariate analysis showed that iFGF23 was positively correlated with serum calcium, serum phosphorus, and calcium-phosphate product. The calcium-phosphate product is an independent determining factor of serum iFGF23. Compared with the CHD group, the INHD group presented with a significantly reduced circulating iFGF23 level, which was closely associated with attenuation of left ventricular hypertrophy, but INHD reduced all-cause mortality in an FGF23 independent manner.

Keywords: in-center nocturnal hemodialysis, fibroblast growth factor 23, Chronic Kidney Disease-Mineral and Bone Disorder (CKD-MBD), calcium-phosphate product, left ventricular hypertrophy


INTRODUCTION

Fibroblast growth factor 23 (FGF23) is the most important biomarker and pathogenic factor in CKD–MBD, which is one of the most common complications in dialysis patients. As a potent calcium and phosphorus regulator, FGF23 is produced by osteoblasts and osteocytes. It can reduce phosphorus by promoting phosphorus excretion and inhibiting the formation of 1,25(OH)2D3 (1). In the early stage of chronic renal failure, FGF23 secretion is stimulated by an uncertain mechanism to maintain phosphorus balance, subsequently, leading to decreased 1,25(OH)2D3 synthesis and triggering secondary hyperparathyroidism (2). With the deterioration of renal function, its capacity to promote phosphorus excretion gradually lessens due to reduced functional nephrons, abnormally elevated FGF23 instead becomes a uremic toxin and is highly associated with adverse clinical outcomes (3). So, FGF23 has been recognized as an important prognosis biomarker of chronic kidney disease (4–6).

Hemodialysis is the most widely used modality for renal replacement therapy, which has greatly improved the prognosis of patients with uremia (7). In contrast to conventional hemodialysis, which is performed three times a week for 4 h each, intensive dialysis includes daily dialysis, in-center nocturnal hemodialysis, and home nocturnal hemodialysis (8). The mortality of conventional hemodialysis (CHD) patients is still relatively high, it is ~4 times more than healthy people under the age of 30, and six times more than healthy people over the age of 65 (9). Intensive dialysis has been reported to have many clinical benefits, including improved blood pressure, anemia, serum phosphorus, and reduced left ventricular hypertrophy (10). A large multicenter study showed that patients with INHD have a higher quality of life, prolonged survival, and a lower hospital admission rate (11). In our previous studies, regression of left ventricular mass index (LVMI) also had been detected when patients with ESRD convert from CHD to INHD (12, 13).

Since elevated FGF23 was found to be associated with increased cardiovascular mortality and all-cause mortality (4), we speculated that INHD might attenuate left ventricular hypertrophy and reduce mortality through lowering the serum FGF23 due to modification of CKD–MBD parameters. However, the effect of different hemodialysis modalities on the circulating FGF23 levels, the underlying essential regulatory mechanism, and potential clinical benefits remain to be elucidated. This study is aimed to further explore whether INHD can improve the prognosis by reducing the level of FGF23. We performed this retrospective cohort study to compare serum FGF23, CKD–MBD related parameters, hemoglobin, albumin, echocardiographic, and survival data in patients undergoing CHD and INHD. The regulatory factors of FGF23 and their association with echocardiographic parameters and mortality were investigated by multivariate regression.



PATIENTS AND METHODS


Study Design and Population

This retrospective study included prevalent long-term hemodialysis patients aged over 18 years old at Shanghai Changzheng Hospital in January 2015. Patients diagnosed with malignant tumors, serious infections or severe heart failure, and liver failure were excluded. A total of 90 patients were enrolled and converted from CHD to INHD. In total, 90 matched patients were enrolled and persistently received CHD (Supplementary Figure S1). They were followed up until February 2022. This study was approved by the Ethics Committee of Changzheng Hospital. All patients were dialyzed on a Rexeed 15uc dialyzer (polysulfone membrane, 1.5 m2). INHD patients received thrice-weekly hemodialysis for 7.5 h each session. Blood flow rates were 200–300 ml/min. Dialysate flow rates were 300–500 ml/min. CHD patients received thrice-weekly hemodialysis (or twice hemodialysis plus single hemodiafiltration) for 4 h each session. Blood flow rates were 200–360 ml/min. Dialysate flow rates were 500 ml/min. Anticoagulation was achieved with heparin or low-molecular-weight heparin.



Data Collection

The demographic data, dialysis vintage, and primary diseases of ESRD were collected from the electronic database of our hemodialysis center. The baseline biochemical parameters, including calcium (Ca), phosphorus (P), hemoglobin (Hb), albumin (Alb), serum creatinine (Scr), ferritin, lipid profiles, 25-hydroxyvitamin D, intact parathyroid hormone (iPTH), and KT/V were collected. The blood samples for laboratory tests, including iFGF23, were obtained before the midweek hemodialysis session. Serum intact FGF23 concentrations with biological activity were measured using a human FGF23 ELISA assay kit (Kainos Lab, Tokyo, Japan). Medications during the enrollment period, including antihypertensive drugs, erythropoietin, phosphate binders, calcitriol, and intravenous iron were reviewed. One year later after enrollment, all the laboratory tests and medications were evaluated again. M-mode echocardiography was used to measure the echocardiographic parameters of 40 matched patients in each group, including interventricular septum thickness diastolic (IVSTd), left ventricular end-diastolic diameter (LVDd), and left ventricular posterior wall thickness (LVPWT), etc. The echocardiography data together with total ultrafiltration volume (ml), the ultrafiltration rate (ml/h/kg), and BP were collected from the electronic database at 1-year follow-up. LVMI was calculated according to the Devereux formula. Left ventricular mass (LVM) = 1.04 × [(IVSTd + LVDd + LVPWT)3 – LVDd3] −13.6, body surface area (BSA) = 0.0061 × height (cm) + 0.0128 × weight (kg) – 0.1529. LVMI = LVM/BSA. The all-cause mortality and survival data of the two groups were reviewed during 7 year follow-up.



Statistical Analysis

A propensity-score matching (PSM) analysis was performed to adjust for patient selection. All the quantitative data were presented as mean ± SD. The non-normally distributed variable iFGF-23 was described as medians (interquartile range) and ln-transformed to achieve a normal distribution. The laboratory test data of the two groups were analyzed by the independent sample t-test. The association of iFGF23 with patient demographics and laboratory variables was evaluated by Pearson correlation analysis. The correlations between iFGF23 and potential regulatory factors were analyzed by multivariate regression, which was typically shown by some scatter plots. The association of left ventricular volume index (LVMI) with iFGF23 in two groups and overall patients was detected by univariate correlation analysis. We adopted the Kaplan–Meier analysis (log-rank method) to evaluate the survival differences between the two groups. A multivariable Cox proportional hazards regression model was used to identify the risk factors for all-cause mortality. To better clarify the association between iFGF23 and mortality, adjusted HR (95% CI) for mortality was analyzed by both lnFGF23 and quartiles of FGF23 using the first quartile as the reference.




RESULTS


Characteristics of Patients

This retrospective cohort study included 90 INHD patients with an average age of 53.23 ± 10.26 and 90 CHD patients with an average age of 53.32 ± 9.53. The baseline characteristics of the study subjects are shown in Table 1. After PSM, there was no significant difference in age, gender, dialysis vintage, primary disease, medications, and biochemical parameters, including serum calcium, phosphorus PTH, and iFGF23 (Supplementary Table S1) between the two groups.


Table 1. Baseline characteristics of patients undergoing hemodialysis after PSM.
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Biochemical Parameters and Medications at 1-Year Follow-Up

The serum iFGF23 level of patients in the INHD group was significantly lower than that in the CHD group, as presented by lnFGF23 (7.57 ± 1.62 vs. 8.56 ± 1.17) (P < 0.05). INHD patients had lower mean phosphorus levels (1.42 ± 0.41 vs. 2.03 ± 0.62 mmol/L) and calcium-phosphate product levels (3.47 ± 1.02 vs. 5.0 ± 1.52 mmol2/L2). The good control rate within the KDIGO recommendation target of serum calcium in the INHD group was higher than that in the CHD group (61.2 vs. 59%). The INHD group exhibited a higher good control rate of phosphorus (69.2 vs. 52.9%) and iPTH (73.3 vs. 63%). There was no significant difference in calcium, albumin, 25-(OH)D, and hemoglobin levels between the two groups. Patients undergoing INHD had a higher mean KT/V than those undergoing CHD (2.30 ± 0.71 vs. 1.53 ± 0.30), representing better dialysis adequacy. Compared with CHD, patients in the INHD group used fewer types of antihypertensive drugs on average, and the dosage of erythropoietin and phosphate binder was lower. There was no difference in the dosage and number of patients who used calcitriol and intravenous iron as shown in Table 2.


Table 2. Comparison of parameters between CHD and INHD at 1-year follow-up.
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Regulatory Factors of FGF23

Univariate linear regression analysis showed that serum phosphate (r = 0.480, p < 0.001), calcium (r = 0.413, P < 0.001), calcium-phosphate product (r = 0.593, P < 0.001), KT/V (r = −0.395, P < 0.001), and iPTH (r = 0.334, P < 0.001) were significantly associated with iFGF23 levels (Table 3). Among all the parameters, multivariable regression analysis showed that serum phosphate (β = 0.429, P < 0.001), calcium (β = 0.354, P = 0.001), calcium-phosphate product (β = 0.600, P < 0.001), but not KT/V (β = −0.218, P = 0.053) and iPTH (β = 0.235, P = 0.353) independently correlated with iFGF23 levels (Table 4). The scatter plots showed that lnFGF23 was linear with serum calcium, phosphorus, and calcium-phosphate product (Figure 1).


Table 3. Univariate correlation analysis of FGF23 and other parameters.
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Table 4. Multivariate regression analysis of regulatory factors of FGF23.
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FIGURE 1. Univariate linear correlation between phosphate (A), calcium (B), calcium-phosphate product (C), and FGF23.




Echocardiographic Parameters, BP, and Ultrafiltration

Patients in the INHD group displayed improvement in the cardiac structure and function manifested by lower LVMI (98.7 ± 32.1 vs. 113.9 ± 69.2 g/m2) (P < 0.01), LAD, LVDD, and LVPW, slightly higher LVEF (63.75 ± 3.3 vs. 52.44 ± 5.29%) with a non-significantly different E/A ratio (0.78 ± 0.28 vs. 0.67 ± 0.13) (P = 0.058) compared with the CHD group (Table 5). Univariate linear regression showed lnFGF23 was significantly correlated with LV mass index (LVMI) in the INHD group (r = 0.424, P = 0.01), CHD group (r = 0.619, P < 0.001), and within overall patients (r = 0.583, P < 0.001) (Figure 2).


Table 5. Comparison of echocardiographic parameters between CHD and INHD.
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[image: Figure 2]
FIGURE 2. Univariate linear correlation between lnFGF23 and LVMI in INHD group (A), CHD group (B), and within overall patients (C) (Figure 3).


The INHD group had better BP control, with lower pre-dialysis SBP (132 ± 12 vs. 140 ± 11 mmHg) (P = 0.028) and post-dialysis SBP (126 ± 11 vs. 136 ± 13 mmHg) (P = 0.032). INHD group also had higher total ultrafiltration volume (4.2 ± 1.0 vs. 2.8 ± 1.2 L) (P = 0.003) and slower ultrafiltration rate (7.5 ± 1.8 vs. 9.3 ± 3.5 ml/h/kg) (P = 0.029; Figure 3).


[image: Figure 3]
FIGURE 3. (A) Comparison of systolic blood pressure between patients undergoing INHD and CHD. (B) Comparison of volume control between patients undergoing INHD and CHD. *P <  0.05.




Survival Analysis

The overall survival rate of INHD was better than CHD as depicted using the Kaplan–Meier method (χ2 = 6.860, P = 0.009) (Figure 4). Multivariable Cox proportional analyses were adjusted for age, gender, primary disease, ferritin, etc. Serum phosphate, dialysis vintage, and albumin were independent predictors of all-cause mortality in patients with ESRD. The hemodialysis modality of INHD was a protective factor for survival. However, iFGF23 and KT/V were not significantly associated with mortality in this adjusted model (Table 6). Compared with patients in the first FGF23 quartile, there was no trend toward an association between elevated iFGF23 and mortality in the adjusted model shown in Table 7.


[image: Figure 4]
FIGURE 4. The Kaplan–Meier survival curves comparing patients undergoing INHD and CHD in terms of mortality.



Table 6. Cox regression analyses of factors predicting all-cause mortality.
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Table 7. Adjusted HR (95% CI) for mortality by quartile of FGF23.
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DISCUSSION

Nocturnal hemodialysis was first reported by Shaldon in 1963. Thrice-weekly in-center nocturnal hemodialysis has been adopted as the standard therapeutic strategy in Tassin since 1968, and more than 50 years of long-term experience has been gained until now (14). Our center initiated the INHD program in February 2009. Consistent with the previous studies, patients in the INHD group showed increased urea clearance (KT/V), lower serum phosphorus, and significantly reduced requirements of EPO and phosphate binders, together with the improvement of echocardiographic parameters and mortality (11). In addition, for the first time, we found that circulating iFGF23 was significantly reduced in INHD compared to CHD, which might work as a bridge to connect the CKD–MBD with left ventricular hypertrophy and all-cause mortality.

First, the potential regulatory factors of iFGF23 in dialysis patients were evaluated. Although there were many studies focused on the regulation of elevated FGF23 in chronic renal failure, the conclusions were inconsistent. It is well known that phosphate load could enhance FGF23 secretion (15), but the molecular mechanism of how the osteocytes and osteoblasts sensed the extracellular phosphorus and stimulate the downstream FGF23 expression remains unclear. 1,25(OH)2D3 was a positive regulator on FGF23. It can stimulate the transcription of FGF23 through binding to a vitamin D-responsive element on the FGF23 promoter (16). To avoid the interference of medication on circulating iFGF23 levels in the two groups of patients, we collected the medication data and found that there was no significant difference in the patient numbers taking active vitamin D and the dosage of these categories of drugs between the two groups, but the dosage of calcium-containing phosphate binders was significantly reduced in the INHD group. Therefore, the decreased level of iFGF23 in INHD was not related to the difference in active vitamin D. PTH is another potential regulator of FGF23 in chronic renal failure since PTH and FGF23 were both elevated at the same time. Lavi-Moshayoff et al. suggested that PTH could stimulate the FGF23 expression in vitro, but other studies could not prove the direct regulation of FGF23 (17). Our previous study found that significantly elevated PTH could not stimulate the expression of FGF23 in 1α-hydroxylase knockout mice with 1,25(OH)2D3 deficiency and hypocalcemia (18). Similarly, the circulating iFGF23 in double knockout CKD mice with impaired production of PTH and calcitriol was significantly abated and could be restored by administration of a high calcium high phosphorus diet, suggesting that neither PTH nor active vitamin D was indispensable for elevated iFGF23 in chronic renal failure (18, 19).

Multivariate analysis showed that only phosphorus, calcium, and calcium-phosphorus products were positively correlated with FGF23. Among them, it was an important finding that the serum calcium was positively correlated with FGF23 under the circumstances that the serum total calcium was not statistically different between the two groups, which indicated that calcium could positively regulate FGF23 by augmenting calcium load and calcium-phosphorus product before the serum calcium rose beyond the normal range. In our previous experimental study (18), we found that circulating iFGF23 significantly increased 6 h after calcium chloride administration in wild type and PTH-deficient mice. In vitro, we found that after adding different concentrations of calcium (1, 2, 4, 6, and 8 mmol/L) to the MC3T3-E1 osteoblast cell line, FGF23 transcription assayed by reporter gene reached maximum activation at 6 mmol/L calcium, and this effect could be inhibited by calcium channel blocker, which showed that extracellular calcium could directly regulate the transcription of FGF23. In a previous in vivo study, it was found that at least 50 mg/L of serum phosphorus was required for calcium to promote FGF23 secretion, and at least 80 mg/L of calcium was required for phosphorus to stimulate FGF23 expression (20). Therefore, in dialysis patients, the abnormally elevated calcium-phosphorus product rather than a single mineral ion might be the most essential regulatory factor to enhance the serum iFGF23 secretion. With regard to the underlying molecular mechanism, we speculate that the osteocytes could sense the calcium and phosphorus overload, and extracellular calcium and phosphorus deposited in the skeleton microenvironment might stimulate the secretion of circulating iFGF23 through a probably sodium/phosphate cotransporter (PiT1,2) or FGF receptor (FGFR1) dependent mechanism (21, 22).

It is not a novel idea to emphasize the calcium-phosphorus product in CKD–MBD. However, we suggest this finding has important clinical implications since there are many available strategies to modify the calcium-phosphorus product, which is an independent determining factor of serum iFGF23 levels in dialysis patients. At present, several clinical studies have supported the assumption that lowering calcium-phosphorus products led to an abated serum iFGF23 level in patients with CKD. For example, non-calcium-containing phosphate binder sevelamer was proved to significantly reduce serum iFGF23 compared with calcium-containing phosphate binder, through the mechanism of reducing elemental calcium intake and calcium-phosphorus product (23). Cinacalcet can also attenuate calcium-phosphate products and decrease serum iFGF23 levels in patients with CKD (24).

Two elegant experimental studies have proved that FGF23 can directly induce left ventricular hypertrophy in vivo and in vitro. The non-classic effect of FGF23 on the heart was independent of Klotho but through binding to FGFR4 on cardiomyocytes. FGF23 activated the PLCγ phosphorylation and the calcineurin/NFAT signaling pathway, finally upregulating the expression of cardiac hypertrophy-related genes (25, 26). There were also different views on whether FGF23 could directly cause myocardial damage (27, 28). Takashi et al. found that although serum iFGF23 was elevated in animal models and patients with X-linked hereditary hypophosphatemia, notable cardiac hypertrophy was not found (27). A recent meta-analysis compared the association between cardiovascular events and FGF23 in the general population, non-dialysis patients with CKD, and dialysis patients, although serum FGF23 went up with the progression of CKD, there was no powerful evidence that increased FGF23 contribution to heart failure, stroke, or myocardial infarction either in the overall or any of the three separate groups (29). To interpret the paradoxical phenomena, we surmised that there were many factors leading to cardiac hypertrophy in uremic patients, while elevated FGF23 was only one of the complex risk factors. Consistent with our previous study and the findings of Culleton et al., this cohort study showed that INHD could significantly improve echocardiographic parameters and reduce left ventricular hypertrophy (12, 13, 30). Based on the positive correlation between serum iFGF23 and LVMI in this study, we speculated that INHD might improve left ventricular hypertrophy partially by reducing serum iFGF23 levels. Better blood pressure control, slower ultrafiltration rate, and more optimized volume management might also be involved.

Many studies had shown that the increased FGF23 in patients with CKD was closely related to the worsened mortality (4, 31). The underlying mechanism comprises not only FGF23 induced myocardial toxicity but also aggravating inflammation, immunologic dysfunction, anemia, etc. (32, 33). Therefore, lowering circulating FGF23 holds the promise to bring survival benefits. Although in some clinical trials, the hypothesis seemed to be true, the causal relationship was hard to confirm. If we take overall hemodialysis patients into consideration, the conclusion becomes ambiguous. J-DOPPS found that as the dialysis vintage increased, the association between iFGF23 and mortality weakened and disappeared in the highest tertile (>9.4 years), indicating that the predictive value of iFGF23 as a prognosis biomarker was blunted with long-term dialysis (34). In a Dutch FGF23 cohort from the CONTRAST study, no association between a single value of cFGF23 and all-cause mortality was found. In addition, decreased cFGF23 in the hemodiafiltration group was not associated with improved survival compared to the hemodialysis group (35). In this study, the association between attenuated iFGF23 and reduced mortality also could not be established in patients with INHD. A plausible explanation was that most of the patients we enrolled had a longer dialysis vintage (average 8.3 years), and serum iFGF23 was already at a very high level, which probably masked the survival benefit.

Consistent with previous studies, this study showed that serum phosphorus, dialysis vintage, and albumin were independent predictors of mortality in long-term hemodialysis patients. In addition, no correlation between all-cause mortality and hemoglobin, KT/V was found, which suggested that the improved survival of INHD was not due to the ameliorative dialysis adequacy of small-molecule uremic solutes. We believe that INHD persistently conveyed a protective effect on survival through modifying the CKD–MBD parameters, such as hyperphosphatemia, representing an FGF23 independent mechanism involved.

This study has the following limitations: First, this study is a single-center retrospective cohort study with a small number of patients. Some relevant parameters were missing or incomplete, such as c-terminal FGF23 (cFGF23), BNP, pro-BNP, echocardiographic data, and cardiovascular mortality. Second, the complex internal environment of hemodialysis patients and multiple regulatory mechanisms made the causal relationship between those variables could not be explicitly judged. Third, the majority of clinical data were collected and analyzed during the enrollment period as well as at the 1-year follow-up. Further studies on longitudinal changes in those parameters might greatly enhance the scientific value and make the conclusion robust. Fourth, most of the patients we enrolled had long dialysis vintage with no residual kidney function, although there was no statistically significant difference between the two groups, the outcomes still might be biased. Further studies on incident hemodialysis patients with shorter dialysis vintages might yield some different results.

In summary, the INHD group presented with modification of CKD–MBD parameters, including serum phosphorus, calcium-phosphorus product, and iFGF23 compared with the CHD in dialysis patients. The calcium-phosphorus product is the most important and independent regulatory factor of iFGF23 in hemodialysis patients. Decreased serum iFGF23 in patients with INHD might be partially involved in attenuating cardiac structural parameters. INHD significantly reduces all-cause mortality, which was not correlated with abated circulating iFGF23 suggesting other FGF23 independent mechanisms were involved and remained to be clarified.
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Background: It is still controversial whether the proportion of crescents below 50% can be an independent predictive risk factor for poor prognosis in IgAN patients. We reported the significance of different proportions of crescents on the clinical features and the cut-off value of crescents in predicting the occurrence of end-stage kidney disease (ESKD) in patients with IgAN.

Methods: We retrospectively analyzed biopsy-proven primary IgAN patients in Sichuan Provincial People’s Hospital from 2007 to 2019. The patients were divided into 5 groups on the basis of crescent proportion as follows: 0 (n = 647), < 10% (n = 221), 10 to 24% (n = 272), 25 to 49% (n = 80), and ≥50% (n = 22). The primary endpoint was defined as ESKD, and the secondary endpoint was the combined renal endpoint (≥50% reduction in eGFR or ESKD). A validation cohort of 346 patients were enrolled from Affiliated Hospital of Southwest Medical University. Cox regression model and Kaplan-Meier survival analysis were performed.

Results: A total of 1242 eligible patients with biopsy-proven IgAN were recorded in the database, compared with the non-crescent group, patients in the crescent group had lower levels of hemoglobin (Hb) and albumin (Alb), higher levels of blood urea nitrogen (BUN), 24h urinary protein and hematuria, a higher proportion of mesangial hypercellularity (M1), endocapillary hypercellularity (E1), segmental glomerulosclerosis (S1), and tubular atrophy/interstitial fibrosis (T1/T2) (p < 0.05). A higher crescent proportion was associated with lower levels of Hb, ALB, eGFR and serum IgG (p < 0.05), higher levels of SCr, BUN, increasing amounts of 24 h urinary protein, increasing proportion of M1 and E1, and increasing severity of interstitial inflammatory infiltration. During the median follow-up of 43 months (range 6-151), 63 individuals (7.0%) reached the primary outcome of ESKD and 99 patients (11.1%) reached the combined renal endpoint. 34(7.5%), 21 (13.3%), 24(12.2%), 14(21.5%) and 6(31.6%) patients reached the combined renal endpoint in the above five groups in crescents 0, <10%, 10∼24%, 25∼49% and ≥50%, respectively. A total of 274(62.6%) cases in the crescent group and 254 (55.7%) cases in the non-crescent group received immunosuppressive therapy. Multivariate Cox regression showed that crescents ≥50% was an independent risk factor for the progression of ESKD (p = 0.003) and crescents ≥25% was an independent risk factor for the combined renal endpoint(p < 0.001). The receiver operating characteristic curve showed that IgAN patients with crescents ≥43.7% had a higher risk of ESKD, even with immunosuppressants (Sensitivity = 75.7%,specificity = 89.6%,p < 0.001). This discovery cohort and the validation cohort further confirmed that patients with crescents <43.7% had better renal prognosis than those with crescents ≥43.7% in the whole group and those with immunosuppressants (p < 0.001).

Conclusion: IgAN patients with crescents had more severe clinicopathological features and poorer prognosis. Crescents ≥50% was an independent risk factor for the progression of ESKD and crescents ≥25% was an independent risk factor for ≥50% reduction in eGFR or ESKD in treated and untreated IgAN patients. Crescents ≥43.7% was an independent risk factor for ESKD in those with immunosuppressants.

Keywords: crescent, IgA nephropathy, clinical features, prognosis, ESKD


BACKGROUND

Immunoglobin A nephropathy (IgAN) is the most common primary glomerulonephritis in the world. There is considerable heterogeneity in clinicopathological features, rate of disease progression, and prognosis of different IgAN patients. The crescent formation is a common histopathological finding, occurring in approximately 20-60% of IgAN patients. In the original Oxford classification and validation studies for IgAN, the presence or absence of cellular/fibrocellular crescents was not included and crescents also were not considered as a significant predictive and prognostic factor (1). But there were some limitations to these studies, in which individuals with eGFR <30 ml/min/1.73 m2 or the rapid progression to end-stage kidney disease (ESKD) were excluded. However, other studies with less restrictive inclusion criteria found a linear relationship between the proportion of crescents and the proportion of IgAN patients with composite end-point events and crescents crescentic were independently related to renal survival. Based on these findings, crescents have been added to Oxford classification, updating to the MEST-C scores (2). According to the revised Oxford Classification, the crescent-score was defined as C0 (no crescents), C1 (crescents in at least 1 but < 25% of glomeruli), or C2 (crescents in at least 25% of glomeruli). There were 61% of patients with crescents <10%, which a multicenter study reported among IgAN patients with crescents (3). Similarly, another study found pathological findings in IgAN patients with the initial eGFR <30 ml/min/1.73 m2 had a median crescent of 10% (4). At present, it is widely recognized that crescentic IgAN (crescents involving more than 50% of glomeruli) is a risk factor for the prognosis of patients with IgAN and patients should receive intensive treatment, such as steroids or other immunosuppressive according to the origin Kidney Disease: Improving Global Outcomes (KDIGO) clinical guideline released in 2012 (5). Nevertheless, the prognosis and treatment of patients with crescents <50% is still uncertain (4, 6–14). The above contradictory conclusions suggest that the differences in race, research objects and the inclusion criteria may affect the predictive value of crescents in IgAN. More importantly, the cut-off value of crescents in predicting the occurrence of ESKD in patients with IgAN is also currently inconclusive.

Therefore, our study assessed the value of different proportions of crescents by comparing the clinicopathological features and prognosis of IgAN patients. Furthermore, we also explored the impact of immunosuppressive therapy on the prognosis of IgAN patients with crescents.



MATERIALS AND METHODS


Study Design


Patients

This is a single-center retrospective cohort study. Our research protocol was approved by the ethics committee of Sichuan Provincial People’s Hospital. There were 1242 biopsy-proven primary IgAN patients in Sichuan Provincial People’s Hospital from 2007 to 2019. The inclusion criteria were biopsy-proven primary IgAN and age ≥14 years old. Individuals with the number of glomeruli in renal biopsy less than 8, repeating renal biopsy, secondary IgAN caused by Henoch–Schönlein purpura, Sjogren’s syndrome or systemic lupus erythematosus and so on, loss of complete medical records, less than 6 months of follow-up were excluded. The end-point follow-up time was October 1, 2020. Subjects were divided into the crescent group and the non-crescent group based on the presence or absence of crescents. The crescent group was further divided into 4 subgroups based on the proportion of crescents involving glomeruli: <10%, 10∼24%, 25∼49% and ≥50%. To determine the risk factors for ESRD and test the prediction model of IgAN, we further included a validation cohort of 346 patients from Affiliated Hospital of Southwest Medical University (validation cohort; n = 346) during 2010 to 2019. The inclusion and exclusion criteria is consistent with our research.



Clinical and Laboratory Data at Biopsy

We collected data on individuals’ clinicopathological characteristics at the time of renal biopsy and during follow-up, including blood pressure (BP), serum creatinine (Scr), albumin (Alb), estimated glomerular filtration rate (eGFR), 24 h urine protein, urine red blood cell counts, the medication regimen and so on.



Renal Pathological Data at Biopsy

Renal biopsy samples from all patients were reviewed and scored by three experienced renal pathologists. The updated Oxford Classification (MEST-C) was used in this study (mesangial hypercellularity (M0/M1, <or equal to >50% of glomeruli with >4 mesangial cells/area); endocapillary hypercellularity (E0/E1, present/absent); segmental glomerulosclerosis (S0/S1, present/absent); tubular atrophy/interstitial fibrosis (T0/T1/T2, <25%, 25–50%, >50%) (1). A crescent was defined as extra-capillary lesions involving 25% of the glomerular circumference. The proportion of crescents (regardless of the component) was calculated according to the number of crescent affected glomeruli divided by the total number of glomeruli; cellular/fibrocellular/fibrous crescents were considered a component ratio.



Treatment and Renal Prognosis

During follow-up, subjects were divided into subgroups based on whether receiving immunosuppressive therapy: the immunosuppressive treatment group and the non-immunosuppressive treatment group. The primary outcome was ESKD, and the combined event was defined as either ESKD or ≥50% decline in eGFR.




Definitions

Estimated glomerular filtration rate was calculated by Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI). Mean arterial pressure was calculated as 1/3 systolic blood pressure + 2/3 diastolic blood pressure. Immunosuppressive therapy was defined as the use of any immunosuppressive agent, including glucocorticoid (GC), cyclophosphamide (CTX), mycophenolate mofetil (MMF), leflunomide (LEF), cyclosporin A (CsA), tacrolimus (FK506) or hydroxychloroquine (HCQ) and so on, regardless of drug dose and duration (15). Renin-angiotensin-aldosterone system inhibitor (RASi) was defined as any angiotensin-converting enzyme inhibitors (ACEI) or angiotensin II receptor blockers (ARB). ESKD was defined as eGFR <15 ml/min/1.73m2 or the initiation of renal replacement therapy or renal transplantation.



Statistical Analyses

SPSS 18.0 software was used for data analysis. Continuous variables that followed a normal distribution were expressed as mean ± standard deviation and compared using the t-test. Non-parametric variables were expressed as medians (interquartile ranges) and compared using the Mann–Whitney U test. Categorical variables were expressed as frequency (percentage) and compared using the chi-square test.

The cumulative survival rate was calculated by the Kaplan-Meier method. Univariate and multivariate Cox regression models were performed to analyze the prognosis of patients with different proportions of crescents by p-value [hazard ratio (HR) and 95% confidence interval (95% CI)]. The clinical and pathological factors with a p-value <0.1 on univariate analysis were included in the multivariable model. A p-value of less than 0.05 was regarded as statistically significant. Receiver operating characteristic (ROC) was used to analyze the diagnostic efficacy of crescents to predict the prognosis of IgAN patients treated with immunosuppressive therapy. We used the area under the curve (AUC) to analyze the relationship between the proportion of crescents and the prognosis of IgAN patients treated with immunosuppressive and calculated the cut-off value of crescents in predicting the occurrence of ESKD in patients with IgAN. Cox regression model and Kaplan-Meier survival analysis were performed in the validation cohort.




RESULTS


Demographic Characteristics

A total of 1242 eligible patients with biopsy-proven IgA nephropathy from 2007 to 2019 in Sichuan Provincial People’s Hospital were recorded in the database, of which 595 individuals (47.9%) had different proportions of crescents. The median crescent proportion was 12.5%. The percentage of patients with 0, <10%, 10∼24%, 24∼49% and ≥50% was 52.1% (647 cases), 17.8% (221 cases), 21.9% (272 cases), 6.4% (80 cases) and 1.8% (22 cases), respectively (Supplementary Figure 1). The flow chart of this study was shown in Figure 1.
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FIGURE 1. The flow chart of the enrolment of IgAN patients.




Comparisons of Baseline Clinical and Laboratory Variables

Compared with the non-crescent group, the crescent group had lower levels of hemoglobin (Hb) (p < 0.001) and albumin (Alb) (p < 0.001), higher levels of blood urea nitrogen (BUN) (p = 0.021), 24 h urinary protein (p < 0.001) and hematuria (p < 0.001), a higher ratio of gross hematuria (p = 0.03). There was no significant difference in SCr between the two groups, but it showed an upward trend in patients in the crescent group [85.70 (61.91-21.40) μmol/L vs. 80.80 (59.95-115.63) μmol/L, p = 0.098] (Supplementary Table 1).

Pathological characteristics of IgAN patients with and without crescents were detailed in Supplementary Table 2. The immunofluorescence findings showed that C3 deposition was more significant in renal tissue of patients with crescents than that without crescents; however, there was no significant difference in IgA, IgG, and IgM deposition between the two groups. The pathological manifestations of patients in the crescent group were severer, including the increase of the proportion of M1, E1, S1, T1 and T2, and the aggravation of interstitial inflammatory infiltration (p < 0.05).

We further compared baseline characteristics of four subgroups of IgAN with crescents, as shown in Table 1. A higher crescent proportion was associated with lower levels of Hb, ALB, eGFR and serum IgG (p < 0.05), higher levels of SCr, BUN and increasing amounts of 24 h urinary protein. With the increasing ratio of crescents, patients were more prone to acute kidney injury (AKI), especially in the group with crescents ≥50, which was significantly higher than that in other groups.


TABLE 1. Baseline characteristics of IgAN patients with different proportions of crescents.

[image: Table 1]
There was no significant difference in the expression of IgA, IgG, IgM, and C3 in renal tissue between different proportions of crescent subgroups (Table 2). Light microscopy findings showed that a higher crescent proportion was associated with increasing proportion of M1, E1, and increasing severity of interstitial inflammatory infiltration.


TABLE 2. Pathological characteristics of IgAN patients with different proportions of crescents.
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Immunosuppressive and/or Renin-Angiotensin-Aldosterone System Inhibitor Therapy

A total of 894 cases were included in the following study, among which, there were 254 of 456 cases (55.7%) treated with immunosuppressive therapy in the non-crescent group and 274 of 438 cases (62.6%) received immunosuppressive therapy in the crescent group. With the increasing ratio of crescents, the proportion of patients who received immunosuppressive therapy also increased (p < 0.001). In this cohort, we found no significant difference in the proportion of individuals treated with RASi among the groups (Table 3).


TABLE 3. During follow-up patients with or without immunosuppression and RASi.
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Prognosis

After an average follow-up of 43 months (range 6-151 months), 99 patients (11.1%) reached the combined renal endpoint, of which 63 patients (7.0%) experienced ESKD, 36 patients (4.0%) experienced a ≥50% reduction in eGFR. 21 (13.3%) cases with crescents <10%, 24 (12.2%) cases with crescents 10∼24%, 14 (21.5%) cases with crescents 25∼49% and 6 (31.6%) cases with crescents ≥50% reached combined end point, respectively. In the non-crescent group, 34 (7.5%) cases reached the combined renal endpoint.

In the discovery cohort, we used univariate Cox regression to analyze the factors affecting renal outcomes in IgAN patients (Supplementary Table 3). The results showed that age, SCr, UA, BUN, 24 h urinary protein, serum IgA, M1, S1, T1, T2, global glomerulosclerosis, crescents and interstitial inflammatory infiltration were related to the development of combined renal endpoint. The above factors were analyzed by multivariate analysis through COX proportional hazard regression model (Table 4). The results showed that MAP, SCr, 24 h urinary protein, serum IgA, T1, T2, crescents ≥50% and global glomerulosclerosis were independent risk factors for ESKD and composite renal outcomes in IgAN patients. We also compared combined events in treated versus untreated individuals using multivariate analysis through COX proportional hazard regression model (Table 5). The results showed that crescent ≥25% was an independent risk factor for combined renal outcomes in IgAN patients with immunosuppressive therapy and any proportion of crescents was an independent risk factor for poor prognosis in IgAN patients. Kaplan Meier survival curve was used to analyze the effect of immunosuppressive therapy on the renal survival rate of IgAN patients with or without crescents (Figure 2). The results showed that, for patients treated with immunosuppressive therapy, the 5-year renal survival rate was 86.2% in the crescent group. For patients without immunosuppressive therapy, there were 84.5 and 92.2% individuals in the crescent group and non-crescent group, respectively. There was no significant difference in renal survival among the three groups. However, for patients without immunosuppressive therapy, the 100-month renal survival rate in the non-crescent group was higher than that in the crescent group [59.2 vs. 75.8%, p < 0.05].


TABLE 4. Multivariate analysis of clinical and pathological factors for the combined events.
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TABLE 5. Analysis of immunosuppressive therapy in subgroups of the crescents group.
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FIGURE 2. Kaplan Meier survival curve of IgAN patients with or without crescents.


We drew a ROC curve to analyze the diagnostic efficacy of crescents to predict the prognosis of IgAN patients treated with immunosuppressants (Figure 3). AUC under ROC curve was 0.899 (95% CI = 0.845-0.959, p < 0.001). The cut-off value of the proportion of crescents in predicting the occurrence of ESKD in IgAN patients calculated by the Youden Index was 43.7% (Sensitivity = 75.7%,specificity = 89.6%, p < 0.001). The prognosis of IgAN patients with crescent ≥43.7% was still poor, even after receiving immunosuppressive therapy.


[image: image]

FIGURE 3. Sensitivity and specificity of crescents in predicting the occurrence of ESKD in IgAN patients.


We further compared the risk of ESKD associated with crescents ≥43.7% in our whole cohort and within subgroups treated with immunosuppressants in Figure 4. Patients with crescents <43.7% had better renal prognosis than those with crescents ≥43.7% (p < 0.001), supporting the predictive value of 43.7% in IgA patients with or without immunosuppressive therapy.
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FIGURE 4. Cumulative renal survival rate from (A): ESRD (B): ESRD or 50% reduction in eGFR in 894 cases of IgAN patients. Cumulative renal survival rate from (C): ESRD (D): ESRD or 50% reduction in eGFR in 529 cases of IgAN patients treated with immunosuppressants.




Validation of Prediction Model

To determine the risk factors and test the prediction model of crescentic IgAN, we further confirmed the above results in a validation cohort of 346 patients from Affiliated Hospital of Southwest Medical University. Comparison of baseline characteristics of IgAN patients in this discovery cohort and validation cohort was shown in Supplementary Table 4. On multivariate cox regression analyses in the validation cohort, glomerular sclerosis (p < 0.001), crescents (p < 0.001), and serum Creatinine (p < 0.001) were risk factors for the development of ESRD. As shown in Figure 5, after adjusted for proteinuria, eGFR, blood pressure, Oxford-MEST score, patients with crescents <43.7% had better renal prognosis than those with crescents ≥43.7% in the whole group and those with immunosuppressants(p < 0.001).
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FIGURE 5. Cumulative renal survival rate from (A): ESRD (B): ESRD or 50% reduction in eGFR in 346 cases of IgAN patients from validation Cohort. Cumulative renal survival rate from (C): ESRD (D): ESRD or 50% reduction in eGFR in 206 cases of IgAN patients treated with immunosuppressants from validation Cohort.





DISCUSSION

Although the origin Oxford classification for IgAN has been extended to the MEST-C scores, the impact of the crescents on the poor outcomes in IgAN patients is still uncertain, especially for the proportion of crescent below 50%, and the threshold of crescent proportion for predicting poor prognosis of IgAN is also controversial. The crescent score wasn’t included in the International IgAN Prediction Tool recommended for quantifying the risk of IgAN progression. Furthermore, a multicentre study from China found that the presence of crescents was not a predictor of poor prognosis in IgAN patients (9), which excluded individuals with eGFR<30 ml/min/1.73m2 and 24 h urinary protein <0.5 g/24 h. Therefore, our study aimed to evaluate the value of different proportions of crescents (including crescent below 50%) by comparing the clinicopathological features and prognosis of IgAN patients including those with rapid progression renal function.

The glomerular crescent is a histomorphological indicator of a rupture of glomerular capillaries, which is related to various clinical manifestations, such as blood pressure, SCr, 24-h urinary protein, anemia and so on. Our study confirmed that the baseline clinical and pathological indicators were more severe with the increase of the proportion of crescent, which was similar to the results of other cohort studies (15–17). Crescents formation leads to fading of eGFR by increasing counter pressure and collapse of the glomerular tuft or by obstructing the tubular outflow (18). A multicenter study showed that the blood pressure of IgAN patients in group C2 was higher than that of C0 and C1 (15). However, there was no significant difference in MAP between the -crescent and the none-crescent group, in our study. The possible reason for this result is that we did not exclude patients who had received RASi before enrolment.

Our current report represents the largest cohort to date to investigate the effect of different proportions of crescents on the clinical outcomes of IgAN patients. In our study, after adjusting clinical and pathological factors, we showed crescents ≥50% was associated with the progression of IgAN patients to ESKD, and crescents ≥25% was an independent risk factor for combined renal outcomes, consistent with previous reports. Moreover, we found that among patients without immunosuppressive therapy, there was no significant difference in baseline SCr between patients with crescents and without crescents, but the former’s long-term renal survival rate was significantly lower. The results of another retrospective analysis also supported our conclusions (13). Similarly, this study showed that, after adjusting for age, gender, 24 h urinary protein and baseline SCr, the presence of crescents was independently associated with composite point events (doubling of baseline SCr or ESKD or death). Research at home and abroad shows that the value of crescents in predicting renal function progression is inconsistent in IgAN patients. On the one hand, it is considered that race, geographical distribution, inclusion criteria may affect the predictive value of crescents on the progression of IgAN. On the other hand, calculating the percentage of crescents is not a precise method, because it is affected by the size of the biopsy sample and the number of histologic sections examined (13). In addition, our baseline data analysis showed that the patients with crescents <10% were 37.1%. In fact, it’s easy to ignore the crescent lesion in these patients, especially for those without severe renal function injury. Therefore, clinicians should pay more attention to the crescent lesion, even if the proportion of crescents is less than 10%, and early treatment can effectively delay the progression and improve the prognosis of IgAN.

According to the origin KDIGO clinical guideline released in 2012 (5), IgAN patients with crescentic IgAN were recommended to receive more intensive treatment, such as GC or other immunosuppressive. However, for IgAN patients with crescents < 50%, the specific treatment of these patients was still unclear. Additionally, with reference to the 2021 edition “KDIGO 2021 Clinical Practice Guideline for the Management of Glomerular Diseases,” it pointed out that there was insufficient evidence to make treatment decisions based on the presence and number of crescents in renal biopsy (19). Our study showed that IgAN patients with crescents received more intensive treatment. In these patients, crescents <25% was not an independent risk factor for poor prognosis. However, for IgAN patients without immunosuppressive therapy, any proportion of crescents was a predictor of composite renal outcome. Therefore, immunosuppressive therapy may delay the progression and improve the prognosis of IgAN, which was similar to the conclusion of Haas (3).

This discovery cohort and the validation cohort both confirmed that patients with crescents <43.7% had better renal prognosis than those with crescents 43.7% in the whole group and those with immunosuppressants (p < 0.001). Based on the above conclusions, we speculated that immunosuppressive therapy may delay the occurrence of composite renal outcomes, and patients with crescents ≥43.7% may still have a poor prognosis, even with intensive immunosuppressive therapy. Therefore, it’s important to perform a renal biopsy as early as possible in patients with suspected IgA nephropathy.

There were some limitations to this study. Firstly, as a retrospective study, we didn’t describe the kinds of immunosuppressive, drug doses and duration of treatment in detail. Secondly, this was a single-center retrospective observational analysis, it was difficult to control for all factors that may affect renal survivorship. We hope to perform multicenter prospective research with a large sample size to further verify this conclusion.



CONCLUSION

Immunoglobin A nephropathy patients with crescents had more severe clinicopathological features and poorer prognosis. Crescents ≥50% was an independent risk factor for the progression of ESKD and crescents ≥25% was an independent risk factor for ≥50% reduction in eGFR or ESKD in treated and untreated IgAN patients. Crescents ≥43.7% was an independent risk factor for ESKD in those with immunosuppressants.
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Background and Aim: Vascular function is associated with an increased risk of cardiovascular events in patients with chronic kidney disease (CKD). Whether exercise improves vascular function in such patients remains controversial. This study aimed to conduct a meta-analysis on the effect of exercise training on the vascular function of patients with CKD.

Methods: Embase, the Cochrane Central Register of Controlled Trials, and Medline were searched from inception until November 15, 2021. The terms exercise, CKD, dialysis, kidney transplant, and randomized controlled trial (RCT) were searched alone or in combination. RCTs were included when studies compared exercise with active control, usual care, or no intervention, and the studies reported vascular function on patients with CKD.

Results: This meta-analysis included 18 RCTs with 817 patients. Exercise training was significantly associated with decreased pulse wave velocity weighted mean difference (WMD), −0.56; 95% confidence interval (CI), −1.02 to −0.09, P = 0.02 and augmentation index (WMD, −3.26; 95% CI, −5.46 to −1.05, P = 0.004). It was also significantly associated with improved peak VO2 (WMD, 2.64; 95% CI, 1.94–3.35, P < 0.00001), general health (WMD, 7.03; 95% CI, 0.65–13.42, P = 0.03), and vitality (WMD, 9.1; 95% CI, 2.50–15.69, P = 0.007).

Conclusions: The meta-analysis suggested that exercise training improved vascular function in patients with CKD. An exercise program should be considered as one of the management strategies for vascular dysfunction in patients with CKD. Further studies are needed to demonstrate that exercise training improves cardiovascular diseases in patients with CKD.

Keywords: chronic kidney disease, dialysis, exercise, vascular function, meta-analysis


INTRODUCTION

The increasing number of patients with chronic kidney disease (CKD) poses a challenge to health care. More than 15% of American adults or 37 million people were estimated to have CKD in 2021 based on data from the Centers for Disease Control and Prevention. Patients with CKD are twice more likely to develop cardiovascular disease (CVD). CVD remains the leading cause of mortality in patients with CKD (1). The increased arterial stiffness is one of the major factors contributing to CVD in such patients. The mechanisms that lead to the arterial disease in CKD include endothelial dysfunction, disorders of nitric oxide metabolism, vascular calcification, and elevation of the levels of pro-inflammatory cytokines (2–4). The complicated mechanisms explain why the treatment focusing on a single risk factor cannot achieve satisfactory outcomes. Previous studies showed that aortic stiffness and carotid stiffness are strongly associated with CVD in patients with CKD (5, 6). Therefore, improving vascular function might bring benefits to these patients.

The safety of exercise training is questioned in patients with CKD because renal perfusion is reduced and proteinuria is more severe in some cases during exercise (7). However, studies also proved the benefits of exercise in patients with CKD. The studies demonstrated that voluntary exercise was an effective therapy to improve endothelial function in rats with CKD (8, 9). In addition, exercise training was shown to improve endothelial function, physical function, inflammatory status, hypertension, nitric oxide availability, and lipid metabolism disorders (10, 11).

Some studies were conducted to assess the effect of exercise on arterial stiffness in patients with CKD. However, most of the studies were non-randomized controlled trials (RCTs), the sample sizes were small, and the results were inconsistent. Therefore, the conclusion was not convincing. Given the lack of high-quality evidence on the effects of exercise on the vascular function of patients with CKD, we conducted a meta-analysis of randomized trials to assess the effect of exercise on the vascular function of such patients.



METHODS


Methods and Search Strategy

The meta-analysis was performed and reported following Preferred Reporting Items for Systematic Reviews and Meta-analysis (12). The study protocol was registered in the International Prospective Register of Systematic Reviews; registration number: CRD42021283470. Studies were searched in the following databases; Medline, Cochrane Trials, and Embase. The search deadline was November, 12, 2021. The details of the search strategy and terms are presented in Supplementary Table 1. In addition, clinical trial registries and references of similar clinical studies, as well as review articles or systemic reviews on a similar topic, were reviewed to search for potentially relevant studies.



Data Sources and Study Selection

Two independent reviewers (H.W, and D.P.X) evaluated the titles and abstracts and screened the full-text versions of the relevant trials. Disagreements were resolved by consensus between the reviewers, and if necessary, by consulting with other reviewers. The studies were considered for inclusion if they compared exercise with active control, usual care, or no intervention, or they were randomized trials and reported the vascular function in patients with CKD. The flow diagram of study selection is outlined in Figure 1.


[image: Figure 1]
FIGURE 1. Flow of the search strategy and included studies.




Inclusion and Exclusion Criteria

Patients with CKD, including non-dialysis and dialysis, or patients with kidney transplants were included in the study. The outcome should include indices of vascular function, pulse wave velocity (PWV), or augmentation index. All RCTs that compared exercise with control in managing patients with CKD were also included. This review focused on exercise training. Non-exercise management, such as electrical stimulation and water-based therapy, were excluded. The exercise training included aerobic exercises (such as walking, and cycling on a treadmill, ergometer, or elliptical machine) or resistance training (such as lifting or suppressing the muscle groups). Trials were excluded if they were case reports, comments, letters, or reviews.



Data Extraction and Quality Assessment

The data on the characteristics of methods, participants, interventions, and outcomes were extracted by two independent reviewers. The Cochrane risk-of-bias tool was used to assess the included trials. It contained the following criteria: selection bias, performance and detection bias, attrition bias, reporting bias, and other sources of bias. Two independent reviewers performed the assessment. The third author resolved the discrepancies. The corresponding authors were responsible for obtaining missing information and unpublished data.



Data Synthesis and Analysis

The primary outcome was defined as the changes in vascular function, including PWV or augmentation index from baseline to the end of treatment. The changes in peak VO2, health-related quality of life (HRQoL), blood pressure, and C-reactive protein (CRP) level were regarded as the secondary outcomes. If clinical outcomes were measured more than once in a study, we selected the data reported the last time. Data reported as median, interquartile range, 95% confidence interval (CI), or standard error were converted into mean and standard deviation (SD) using the formula (13, 14). We assessed effect size by weighted mean differences (WMDs) for continuous outcomes. The CI was 95%. We assessed heterogeneity with I2 statistics. An I2 value <25%, between 25 and 50%, and >75% indicated a low degree of heterogeneity, a moderate degree of heterogeneity, and significant heterogeneity, respectively (15). If the results were not significantly heterogeneous, a fixed-effects model was used. If the results were significantly heterogeneous, a random-effects model was used. The possibility of publication bias for the primary outcome was evaluated using the Egger test and the visual estimate of funnel plot. Sensitivity analyses were conducted by outlier identification and influence analysis using Stata 15. The subgroup analyses were performed based on the duration of the intervention. Exercise training lasting <6 months was defined as short term, while the training lasting ≥6 months was defined as long term. The data were assessed using Review Manager, version 5.3 (Oxford, UK).




RESULTS


Literature Selection and Study Characteristics

We identified 521 relevant studies or abstracts by the initial search. After removing 63 duplicates and 368 studies by screening the titles and abstracts, 90 full-text studies were further reviewed in detail. Two articles were considered as the same study for the analyses (16, 17). One study was removed for combining exercise with other lifestyle interventions (18). Finally, 18 studies were included in this meta-analysis.

The summary characteristics of studies included in the meta-analysis are shown in Table 1. All studies were RCTs, enrolling 817 patients. The sample size ranged from 12 to 156 patients, mean sample size of 45 (SD 37). A total of 7 trials (19–24) and NCT03197038 included pre-dialysis patients with CKD, 10 trials included dialysis patients (25–33), and 2 trials included kidney transplant patients (17, 34). Participants received aerobic training in these trials and NCT0319703, resistance training in these trials (17), and both aerobic and resistance trainings in these trials (22, 34). Most of the trials had an exercise frequency of three to four times per week; exercise was performed daily in only one trial (23). The exercise duration varied from 10 to 65 min as can be seen in references (23) and (29), respectively, in each session; only one trial did not report the exercise duration (27). The duration of exercise management was from 2.5 months to 12 months. Two trials contributed to two comparator categories (17, 26). One trial was a cross-over study (25).


Table 1. Basic characteristics of subjects and treatments of trials.
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Risk-of-Bias Assessment

All studies were randomized trials included in this meta-analysis. Among these studies, 12 trials (17, 19, 21–26, 28, 31, 32, 34) reported the concrete randomization methods. The performance bias was considered as high risk in all trials because it was impossible to blind the participants and researches for the exercise training. The intention-to-treat approach was employed in these trials (19, 29, 33). The risk-of-bias assessments are presented in Figure 2 in the supplement.


[image: Figure 2]
FIGURE 2. Risk of bias graph of included studies.




Primary Outcome: PWV and Augmentation Index

A total of 17 trials (17, 20–34) and NCT03197038 were included in the meta-analysis for PWV between the two groups. The result showed that exercise training significantly decreased PWV in patients with CKD (WMD, −0.56; 95% CI, −1.02 to −0.09, P = 0.02, without significant heterogeneity; P = 0.005, I2 = 52%, Figure 3).


[image: Figure 3]
FIGURE 3. Forest plot of exercise training on PWV.


The augmentation index was measured in 11 trials (19–21, 23–27, 29, 30) and NCT03197038. The pooled result showed that exercise training significantly decreased the augmentation index (WMD, −3.26; 95% CI, −5.46 to −1.05, P = 0.004; without heterogeneity: P = 0.90, I2 = 0%, Figure 4).


[image: Figure 4]
FIGURE 4. Forest plot of exercise training on augmentation index.




Secondary Outcome: Peak VO2, CRP, Blood Pressure, and HRQoL

Peak VO2 was compared in 10 trials (17, 19, 21–24, 28, 31, 32, 34). It significantly increased in the exercise training group compared with the usual control group (WMD, 2.64; 95% CI, 1.94–3.35, P < 0.00001; without heterogeneity: P = 0.24, I2 = 22%, Figure 5).


[image: Figure 5]
FIGURE 5. Forest plot of exercise training on peak VO2.


The blood pressure was compared in 11 trials (17, 21–28, 30, 33). the exercise training had no effect on either systolic blood pressure (WMD, −0.70; 95% CI, −4.28 to 2.87, P = 0.70; without heterogeneity: P = 0.87, I2 = 0%, Supplementary Figure 1) or diastolic blood pressure (WMD, −0.55; 95% CI, −2.83 to 1.74, P = 0.64; without heterogeneity: P = 0.84, I2 = 0%, Supplementary Figure 2).

CRP was compared in seven trials (17, 21, 23, 25, 29–31). The exercise training had no effect on the levels of CRP (WMD, −0.09; 95% CI, −0.26 to 0.09, P = 0.33; without heterogeneity: P = 0.57, I2 = 0%, Supplementary Figure 3).

HRQoL was compared in four trials (19, 21, 23, 26), including vitality, general health, social function pain, and mental health. No significant difference in mental health was found between the training and control groups (WMD, 1.09; 95% CI, −4.21 to 6.4, P = 0.69; without heterogeneity: P = 0.31, I2 = 16%, Supplementary Figure 4), social function (WMD, 4.08; 95% CI, −2.52 to 10.69, P = 0.23; without heterogeneity: P = 0.88, I2 = 0%, Supplementary Figure 5). However, exercising training improved general health (WMD, 7.03; 95% CI, 0.65–13.42, P = 0.03; without heterogeneity: P = 0.75, I2 = 0%, Supplementary Figure 6) and vitality (WMD, 9.1; 95% CI, 2.50–15.69, P = 0.007; without heterogeneity: P = 0.91, I2 = 0%, Supplementary Figure 7).



Subgroup Analysis

The subgroup analysis revealed that PWV was significantly lower in patients with short-term exercise training and without heterogeneity (Supplementary Figure 8). However, no difference was observed between the long-term exercise training group and the control group in patients with significant heterogeneity (Supplementary Figure 8).



Adverse Events

Among the studies, nine trials (17, 19, 22, 24–28, 31, 34) reported no adverse events with exercise. Two trials (31, 32) reported no difference in adverse events between exercise training groups and control group. One trial (33) reported that the exercise training groups had more adverse events than the control group; the adverse events were judged to have no relationship with exercise. The study by Graham-Brown et al. (33) reported two deaths in each group, while Greenwood et al. (32) reported three deaths in the exercise training group and four deaths in the control group.



Sensitivity Analysis and Publication Bias

The sensitivity analysis was performed by leave-one-out analysis in the primary outcomes. The leave-one-out analysis showed that the pooled result and heterogeneity had no significant change in PWV (Figure 6) and augmentation index (Figure 7).


[image: Figure 6]
FIGURE 6. Leave-one-out forest plot for the PWV.



[image: Figure 7]
FIGURE 7. Leave-one-out forest plot for the augmentation index.


The funnel plot analysis showed the symmetry in Figure 8, and the Egger test (P > 0.05) did not detect the significant publication bias for the augmentation index. However, the funnel plot analysis showed some asymmetry in Figure 9, and the Egger test (P < 0.05) detected the publication bias for PWV.


[image: Figure 8]
FIGURE 8. Funnel plot for augmentation index.



[image: Figure 9]
FIGURE 9. Funnel plot for PWV.





DISCUSSION

This meta-analysis involved 18 trials with 817 patients and showed that exercise training was significantly associated with reduced arterial stiffness evidenced by decreased PWV and augmentation index. In addition, exercise training was associated with improved peak VO2, general health, and vitality. However, no association of exercise training with improved CRP, mental health, and social function was found in this meta-analysis. Finally, this meta-analysis found no association between exercise training and adverse events.

Vascular stiffness is common in patients with CKD, and worsens as kidney function declines (35). The calcification of arteries is associated with vascular stiffness, which is an independent risk factor for CVD (36). PWV is the most widely used parameter for assessing arterial stiffness; it has become a useful method for diagnosis, risk stratification, and prognosis of cardiovascular diseases (37). It has been demonstrated to be associated with cardiovascular and all-cause mortality in patients with end-stage renal disease (ESRD) (38). Blacher et al. demonstrated an increase of 1 m/s in PWV in patients with ESRD, while the all-cause mortality increased by 1.39 times (6). The augmentation index is another useful tool to reflect the arterial stiffness and predict cardiovascular outcomes (39, 40). London et al. provided direct evidence that an increased effect of augmentation index was a predictor of all-cause and cardiovascular mortality in patients with CKD (41). Therefore, PWV and augmentation index were considered as the primary outcomes in this meta-analysis. Although PWV and augmentation index are independent predictors of cardiovascular events, they are affected by different factors. PWV might be affected by blood pressure, distensibility of the arterial wall, and peripheral vascular resistance, while augmentation index might be affected by ventricular ejection and heart rate (42, 43). This meta-analysis had similar results, showing that exercise training reduced PWV and augmentation index, which made the conclusion of this meta-analysis more convincing. In these non-RCTs, the results showed that exercise improved vascular function, as evidenced by improved flow-mediated dilation (44, 45), which were consistent with our results.

Several meta-analyses assessed the effect of exercise on patients with CKD. However, these studies focused on aerobic capacity, muscular function, or health-related quality of life. No meta-analysis study focused on the effect of exercise on arterial stiffness in patients with CKD. In 2014, a meta-analysis included 928 patients with CKD. It found that exercise improved aerobic capacity, muscular function, and health-related quality of life (46). In 2019, similar meta-analyses found that aerobic exercise improved aerobic capacity, exercise duration, and health-related quality of life (47, 48) in patients with CKD and those undergoing hemodialysis. In 2019, a meta-analysis helped reinforce our findings. The review found that exercise improved PWV; however, only two trials were included (49).

Considering limited data on patients with CKD in terms of the benefits and risks of exercise interventions, the Kidney Disease Improving Global Outcomes (KDIGO) guideline followed the guideline of the American Heart Association (AHA), in which exercise was suggested for preventing cardiovascular diseases in patients with CKD. This meta-analysis provided a rationale for the KDIGO and AHA recommendation of exercise in the management strategy for cardiovascular diseases in patients with CKD. These findings indicated that three to four times of aerobic exercise was appropriate for such patients. However, the optimal duration of exercise each time and the beginning exercise of the CKD stage to achieve maximal benefits remain unknown. Further trials are needed to examine the suitable duration and type of exercise with a personalized condition for patients with CKD who are more likely to adhere and achieve benefit.


Limitations

This review had some limitations. First, we observed moderate levels of heterogeneity in PWV using I2 statistics. We further conducted subgroups analysis to reduce heterogeneity based on the duration of exercise training. The heterogeneity of PWV decreased significantly in short-term exercise training; however, the heterogeneity of PWV was even higher in long-term exercise training, which might be the main reason for the reverse outcome. We were unable to use more meaningful subgroups to reduce heterogeneity for PWV. Second, although we conducted a comprehensive search of clinical trial registries and literature to reduce the risk of missing any study, an asymmetry funnel plot and Egger test detected publication bias. The potential sources of publication bias might include selective outcome reporting, English language bias, and differences in methodological quality among trials (50). Third, we did not evaluate the important covariates, such as the association of age with the primary outcomes, due to the low number of trials to conduct a convincing meta-regression. Fourth, this meta-analysis found that exercise training reduced arterial stiffness. However, we did not compare the effects of aerobic exercise training and resistance exercise training on these patients due to the low number of trials.




CONCLUSIONS

The meta-analysis suggested that exercise training improved vascular function in patients with CKD. An exercise program should be considered as one of the management strategies for vascular dysfunction in patients with CKD. Further studies are needed to demonstrate that exercise training improves CVD in patients with CKD.
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Background: We aimed to evaluate soluble Klotho and circulating fibroblast growth factor 23 (FGF23) ratio as a risk factor for renal progression, cardiovascular (CV) events, and mortality in chronic kidney disease (CKD).

Methods: We analyzed 2,099 subjects from a CKD cohort whose soluble Klotho and C-terminal FGF23 levels were measured at enrollment. The Klotho to FGF23 ratio was calculated as Klotho values divided by FGF23 values + 1 (hereinafter called the Klotho/FGF23 ratio). Participants were categorized into quartiles according to Klotho/FGF23 ratio. The primary outcome was renal events, defined as the doubling of serum creatinine, 50% reduction of estimated glomerular filtration rate from the baseline values, or development of end-stage kidney disease. The secondary outcomes consisted of CV events and death. Changes in CV parameters at the time of enrollment and during follow-up according to the Klotho/FGF23 ratio were also examined.

Results: During the follow-up period of 64.0 ± 28.2 months, 735 (35.1%) and 273 (13.0%) subjects developed renal events and composite outcomes of CV events and death, respectively. After adjustment, the first (HR: 1.36; 95% CI: 1.08–1.72, P = 0.010) and second (HR: 1.45; 95% CI: 1.15–1.83, P = 0.002) quartiles with regard to the Klotho/FGF23 ratio showed elevated risk of renal events as compared to the fourth quartile group. There was no significant association between Klotho/FGF23 ratio and the composite outcome of CV events and death. The prevalence of left ventricular hypertrophy and vascular calcification was higher in the low Klotho/FGF23 ratio quartiles at baseline and at the fourth-year follow-up.

Conclusions: Low Klotho/FGF23 ratio was significantly associated with increased renal events in the cohort of Korean predialysis CKD patients.
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INTRODUCTION

Klotho and fibroblast growth factor 23 (FGF23) are early laboratory parameters of chronic kidney disease (CKD)-mineral bone disorder (MBD), and the Klotho/FGF23 axis plays an important role in this disorder (1, 2). Klotho, which is an anti-aging protein, is closely associated with CKD, since the kidney is the major organ for the production of Klotho, and CKD is known to be a Klotho-deficient state (3, 4). FGF23 is a phosphorus-regulating protein secreted by bone cells, and serum FGF23 level increases as kidney function declines (5, 6). In most previous studies, low soluble Klotho levels were associated with increased adverse kidney outcomes (7). Among CKD patients, the subjects with lower serum Klotho levels (lower than median: ≤396.3 pg/mL) exhibited poorer outcomes [doubling serum creatinine, end stage kidney disease (ESKD), or death] than those with higher levels (8). A community-based elderly cohort study showed that higher soluble Klotho level was independently associated with a lower risk of decline in kidney function, defined as eGFR decline ≥30% or eGFR decline >3 ml/min per year (9). However, there was also a study in which soluble Klotho was not related to kidney function and did not predict adverse outcomes in CKD patients (10). In addition, previous studies showed that both C-terminal and intact FGF23 independently predicted the progression of CKD after adjustment for multiple factors in patients with non-diabetic CKD (11). Higher FGF23 levels were likely associated with coronary calcification (12, 13) and all-cause mortality in CKD (12).

FGF23 binds to Klotho and FGF receptors to exert its physiological effects on traditional, on-target organs, such as the kidney and parathyroid glands, thereby regulating phosphate homeostasis and mineral metabolism. Recently, it has been shown that FGF23 could also target cell types that lack Klotho. In CKD patients, excess FGF23 also exerts Klotho-independent effects on non-traditional, off-target organs, such as the heart, cells of the immune system, and the liver (14). The off-target effect is activated at high FGF23 concentrations and may cause pathologic cellular changes, leading to poor outcomes in CKD patients (15). Therefore, it is meaningful to examine the effects of the relative ratio of Klotho and FGF23 on the outcome of CKD patients, rather than investigating Klotho and FGF23 individually. High FGF23 is associated with greater risks of severe inflammation (16, 17), and chronic inflammation is involved in renal progression (18). Therefore, FGF23 may affect renal progression in CKD patients. There is little data on the long-term clinical outcomes of Klotho/FGF23 together in CKD patients. Therefore, we aimed to investigate the association between the Klotho/FGF23 ratio and renal progression, all-cause mortality, and CV outcomes in CKD patients including all CKD stages, using data from a large-scale Korean CKD cohort. Changes in CV parameters at the time of enrollment and during follow-up according to the Klotho/FGF23 ratio were also examined.



METHODS


Study Design and Population

The KoreaN Cohort Study for Outcomes in Patients With Chronic Kidney Disease (KNOW-CKD) was a multicenter prospective cohort study in Korea that enrolled subjects with CKD stages 1 to 5 (predialysis) from nine university-affiliated hospitals. The detailed study methods and design of the KNOW-CKD have been described previously (19). Among the 2,238 participants enrolled in the KNOW-CKD between 2011 and 2016, 2,099 subjects whose serum Klotho and FGF23 levels were obtained at enrollment were included in the analysis. The study protocol was approved in 2011 by the ethical committee of each participating clinical center and by the institutional review boards of Seoul National University Hospital (1104-089-359), Yonsei University Severance Hospital (4-2011-0163), Seoul St. Mary's Hospital (KC11OIMI0441), Seoul National University Bundang Hospital (B-1106/129-008), Kangbuk Samsung Medical Center (2011-01-076), Gil Hospital (GIRBA2553), Eulji General Hospital (201105-01), Chonnam National University Hospital (CNUH-2011-092), and Pusan Paik Hospital (11-091). All study subjects provided written informed consent. The study protocol followed the principles of the Declaration of Helsinki.



Clinical Data Collection and Laboratory Measurements

Baseline demographic characteristics such as age, sex, body mass index (BMI), comorbidities, cause of CKD, and laboratory parameters at enrollment were extracted from an electronic data management system (http://www.phactax.org) with assistance from the Division of Data Management at the Seoul National University Medical Research Collaborating Center. Patients with a history of diabetes mellitus (DM), a fasting serum glucose ≥126 mg/dL, or those on anti-diabetic medication were considered to have DM. Patients with a history of hypertension (HTN), a systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg, or those on antihypertensive drugs were considered to have HTN. Patients considered to have CV disease were those with a history of coronary artery disease, cerebrovascular disease, congestive heart failure, arrhythmia, or peripheral vascular disease. The following laboratory variables were measured using a ≥8-h fasting blood sample at each participating center: hemoglobin, uric acid, albumin, total cholesterol, C-reactive protein, phosphorus, calcium, and intact parathyroid hormone (PTH). Serum creatinine was measured at a central laboratory (Lab Genomics, Korea) using an isotope dilution mass spectrometry-traceable method (20). The estimated glomerular filtration rate (eGFR) was determined using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine equation (21). CKD stages were defined according to the Kidney Disease: Improving Global Outcomes guidelines (22). Second voided or random urine samples were immediately sent to a central laboratory to measure urine creatinine and protein levels. The urinary protein excretion was quantified using the random urinary protein-to-creatinine ratio (UPCR, g/g). Alcohol consumption pattern was investigated: non-drinker, occasional drinker (<6 standard drinks/week), regular drinker (≥6 standard drinks/week), moderate drinker (<5 standard drinks/occasion and no alcohol-related problem within the past year), binge drinker [≥5 standard drinks/occasion (23) or the presence of an alcohol-related problem within the past year]. Physical activity was measured using the Korean form of the International Physical Activity Questionnaire (24, 25). Health-enhancing physical activity was defined as achieving at least 150 min/week of moderate-intensity physical activity, 75 min/week of vigorous-intensity physical activity, or an equivalent combination of moderate-vigorous physical activity (MVPA) (26). Frequency of MVPA per week was also investigated.



Klotho and FGF23 Measurement

The serum α-Klotho level was measured using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Immuno-Biological Laboratories Co., Gunma, Japan) according to the manufacturer's protocol. The intra-assay and inter-assay coefficients of variation were 2.7–3.5% (Klotho levels: 186.64–2,968.78 pg/mL) and 2.9–11.4% (Klotho levels: 165.47–2,903.01 pg/mL), respectively. Serum C-terminal FGF23 was measured using a commercial ELISA kit (Immutopics, San Clemente, CA, USA) according to the manufacturer's protocol. The intra-assay and inter-assay coefficients of variation as reported by the manufacturer were 1.4–2.4% (FGF23 levels: 33.7–302 RU/mL) and 2.4–4.7% (FGF23 levels: 33.6–293 RU/mL), respectively.



Echocardiographic and Cardiovascular Parameters

Two-dimensional echocardiography was conducted, and left ventricular (LV) mass index was calculated by dividing the LV mass by the body surface area. Left ventricular hypertrophy (LVH) was defined as an LV mass index >115 g/m3 in men and >95 g/m3 in women, according to the American Society of Echocardiography guidelines (27). LV geometry was classified by LV mass index and relative wall thickness (RWT = [2 × PWTd]/LVIDd) into the following categories: normal geometry (normal LVMI with a RWT ≤ 0.42); concentric remodeling (normal LVMI with a RWT > 0.42); eccentric LVH (LVH with a RWT ≤ 0.42); concentric LVH (LVH with a RWT > 0.42). LV ejection fraction and the ratio (E/E′ ratio) of mitral peak velocity of early filling (E) to the early diastolic mitral annular velocity (E′) were evaluated to find systolic and diastolic dysfunction, respectively. Abdominal aorta calcification (AAC) score (28) and coronary artery calcification score (CACS) (29, 30) were measured to evaluate vascular calcification. The presence of abdominal aortal calcification was defined as a AAC score ≥1 in the present study. The presence of coronary artery calcification was defined as a CACS >100 in the present study (31). The ankle-brachial index was also measured (32).



Study Outcomes

The primary outcome was renal events, defined as a composite of a 50% decrease in eGFR from baseline, doubling of serum creatinine level, or development of ESKD. ESKD was defined as the initiation of renal replacement therapy, including dialysis or renal transplantation. The secondary composite outcome consisted of CV events and all-cause mortality. Patients were followed until March 2020. The eGFR decline during the follow-up period was also analyzed. In subgroup analyses, changes in echocardiography parameters, CACS, and AAC scores at 4 years of follow-up were investigated.



Statistical Analyses

Continuous variables were analyzed using analysis of variance or Kruskal–Wallis test. The Kolmogorov–Smirnov test was used to analyze the normality of the distributions of parameters. The results were presented as mean ± standard deviation for variables with normal distributions and as median (interquartile range) for variables with skewed distributions. Categorical variables were evaluated using the χ2-test or Fisher's exact test and were presented as frequencies and percentages. The Klotho to FGF23 ratio was calculated as Klotho values divided by FGF23 values + 1 (hereinafter called the Klotho/FGF23 ratio). A log transformation was used to normalize the Klotho/FGF23 ratio. Participants were categorized into quartiles according to Klotho/FGF23 ratio. Cox proportional hazards models with adjustments, including variables that were significant in a univariable analysis or other clinically relevant variables, were used to analyze the association between the Klotho/FGF23 ratios and study outcomes. The results were expressed as hazard ratios (HRs) and 95% confidence intervals (CIs). Subjects who were lost to follow-up were censored at the date of their last examination. The rates of renal function decline per year were determined using the slope of eGFR analyzed using a generalized linear mixed model. Only 1,851 (88.1%) patients whose eGFR values were measured three or more times during the follow-up period were included in the eGFR decline analysis. The rapid decline of eGFR was defined as eGFR <-3 ml/min/1.73 m2/year. Binary logistic regression analysis was used to identify the risk factors for the rapid decline of kidney function. Multivariable linear regression model analysis was also used to investigate the association between eGFR slope and Klotho/FGF23 ratio. In addition, Harrell's C-index and receiver operating characteristic (ROC) curve analysis were conducted to evaluate the prognostic value of Klotho and FGF23 levels and the Klotho/FGF23 ratio for renal events. P-values < 0.05 were considered statistically significant. The SPSS statistical software (SPSS version 20.0, IBM Corporation, Armonk, NY, USA) was used for all analyses.




RESULTS


Baseline Clinical Characteristics of the Study Subjects

The clinical characteristic of the study subjects by Klotho/FGF23 ratio quartiles are shown in Table 1. The mean age was 53.6 ± 12.2 years, and 1,280 (61.0%) of the subjects were male. The mean eGFR was 53.0 ± 30.7 mL/min/1.73 m2. The mean age was younger in the high Klotho/FGF23 ratio quartiles (P = 0.020). The prevalence of DM (P < 0.001), HTN (P < 0.001), and CV disease (P = 0.008) was lower in the high Klotho/FGF23 ratio quartiles. Estimated GFR (P < 0.001) and hemoglobin (P < 0.001) were higher in the high Klotho/FGF23 ratio quartiles. Serum phosphorus (P < 0.001) and PTH (P < 0.001) were lower in the high Klotho/FGF23 ratio quartiles. Binge drinkers were more in the 4th Klotho/FGF23 ratio group (P = 0.033). Health-enhancing physical activity was lower in the 1st and 4th Klotho/FGF23 ratio groups (P = 0.022).


Table 1. Clinical characteristics of the study subjects at enrollment, stratified by Klotho/FGF23 ratio quartiles.
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Klotho/FGR23 Ratio and Renal Events

During the follow-up period of 64.0 ± 28.2 months, 735 (35.1%) subjects developed renal events. Figure 1 presents the renal events according to the Klotho/FGF23 ratio groups. The first quartile of Klotho/FGF23 ratio group was at a greater risk of developing renal events compared to the other quartile groups (P < 0.001). The Kaplan–Meier curves showed that the low Klotho/FGF23 ratio group had a significantly higher cumulative incidence of renal events (P < 0.001; Figure 2). The multivariable Cox regression analysis presented that the first (HR: 1.36; 95% CI: 1.08–1.72, P = 0.010) and second (HR: 1.45; 95% CI: 1.15–1.83, P = 0.002) quartiles of the Klotho/FGF23 ratio group showed increased renal events as compared to the fourth quartile group (Table 2). As a continuous variable, as the log (Klotho/FGF23 ratio) increased, the development of renal events decreased (HR: 0.85; 95% CI: 0.75–0.96, P = 0.008). Similarly, when physical activity, smoking status, and alcohol consumption variables were added in model 4, the low Klotho/FGF23 ratio was significantly associated with developing renal events. To confirm whether the Klotho/FGF23 ratio is a valuable predictor of renal events, we compared Harrell's C-index between Klotho and FGF23 levels and the Klotho/FGF23 ratio described in the statistical analysis section. The Harrell's C-index for Klotho/FGF23 ratio was 0.644. The Harrell's C-indices for Klotho and FGF23 were 0.535 and 0.642, respectively. Furthermore, Harrell's C-index for Klotho/FGF23 ratio added to an adjusted model (model 4) was 0.841. When Klotho and FGF23 levels were added instead of Klotho/FGF23 ratio in the adjusted model (model 4), Harrell's C-index was 0.840. These findings suggest that Klotho/FGF23 ratio can have predictive value for renal events development.


[image: Figure 1]
FIGURE 1. Event rates for renal events and composites of death and CV events according to Klotho/FGF23 ratio. The first quartile of the Klotho/FGF23 ratio group was at a greater risk of developing renal events compared to the other quartile groups (P < 0.001). Composites of death and CV events were not significantly different according to Klotho/FGF23 ratio groups (P = 0.153). FGF23, fibroblast growth factor 23; CV, cardiovascular.



[image: Figure 2]
FIGURE 2. Renal events according to Klotho/FGF23 ratio. The Kaplan-Meier curves show that the low Klotho/FGF23 ratio group had a significantly higher cumulative incidence of renal events (P < 0.001). FGF23, fibroblast growth factor 23.



Table 2. Renal events according to Klotho/FGF23 ratio.
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Klotho/FGR23 Ratio and CV Events and All-Cause Mortality

During the follow-up period, 273 subjects developed a composite of CV events and death. Composites of death and CV events were not significantly different among the Klotho/FGF23 ratio groups (P = 0.153; Figure 1). In an unadjusted Cox proportional hazards model, the logarithm of the Klotho/FGF23 ratio was inversely associated with the composite of CV events and death (HR: 0.72; 95% CI: 0.60–0.87, P < 0.001; Table 3). After adjustment, there was no significant association between the Klotho/FGF23 ratio groups and the composite outcome of CV events and death (Table 3).


Table 3. Composite of mortality and cardiovascular events according to Klotho/FGF23 ratio.
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Association of Klotho/FGR23 Ratio With Renal Function Decline

We analyzed renal function decline as the slope of eGFR for 1,851 patients whose eGFR values were measured three times or more during the follow-up period. The eGFR slope was lower in the low Klotho/FGF23 ratio group (P < 0.001; Figure 3A). The proportion of patients showing a rapid decline of eGFR was higher in the first quartile of Klotho/FGF23 ratio group (P < 0.001; Figure 3B). The multivariable binary logistic regression analysis revealed that the first [odds ratio (OR): 1.68; 95% CI: 1.23–2.28, P = 0.001], second (OR: 1.73; 95% CI: 1.29–2.32, P < 0.001), and third (OR: 1.63; 95% CI: 1.21–2.19, P = 0.001) quartiles of Klotho/FGF23 ratio groups showed a significantly rapid decline in eGFR compared to the fourth quartile group. eGFR slope was significantly associated with log transformed Klotho/FGF23 ratio (β: 0.26; 95% CI: 0.12–0.41; P < 0.001; Supplementary Table S1).


[image: Figure 3]
FIGURE 3. The eGFR slope and rapid decline of eGFR according to Klotho/FGF23 ratio. (A) The eGFR slope according to Klotho/FGF23 ratio; (B) rapid decline of eGFR according to Klotho/FGF23 ratio. The eGFR slope was analyzed in 1,851 patients for whom eGFR was measured more than three times during the follow-up period. The eGFR slope was lower in the low Klotho/FGF23 ratio group (P < 0.001; A). The rapid decline of kidney function was defined as an estimated glomerular filtration rate (eGFR) <-3 ml/min/1.73 m2/year. The proportion of patients exhibiting a rapid decline of eGFR was higher in the first quartile of Klotho/FGF23 ratio group (P < 0.001; B). eGFR, estimated glomerular filtration rate by CKD-EPI creatinine equation; FGF23, fibroblast growth factor 23.




Echocardiography and Vascular Calcification Parameters

We further examined the relationship between the Klotho/FGF2 ratio and CV parameters. Baseline echocardiography and vascular calcification parameters are shown in Table 1. LV mass index (P < 0.001) and E/E′ (P < 0.001) were higher in the lower Klotho/FGF23 ratio groups. The LV geometry pattern according to Klotho/FGF23 ratio is shown in Supplementary Figure S1. Low Klotho/FGF23 ratio quartiles showed greater increases in the prevalence of LVH (Supplementary Figure S1A). AAC score ≥1 was 45.4% in the first Klotho/FGF23 ratio group and higher in the lower quartiles (P < 0.001). CACS > 100 was 27.5% in the first Klotho/FGF23 ratio group and was also higher in the lower quartiles (P = 0.005). Ankle-brachial index was similar according to Klotho/FGF23 ratio quartiles.

At 4 years of follow-up, echocardiography and vascular calcification parameters were evaluated in approximately 59% of subjects. Fourth-year echocardiography and vascular calcification parameters are presented in Supplementary Table S2. LV mass index (P = 0.012) and E/E′ (P = 0.001) at 4 years were higher in the low Klotho/FGF23 ratio quartiles. The prevalence of LVH was higher in the first Klotho/FGF23 ratio quartile at 4 years (Supplementary Figure S1B). Of the 987 patients who did not have LVH at baseline, 135 (13.7%) subjects developed de novo LVH. De novo LVH incidence was higher in the first Klotho/FGF23 ratio quartile (first, second, third, and fourth quartiles: 20.3, 14.7, 11.3, and 11.1%, respectively; P = 0.020). The presence of abdominal aortal calcification (P = 0.001) and coronary artery calcification (P = 0.038) were also higher in the low Klotho/FGF23 ratio quartiles.




DISCUSSION

In the present study, the incidence of renal events during the follow-up period was higher in low Klotho/FGF23 ratio quartile. Subjects in the first quartile Klotho/FGF23 ratio group showed a significantly rapid decline in eGFR. In our study, there was no significant association between the Klotho/FGF23 ratio and the composite outcome of CV events and death. The presence of LVH and vascular calcification were higher in the low Klotho/FGF23 ratio quartile group at enrollment. In subgroup analysis, during the follow-up period, LV mass index and development of de novo LVH were higher in the low Klotho/FGF23 ratio quartile group. The presence of vascular calcification was also higher in the low Klotho/FGF23 ratio quartiles.

A previous study reported that patients with higher soluble Klotho levels exhibited a reduced risk of adverse kidney outcomes, including ESKD, and of serum creatinine doubling in CKD stage 3–5 (33). In this study, FGF23 was not a significant risk factor for renal events after variable adjustment. Another study showed that low Klotho and high FGF23 were significant risk factors of composite renal outcomes including serum creatinine doubling, ESKD, and death (8). In this study, the areas under the ROC curve for soluble Klotho and FGF23 were comparable. Intact serum FGF23 was a predictor of doubling of creatinine, dialysis initiation, and death in diabetic nephropathy patients (34). In another study, FGF23 was a risk factor for dialysis initiation alone or dialysis initiation and death in advanced CKD (eGFR <30 m/min/1.73 m2) (35). Klotho and FGF23 are earlier markers of CKD-MBD that change before the alteration of such biochemical parameters as phosphorus and PTH, and the Klotho/FGF23 axis could be an early marker for the outcome of CKD patients. Furthermore, Klotho acts like a hormone that exerts anti-senescent, anti-oxidant, and anti-apoptotic effects (36, 37). In previous experimental studies, Klotho was reduced in kidney injury, and kidney function and tubulointerstitial injury improved when the Klotho gene was transferred to the damaged kidney (38–40).

Although FGF23 has Klotho-dependent traditional and on-target effects, a recent study showed that FGF23 also had Klotho-independent, non-traditional, off-target effects (14, 15). Pathologically increased FGF23 causes hypertrophy in heart cardiomyocytes (41–43) and inflammation in liver hepatocytes (44). Off-target effects of FGF23 also affect immune cells such as neutrophils and macrophages. A previous in vitro study showed that FGF23 was released by proinflammatory M1 macrophages and acted locally to increase tumor necrosis factor-α (TNF-α) production in M0 macrophages in the absence of Klotho (45). In animal experiments using a murine CKD model, FGF23 regulated genes involved in inflammation and renal fibrosis (transforming growth factor-β, TNF-α) (46). In addition, FGF23 inhibited neutrophil recruitment in a Klotho-independent manner in CKD (47). CKD is a state of acquired immune deficiency involving humoral and cellular immunity (48). As renal progression in CKD is associated with macrophage tissue infiltration and inflammation, these off-target effects of FGF23 related to the immune system provide a possible mechanistic link between elevated FGF23 and renal progression (14). Because FGF23 acts on target tissues with and without Klotho, it is crucial to evaluate their effects in CKD patients, not only for Klotho or FGF23 alone, but also the relative ratio of Klotho and FGF23. In the present study, a low Klotho/FGF23 ratio was associated with renal events after adjustment. In addition, the area under the ROC of the Klotho/FGF23 ratio was higher than those of either Klotho and FGF23 alone.

In the present study, a low Klotho/FGF23 ratio was associated with the presence of LVH and vascular calcification. At baseline, the lower Klotho/FGF23 ratio quartile group was associated with the presence of LVH and vascular calcification. In addition, after follow-up, the lower Klotho/FGF23 ratio quartile group exhibited a higher incidence of de novo development of LVH and vascular calcification. Of the 987 patients who did not have LVH at baseline, 135 (13.7%) subjects developed de novo LVH, and it developed more frequently in the low Klotho/FGF23 ratio group. In an experimental study, Klotho-deficient CKD mice had accelerated cardiac hypertrophy and cardiac fibrosis compared to wild-type CKD mice (49). Intravenous delivery of a transgene encoding soluble Klotho mitigated cardiac hypertrophy in the Klotho-deficient CKD mice. Serum Klotho levels are related with the development of LVH in CKD patients (50). Faul et al. (41) showed that FGF23 can cause LVH independently of Klotho. This indicates that the off-target effects of FGF23, independent of Klotho, affect cardiac myocytes. In patients with elevated FGF23, there have been studies in which aortic or coronary artery calcification scores were higher than in those with lower FGF23 (13), but there have been conflicting results (51). Moreover, up-regulation of Klotho expression protects against vascular calcification in CKD (52). The disruption of the balance between FGF23 and Klotho may be important in vascular calcification, rather than FGF23 or Klotho alone. In our study, the Klotho/FGF23 ratio was not associated with mortality or CV outcome. In the present study, we included all stages of CKD, and patients with early CKD (11.9% with CKD stage 1 and 18.4% with CKD stage 2) were also included. The incidence rates of death and CV outcomes were lower than in another study (35); hence, the results may differ. In addition, statistical significance may be decreased due to the low incidence of death and CV outcomes. However, de novo LVH and vascular calcification, which were surrogate parameters of CV outcome, were significantly higher in the low Klotho/FGF23 ratio quartiles.

The advantage of our study is that long-term follow-up results were obtained in a large-scale CKD cohort. Instead of analyzing Klotho or FGF23 alone, we considered the relative ratio of Klotho and FGF23, which might have an interconnection. However, this study also has several limitations. First, Klotho and FGF23 have circadian variations (53), but blood sampling time could not be fixed. Second, we measured C-terminal FGF23 in the present study. Lack of agreement between intact FGF23 and C-terminal FGF23 measurements and also differences in their associations with other biochemical parameters have been reported (54). However, the C-terminal ELISA kit theoretically detects both intact FGF23 and its C-terminal fragments; since virtually all circulating FGF23 is intact, the C-terminal assay measures biologically active FGF23 (55). Third, we did not investigate the phosphorus intake of subjects.



CONCLUSION

Low Klotho/FGF23 ratio was significantly associated with increased risk of renal events in this cohort of Korean predialysis CKD patients.
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Chronic kidney disease (CKD) is a global public health problem, and cardiovascular disease is the most common cause of death in patients with CKD. The incidence and prevalence of cardiovascular events during the early stages of CKD increases significantly with a decline in renal function. More than 50% of dialysis patients die from cardiovascular disease, including coronary heart disease, heart failure, arrhythmia, and sudden cardiac death. Therefore, developing effective methods to control risk factors and improve prognosis is the primary focus during the diagnosis and treatment of CKD. For example, the SPRINT study demonstrated that CKD drugs are effective in reducing cardiovascular and cerebrovascular events by controlling blood pressure. Uncontrolled blood pressure not only increases the risk of these events but also accelerates the progression of CKD. A co-crystal complex of sacubitril, which is a neprilysin inhibitor, and valsartan, which is an angiotensin receptor blockade, has the potential to be widely used against CKD. Sacubitril inhibits neprilysin, which further reduces the degradation of natriuretic peptides and enhances the beneficial effects of the natriuretic peptide system. In contrast, valsartan alone can block the angiotensin II-1 (AT1) receptor and therefore inhibit the renin–angiotensin–aldosterone system. These two components can act synergistically to relax blood vessels, prevent and reverse cardiovascular remodeling, and promote natriuresis. Recent studies have repeatedly confirmed that the first and so far the only angiotensin receptor–neprilysin inhibitor (ARNI) sacubitril/valsartan can reduce blood pressure more effectively than renin–angiotensin system inhibitors and improve the prognosis of heart failure in patients with CKD. Here, we propose clinical recommendations based on an expert consensus to guide ARNI-based therapeutics and reduce the occurrence of cardiovascular events in patients with CKD.

Keywords: chronic kidney disease, consensus, angiotensin receptor-neprilysin inhibitor, hypertension, ACEI/ARB


INTRODUCTION

Chronic kidney disease (CKD) is a global public health issue (1). In China, the prevalence of CKD is 7.18% and approximately 132 million patients have CKD, accounting for one fifth of all CKD patients in the world (2). CKD is usually progressive, and therefore worsens over time. In 2012, Kidney Disease: Improving Global Outcomes (KDIGO) proposed CKD staging criteria based on the estimated glomerular filtration rate (eGFR) and urinary albumin levels because eGFR levels and the urinary albumin/creatinine ratio are both correlated with poor prognosis (3).

The risk of cardiovascular events is significantly increased under CKD, with cardiovascular diseases representing the major cause of death in patients with CKD (4). Compared with the general population, the incidence and prevalence of cardiovascular events are significantly higher during the early stages of CKD (CKD stages 1–3), and the risk increases exponentially as renal function declines (5). In patients undergoing hemodialysis and peritoneal dialysis, the prevalence of cardiovascular diseases is as high as 76.5 and 65%, respectively (6). In China, over 50% of dialysis patients die of cardiovascular and cerebrovascular events (7).

Traditional risk factors such as hypertension, hyperglycemia, and dyslipidemia, as well as non-traditional risk factors such as abnormal calcium and phosphorus metabolism, in addition to inflammation, are all implicated in the high incidence of cardiovascular events in patients with CKD (4).

Hypertension is one of the most common complications in patients with CKD (8), where the control rate is poor. That is, if 130/80 mmHg is taken as the target for blood pressure control, the control rate is only 11.9% (9). Elevated blood pressure not only promotes the progression of CKD (10), but also causes myocardial remodeling in patients with CKD and increases the risk of cardiovascular events (11). Cardiovascular complications in patients with CKD include coronary heart disease, heart failure, arrhythmia, sudden death, and others. Myocardial changes observed in patients with CKD, such as early-onset left ventricular hypertrophy, significant myocardial fibrosis, and sparse capillaries, constitute the pathological basis leading to these cardiovascular events (4). The occurrence of heart failure is also related to hypertension and increased volume load, which become more difficult to control with the progression of CKD.

Generally, the blood pressure target for patients with CKD and hypertension is stricter than that for regular patients with hypertension. The SPRINT study confirmed that intensive blood pressure reduction benefited patients with CKD by alleviating cardiovascular and cerebrovascular events (12). Based on the results of the SPRINT study and a meta-analysis, the 2021 KDIGO CKD hypertension management guidelines recommended a systolic blood pressure of 120 mmHg as the optimal blood pressure reduction target (13).

Antihypertensive treatment for patients with CKD usually includes lifestyle intervention in conjunction with drug treatment (13). All five major types of antihypertensive drugs can be used for blood pressure control in patients with CKD (13). Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) not only lower blood pressure, but also exert a protective effect on target organs, as exemplified by their positive influence on renal hemodynamics and urinary albumin-reducing effects (14), which can delay the progression of CKD. As such, these drugs represent first-line treatment options for hypertension management in patients with CKD (13, 15). However, because of the complicated pathogenesis of hypertension in these patients, most require two or more antihypertension drugs at higher doses for adequate blood pressure control. Epidemiological surveys in China show that more than 60% of patients with CKD failed to achieve the blood pressure target (16, 17). In addition, ACEIs and ARBs are the first-line treatment for reducing all-cause and cardiovascular-related deaths in patients with CKD as well as heart failure with reduced ejection fraction (HFrEF) (18, 19). Renin–angiotensin–aldosterone system (RAAS) inhibitors should also be considered because of their effects on serum potassium and fluctuations in serum creatinine levels caused by hemodynamic changes, such as reduced eGFR (18). However, there is almost no evidence that RAAS inhibition improves the prognosis of patients with CKD exhibiting heart failure with preserved ejection fraction (HFpEF) (20).

Natriuretic peptides, including atrial, B-type, and C-type natriuretic peptides, are a group of polypeptides with a wide range of physiological effects, including the promotion of natriuresis and diuresis, vasodilation, RAAS inhibition, reduction of sympathetic nerve activity, and the suppression of proliferation and fibrosis (21). Sacubitril/valsartan, a compound with a co-crystal structure composed of the neprilysin inhibitor sacubitril and angiotensin receptor blocker valsartan, is the first dual angiotensin receptor and neprilysin inhibitor (22, 23). Sacubitril is metabolized into LBQ657, which is an active metabolite that effectively inhibits neprilysin, thereby suppressing the neprilysin-mediated degradation of natriuretic peptides and enhancing the beneficial effect of the natriuretic peptide system. Valsartan can block the angiotensin II-1 (AT1) receptor to inhibit RAAS. Thus, these two components can act synergistically to dilate blood vessels, prevent or reverse cardiovascular remodeling, and promote natriuresis (23).

In recent years, studies have successively confirmed that the first and so far the only angiotensin receptor–neprilysin inhibitor (ARNI) sacubitril/valsartan can reduce blood pressure in patients with CKD more effectively than RAAS inhibitors and can improve the prognosis in patients with heart failure (24). Considering current approaches to the diagnosis and treatment of CKD accompanied by hypertension and heart failure, as well as the need to better guide the application of ARNI in patients with CKD, we formulate a consensus based on clinical evidence and experience. In this consensus, ARNI refers specifically to sacubitril/valsartan. The strength of recommendation in this consensus is indicated as Level 1 or Level 2, the quality of supporting evidence is shown as A, B, C, or D following KDIGO guidelines (13).



EFFECTS OF CKD ON THE IN VIVO METABOLISM OF ARNI, DOSE ADJUSTMENT, AND DRUG INTERACTIONS


Is It Necessary to Adjust the Dosage of ARNI for Patients With Hypoproteinemia?

Suggestion 2.1: When ARNI is used for patients with hypoproteinemia (serum albumin <25 g/L), titration should be started from a low dose. The dosage and frequency that is suitable for patients should then fall within a safe-dose range (see Suggestion 2.2 for hypoproteinemia caused by hepatic dysfunction). (2D)

Rationale: ARNI has a high protein binding rate (16, 25). The protein binding rates of sacubitril, valsartan, and sacubitril metabolite LBQ657 are 97, 96, and 97%, respectively (25). Therefore, under hypoproteinemia, the conventional dose may result in a higher free drug concentration and enhanced efficacy of ARNI, in turn leading to side effects such as hypotension, diuresis, electrolyte disturbance, and a rapid increase in serum creatinine levels. Further, the apparent distribution volume and drug clearance of LBQ657 and valsartan increase under hypoproteinemia. As drugs are excreted faster, the frequency of medication should be adjusted accordingly.



Adjusting the Dose for Patients With Hepatic Dysfunction

Suggestion 2.2: For patients with mild hepatic impairment (Child–Pugh A), there is no need to adjust the loading dose, whereas in cases of moderate hepatic impairment (Child–Pugh B), the loading dose should be halved and the dose should be gradually increased to the most suitable dose that the patient can tolerate. ARNI is not recommended for patients with severe hepatic impairment. (1B)

Rationale: A pharmacokinetic study in patients with mild to moderate hepatic impairment revealed that, compared with healthy subjects, exposure to sacubitril, LBQ657, and valsartan was slightly increased in patients with mild hepatic impairment (by 1.5, 1.5, and 1.2 times, respectively). In patients with moderate hepatic impairment, the exposure increased by 3.4, 1.9, and 2.1 times, respectively (16). In another clinical trial involving 32 patients with mild to moderate hepatic dysfunction, the AUC of sacubitril increased by 53–245%, that of LBQ657 increased by 48–90%, and that of valsartan increased by 19–109%. Further, the Cmax of LBQ657 and valsartan were not significantly different between patients with mild and moderate hepatic dysfunction (26). Therefore, we suggest that there is no need to adjust the loading dose in patients with mild hepatic impairment; however, the loading dose should be halved in those with moderate hepatic impairment. The above liver function staging refers to Child-Pugh staging, see Supplementary Table 1 for details. At present, there are no pharmacokinetic data for patients with severe hepatic impairment, biliary cirrhosis, or cholestasis; thus, the use of ARNI is not recommended in the case of severe hepatic impairment (16).



Use of ARNI in Patients With Heart Failure


ARNI in Patients With Chronic Heart Failure

Suggestion 2.3.1: In patients with chronic heart failure, we suggest beginning with a low dose then gradually increasing the dosage. In patients who have not previously taken ACEIs or ARBs, the recommended loading dose is 50 mg twice-daily (BID). Thereafter, depending on the patient's tolerance, the dose should be doubled every 2–4 weeks until the target dose of 200 mg BID is reached. For patients who have previously used ARBs, we suggest converting to the appropriate ARNI dose according to the previous ARB dose. For patients who have used ACEIs, it is necessary to discontinue the drug for more than 36 h before converting to an appropriate ARNI dose with reference to the original ACEI dose.

Rationale: For patients with heart failure, it is usually appropriate to start ARNI treatment at a relatively low dose to improve tolerance to the initial treatment. The target dose of 200 mg BID is based on previous studies, which showed that 200 mg ARNI can fully inhibit neprilysin and enhance the activity of natriuretic peptides (27, 28). In the PARADIGM-HF study, ARNI was administered to patients with HFrEF, starting with 100 mg BID and gradually increasing to 200 mg BID. By the end of the study, 76% of the patients could still maintain the target dose, which indicated that this dosage regimen was well tolerated (29). The same dosage regimen of ARNI was also adopted for HFpEF patients in the PARAGON-HF study. By the end of the study, although no significant benefit was seen for the primary endpoint in the overall HFpEF population, 82% of the patients could maintain the target dose, which indicated that this regimen was also well tolerated (30).



How Long After Acute Heart Failure Can ARNI Be Administered?

Suggestion 2.3.2: In patients with acute heart failure, ARNI treatment should be initiated from a low dose immediately after reaching hemodynamic stability. The criteria for hemodynamic stability are shown in Supplementary Table 2. (1A)

Rationale: The PIONEER-HF and TRANSITION studies evaluated the benefits of initial ARNI treatment after stabilization of acute heart failure (31, 32). The PIONEER-HF study showed that starting ARNI directly after reaching hemodynamic stability in patients with acute heart failure significantly reduced the risk of composite clinical endpoints (death, rehospitalization owing to heart failure, and left ventricular assist device implantation) by 31% (P < 0.002) (32). Analysis of a high-risk subgroup in the PIONEER-HF study (Supplementary Tables 3, 4) indicated that the benefits of ARNI in reducing cardiovascular death or rehospitalization owing to heart failure were comparable to those of ACEI treatment in the high-risk subgroup. Further, the risks of adverse reactions, including the deterioration of renal function, symptomatic hypotension, and hyperkalemia, were similar between high-risk and low-risk patients (33). The TRANSITION study demonstrated that, in patients with HFrEF who required hospitalization because of acute decompensated heart failure, the early initiation of ARNI treatment after reaching hemodynamic stability during hospitalization reduced the rehospitalization rate after discharge, with nearly half of the patients reaching the target dose within 10 weeks. ARNI initiation before discharge was well tolerated, and relatively few patients permanently discontinued the drug because of adverse reactions (31). Therefore, for patients with hemodynamic stability, ARNI should be initiated as early as possible with dose titration.




Are There Any Drug Interactions or Other Matters Requiring Attention When Using ARNI in Combination With Other Agents?


Can ARNI Be Used With ACEI?

Suggestion 2.4.1: Concomitant use of ARNI and ACEI should be avoided (Table 1), and it is recommended to wait 36 h after ACEI is discontinued before using ARNI. (1C)


Table 1. Conditions and reasons not treated with ARNI.
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Rationale: The concomitant use of ACEI while inhibiting neprilysin may increase the risk of angioedema (16). The development of a compound preparation comprising an neprilysin inhibitor and ACEI was previously halted because of severe angioedema and a significantly increased mortality rate (34). Therefore, it is recommended to initiate ARNI 36 h after the last dose of ACEI (16).



Can ARNI Be Used With SGLT2i?

Suggestion 2.4.2: ARNI can be used with SGLT2i in patients with heart failure. When used with diuretics, the dose should be adjusted. (2B)

Rationale: The mechanisms of action for ARNI and SGLT2i are relatively clear. ARNI acts on the natriuretic peptide system and RAAS, which blocks the adverse effects of the latter, while also enhancing the beneficial effects of the former, thereby playing a role in reversing cardiac remodeling and improving heart failure (35). SGLT2i can increase urine glucose excretion, natriuresis, and osmotic diuresis, and can act on myocardial cells to improve cardiac function (36). As ARNI and SGLT2i act through distinct mechanisms without overlap, they can be used in combination. In a randomized controlled study of SGLT-2i dapagliflozin (DAPA-HF study), 11% of patients used the combination with ARNI, which was shown to be safe and effective (37). Therefore, the two drugs can be used together by patients with heart failure. In a multicenter observational study, adding ARNI to SGLT2i for T2DM patients with HFrEF afforded better protection against renal function (38). Moreover, a study evaluated the safety and efficacy of the ARNI+SGLT2i combination in patients with HFrEF and diabetes, indicated that ARNI+SGLT2i improved the clinical and renal prognosis more significantly than ACEI/ARB+other hypoglycemic drug regimens (39). Moreover, combining SGLT2i with ARNI further reduced the risk of hospitalization owing to heart failure as well as that of major composite endpoints (hospitalization owing to heart failure or all-cause death). The combination was well tolerated, and the risks of creatinine elevation and hyperkalemia were lower than those for ACEI/ARB (39). However, in clinical practice, attention should be paid to the increased risk of hypovolemia when combining ARNI with SGLT2i. In the DAPA-HF study, SGLT2i combined with ARNI resulted in hypovolemia in 10.8% of patients (37). When used in combination, diuretics may synergistically act on nephrons with ARNI, mineralocorticoid receptor antagonists (MRA), and SGLT-2i to enhance the effects on natriuresis and diuresis. Therefore, it is necessary to adjust the doses of diuretics in time, then adjust the ARNI and SGLT-2i dosage as necessary.



Incompatibilities and Precautions for Concomitant Use With Other Drugs

Suggestion 2.4.3.1: ARNI is contraindicated in patients with a previous history of angioedema (Table 1). (1C)

Rationale: Patients with a previous history of angioedema may have an increased risk of angioedema during ARNI treatment (16), which is related to the reduced inactivation of bradykinin and substance P (40). Therefore, ARNI should not be used in patients with a known history of angioedema associated with ACEI/ARB treatment or hereditary angioedema (37). In the PARADIGM-HF study, 0.5% of patients treated with ARNI developed angioedema (37). Angioedema limited to the face and lips can generally be relieved without treatment, and antihistamines can also be applied to help relieve symptoms. Angioedema with laryngeal edema may endanger the life of patients; therefore, timely and appropriate treatment is required to keep the airway unobstructed (16).

Suggestion 2.4.3.2: ARNI in combination with aliskiren is not recommended (Table 1). (1C)

Rationale: Aliskiren is a direct inhibitor of renin, and its combination with ACEI or ARB may cause dual inhibition of the renin–angiotensin system and increase the risk of poor prognosis (41). According to several randomized controlled trials using aliskiren conducted by the European Medicines Agency, aliskiren used in combination with ACEI/ARB, especially in patients with impaired renal function, increased the risk of adverse events (e.g., hypotension, syncope, hyperkalemia, and acute renal failure) (42). Therefore, we suggest avoiding the use of aliskiren combined with ACEI or ARB. Although there is currently no evidence related to the combination of ARNI and aliskiren, from a mechanistic perspective, ARNI combined with aliskiren may also lead to dual inhibition of the renin–angiotensin system and increase the risk of adverse reactions; therefore, their combined use is also not recommended (16).

Suggestion 2.4.3.3: ARNI combined with spironolactone, amiloride, or potassium salt increases the risk of hyperkalemia (1A).

Rationale: ARNI may induce hyperkalemia. In the PARADIGM-HF study, 12% of patients receiving ARNI and 14% of those receiving enalapril developed hyperkalemia. Thus, the concomitant use of spironolactone, amiloride, or potassium salt with ARNI may increase potassium levels in the blood. In severe cases, hyperkalemia can lead to renal failure, muscular paralysis, arrhythmia, and cardiac arrest. Therefore, when using ARNI in combination with any of these three agents, close attention should be paid to serum potassium levels to avoid hyperkalemia.

Suggestion 2.4.3.4: ARNI is contraindicated in pregnant women to avoid the risk of teratogenicity at the early stage as well as the inconvenience and risk of subsequent drug adjustment (Table 1). (2C)

Rationale: The application of ARNI in pregnant women may cause fetal injury. Further, the application of drugs that inhibit the RAAS in the second and third trimesters may affect fetal renal function and increase the risk of illness and death of the fetus and neonate (16). In animal studies, the use of ARNI in rats and rabbits during organogenesis led to an increase in embryo-fetal mortality, and teratogenicity was observed in rabbits (16). Therefore, ARNI is not recommended for use in pregnant women in order to avoid the risk of early-stage teratogenicity as well as the inconvenience and risk of subsequent drug adjustment.




Will the Efficacy of ARNI Be Affected if Taken With a Meal?

Suggestion 2.5: ARNI intake with food has no effect on its clinical efficacy. (2B)

Rationale: When ARNI was taken with a meal, exposure to sacubitril and valsartan was significantly lower, whereas exposure to the active metabolite LBQ657 exhibited no significant change (43). Although both sacubitril and valsartan exposure decreased, this decrease did not result in a clinically significant decrease in efficacy (16, 43). Therefore, ARNI can be taken with or without a meal (16, 43).




USE OF ARNI IN NON-DIALYSIS PATIENTS WITH CKD


What Are the Indications of ARNI in Non-dialysis Patients With CKD?

Suggestion 3.1.1: ARNI is recommended for non-dialysis patients with CKD and heart failure. (1A)

Rationale: The efficacy of ARNI in non-dialysis patients with CKD and heart failure has been confirmed by several studies. Analysis of the CKD subgroup in the PARADIGM-HF study (eGFR: 30–60 mL/min/1.73 m2) revealed that ARNI reduced the risk of cardiovascular events compared with the ACEI-treatment group, with the risk of cardiovascular death decreasing by 24%, the risk of hospitalization owing to heart failure and all-cause death decreasing by 21%, and the risk of preset composite kidney events was reduced by 36% (the first occurrence of eGFR decreasing by 50% compared to the patient's baseline, decreasing from >30 to <60 mL/min/1.73 m2, or progressing to end-stage renal disease) (29, 44). At the same time, UACR was slightly increased in the ARNI treatment group accompanied by a delay in the decline of eGFR, suggesting that improved renal perfusion due to improved cardiac function may be the reason for the increase of UACR (44). A real-world study in Taiwan also showed that, in patients with CKD and HFrEF with different eGFR values (including 102 patients with GFR <30 mL/min/1.73 m2), ARNI treatment significantly reduced the risk of cardiovascular death and hospitalization owing to heart failure (45). In addition, a real-world study in Italy also showed that ARNI treatment for 12 months significantly increased eGFR in patients with CKD from the baseline (P = 0.011) (46). In patients with CKD exhibiting HFpEF, analysis of the CKD subgroup (eGFR: 30–60 mL/min/1.73 m2) in the PARAGON-HF study showed that ARNI significantly reduced the risk of the renal composite endpoint by 50% compared with ARB (30). A recent retrospective cohort study in Taiwan showed that, in patients with CKD exhibiting HFpEF (average eGFR: 70.9 mL/min/1.73 m2), the eGFR under ARNI treatment was significantly higher than that under valsartan treatment (P < 0.01) (47). Further, a recent meta-analysis revealed that ARNI significantly improved eGFR and reduced the level of NT-proBNP compared with ACEI/ARBs (48).

Suggestion 3.1.2: ARNI is recommended for non-dialysis patients with CKD exhibiting hypertension. (1B)

Rationale: ARNI can simultaneously act on the RAAS and natriuretic peptide system, thereby reducing blood pressure via multiple mechanisms and protecting target organs (49). More than 10 randomized controlled studies have confirmed the antihypertensive efficacy of ARNI (50). A meta-analysis involving five randomized controlled studies compared the efficacy of ARNI and ARB in patients with hypertension. After 12 weeks of treatment, ARNI more significantly reduced the mean sitting systolic blood pressure (SBP), mean sitting diastolic blood pressure (DBP), mean ambulatory SBP, and mean ambulatory DBP by 5.41 mmHg, 1.22 mmHg, 4.58 mmHg, and 2.17 mmHg, respectively, than ARB (olmesartan or valsartan) (51). The efficacy of ARNI in patients with CKD exhibiting hypertension has also been confirmed. In a multicenter, open-label study in Japan, 32 patients with CKD exhibiting hypertension were included; after ARNI treatment for 8 weeks, their average SBP and DBP in the sitting position decreased by 20.5 ± 11.3 and 8.3 ± 6.3 mmHg, respectively (52). The PARAMETER study showed that ARNI could control nocturnal blood pressure better than olmesartan. Further, as nocturnal hypertension is common in patients with CKD, ARNI could be the preferred treatment for patients with CKD exhibiting hypertension (53).



When ARNI Is Used in Patients With Renal Impairment, How Should the Dose Titration Be Performed?

Suggestion 3.2.1: In patients with heart failure accompanied by mild renal impairment, there is no need to reduce the dose. In those with moderate or severe renal impairment, 25–50 mg BID is recommended as the loading dose (depending on the patient's blood pressure). If the patient can tolerate this dose, the dose should be doubled every 2–4 weeks until reaching the target maintenance dose of 200 mg BID (Table 2). (2B)


Table 2. Dosage recommendations for ARNI in CKD.
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Rationale: In patients with renal impairment, exposure to sacubitril active metabolite LBQ657 was affected, whereas exposure to sacubitril and valsartan was not affected, and the difference in LBQ657 exposure was not significant under mild renal impairment. However, in patients with moderate, severe, and end-stage renal disease (non-dialysis), the exposure increased by 2.29, 2.90, and 3.27 times, respectively (54). Furthermore, the LBQ657 half-life was prolonged from 12 h to 21.1 h, 23.7 h, and 38.5 h, respectively, in patients with mild, moderate, and severe renal impairment (54). Therefore, it is not necessary to adjust the dose of ARNI for patients with mild renal impairment. For those with moderate and severe renal impairment, it is recommended to start with 25–50 mg BID and gradually increase the dose (16). The diagnosis criteria for mild, moderate, and severe renal impairment are shown in Supplementary Table 5.

Suggestion 3.2.2: When used in patients with essential hypertension, the conventional loading dose is 200 mg once-daily (QD). For patients whose blood pressure cannot be sufficiently controlled via a single administration daily, the dose can be increased to 400 mg QD (1B). In patients with CKD, a twice-daily dosage regimen can also be adopted (2C). For patients with mild renal impairment (eGFR 60–90 mL/min/1.73 m2), there is no need to adjust the dose (1B), whereas for those with moderate and severe renal impairment (eGFR 15–60 mL/min/1.73 m2), it is recommended to reduce the loading dose to 100mg QD (Table 2) (2C). However, considering the minimal experience of patients with end-stage renal disease, these clinical findings should also be considered in this case (2C).

Rationale: In terms of pharmacokinetics, the half-lives of LBQ657 and valsartan after a single dose of ARNI 200 mg are 11.5 h and 9.9 h (55). Thus, once-daily administration can be adopted. The choice of 200 mg or 400 mg QD for patients with hypertension is based on two Phase II dose-finding studies, which showed that these dosages could improve ambulatory blood pressure and office blood pressure more effectively than the control treatment, while being safe and tolerable (28, 56). In several randomized control trials on ARNI for the treatment of hypertension, once-daily administration was adopted, and the results indicated that ARNI was more effective at lowering blood pressure, including ambulatory blood pressure and nocturnal blood pressure, than the control conditions (53, 57–60). Among patients with renal impairment, mild impairment did not affect exposure to the main components and metabolites of ARNI, whereas in patients with moderate and severe renal impairment, exposure to LBQ657 was significantly increased, by 2–3 times. Therefore, for patients with moderate and severe renal impairment, we suggest adopting a low loading dose then gradually increasing to a suitable target dose (54). In a study from Japan, patients with CKD and hypertension (eGFR15–60 mL/min/1.73m2) were treated with ARNI 100–400 mg QD for 8 weeks according to their blood pressure. At the end of the study, 26 patients received LCZ696 at 200 mg QD, whereas 18 patients received LCZ696 at 400 mg QD. During the eight-week treatment period, no serious adverse reactions were noted. These results indicated that the regimen was generally well tolerated, with no adverse events such as hypotension and angioedema (52). At present, there is no medical data on patients with end-stage renal disease and eGFR <15 mL/min/1.73 m2. Thus, it is necessary to evaluate the benefits and risks in these patients based on clinical observations. Currently, there is no evidence as to whether BID administration of ARNI can further improve nocturnal blood pressure compared to once-daily administration. However, patients with CKD often suffer from nocturnal hypertension. Thus, a twice-daily regimen can also be used in these patients if necessary.



What Possible Side Effects Should Be Considered During Titration of the ARNI Dose?


Hypovolemia and Hypotension

Suggestion 3.3.1: For patients with symptomatic hypovolemia, the blood pressure should be closely monitored. For patients with SBP <100 mmHg or hypotension symptoms, we recommend first adjusting the doses of diuretics and combined antihypertensive medication, treating other causes of hypotension, and correcting hypovolemia via oral or intravenous rehydration. (1C)

Rationale: In the PARADIGM-HF study, 14% of patients treated with ARNI developed symptomatic hypotension (SBP <100 mmHg), which was slightly higher than the proportion in the enalapril group (9.2%) (29). In a meta-analysis of three studies comparing ARNI and ACEI/ARB therapies, although the incidence of hypotension in patients receiving ARNI was slightly higher than that in those receiving ACEI/ARB, there was no statistically significant difference (48). We suggest that hypovolemia should be corrected before initiating ARNI, or a low loading dose should be used to reduce the risk of hypotension. If hypotension occurs during treatment, we suggest first adjusting the doses of diuretics and combined antihypertensive drugs, then treating other causes of hypotension (16). If hypotension persists after taking the above measures, dose reduction or temporary discontinuation of ARNI may be considered (16). Usually, there is no need to permanently discontinue treatment.



Hyperkalemia and Other Electrolyte Disorders

Suggestion 3.3.2: For patients with hyperkalemia (≥5.0 mmol/L), we recommend stopping potassium supplementation and MRA, and lowering potassium. If necessary, dose reduction or discontinuation of ARNI may be considered. (1B)

Rationale: ARNI treatment may lead to an increase in serum potassium because of its effect on the RAAS (16). In the PARADIGM-HF study, 12.3% of patients treated with ARNI reported hyperkalemia (serum potassium >5 mmol/L); the incidence was slightly lower than that after treatment with enalapril (13.5%) (61). In the UK HARP-III study, the incidence of hyperkalemia in patients with CKD treated with ARNI or irbesartan (GFR: 20–60 mL/min/1.73 m2) was similar (32 vs. 24%, P = 0.10) (62). For patients with hyperkalemia, priority should be given to controlling the risk factors that may lead to high potassium, potassium supplementation and MRA should be discontinued, potassium-lowering drugs should be used as necessary, and down-titration or discontinuation of ARNI should be considered according to the situation (16). The serum potassium levels of patients should be closely monitored, and ARNI treatment should be gradually resumed after the serum potassium level returns to normal (<5.0 mmol/L).



Rapid Decline of Renal Function

Suggestion 3.3.3: There are no available clinical trial data regarding the respective evaluation criteria or treatment methods for patients exhibiting a rapid decline in renal function resulting from ARNI treatment. Thus, treatment methods for renal function decline due to RAAS inhibitor treatment can be referred to instead. First, it is necessary to clarify the reasons for the decline of renal function. After excluding renal artery stenosis as the culprit, if the serum creatinine levels increase by <30% compared with the baseline value, ARNI can be used continuously. If serum creatinine levels exceed the baseline level by 30%, the dose should be reduced or ARNI should be discontinued in time, and the underlying reasons should be identified. If serum creatinine levels exceed the baseline level by 50%, it is recommended to discontinue ARNI. (1C)

Rationale: Because of its effect on the RAAS, ARNI treatment may lead to an increase in creatinine. In the PARADIGM-HF study, 5% of patients treated with ARNI reported renal failure (63). For patients exhibiting a rapid decline of renal function, we suggest correcting/excluding other potential culprits (e.g., drugs affecting renal function, hypovolemia, or urinary tract infection), then considering down-titration of ARNI according to the situation. If the patient's serum creatinine increases by <30% compared with the baseline value, ARNI can be used continuously. If the serum creatinine level exceeds the baseline level by 30%, the dose should be reduced or ARNI should be discontinued in time, and the reasons should be identified (64).



Dose Adjustment of Hypoglycemic Drugs

Suggestion 3.3.4.: In patients with Stage 3–5 CKD, doses of hypoglycemic drugs should be adjusted according to their renal function. When ARNI is combined with common oral hypoglycemic drugs, no clinically significant drug interaction is observed; however, ARNI can improve blood glucose control. Therefore, we suggest monitoring blood glucose levels and appropriately adjusting the dose of insulin secretagogue or insulin. (2B)

Rationale: When patients with diabetes exhibit renal insufficiency, renal gluconeogenesis is weakened and the clearance rates of some drugs are reduced, which may in turn increase the risk of hypoglycemia. In addition, some hypoglycemic drugs or their metabolites can accumulate in the kidneys, which further aggravates renal insufficiency. Therefore, it is necessary to select appropriate hypoglycemic drugs and dosage based on the renal function of patients with CKD (65). At present, it has only been observed that ARNI combined with metformin might cause a slight decrease in metformin exposure, with no effect on clinical efficacy. Thus, there is no need to adjust the dose of metformin. To date, no drug interaction between ANRI and other hypoglycemic drugs has been reported (16). Some studies have shown that ACEI-enkephalinase inhibitor treatment could improve insulin-mediated glucose processing, induce insulin sensitization, and improve blood glucose control (66, 67). Therefore, when ARNI is used in combination with hypoglycemic drugs, we suggest closely monitoring blood glucose and appropriately reducing the dose of insulin secretagogue or insulin in patients with a high risk of hypoglycemia to reduce this risk.




Who Should Switch to ARNI Among Patients Using ACEIs/ARBs?


For Patients With Heart Failure, We Recommend Switching to ARNI

Suggestion 3.4.1: For patients with CKD exhibiting heart failure, ACEI/ARB can be switched to ARNI, as long as there is no contraindication, to improve eGFR, reverse cardiac remodeling, and reduce the risk of end-stage renal disease and cardiovascular events. (1A)

Rationale: The PARADIGM-HF study showed that, compared with ACEI, ARNI significantly delayed the decline rate of eGFR in patients with HFrEF by 23.5%, and reduced the risk of cardiac and renal adverse events in patients with CKD and HFrEF (29). The PARAGON study confirmed that, compared with ARB, ARNI significantly reduced the risk of adverse renal outcomes in patients with HFpEF and eGFR <60 mL/min/1.73 m2 (30). The EVALUATE-HF study showed that, compared with enalapril, ARNI rapidly reversed cardiac remodeling after 3 months of treatment. The UK-HARP-III study revealed that, compared with ARB, ARNI could significantly improve NT-proBNP and troponin levels, while effectively reducing blood pressure and proteinuria in patients with CKD. A meta-analysis including 3,640 patients with heart failure and CKD from three randomized controlled trials (HARP-III, PARADIGM-HF, and PARAMOUNT) indicated that, compared with ACEI/ARB, ARNI significantly improved eGFR and decreased blood pressure and NT-proBNP levels (48).



If Blood Pressure Is Not Well Controlled, We Recommend Switching to ARNI

Suggestion 3.4.2.1: For patients with CKD and poor blood pressure control, after a whole day of treatment with ACEI/ARB, we suggest switching ACEI/ARB to ARNI to further improve blood pressure control. (1B)

Rationale: A meta-analysis including five randomized controlled studies confirmed that, compared with ACEI/ARB, ARNI more effectively reduced the mean sitting arterial pressure (weighted mean difference: −5.41 mmHg, P < 0.01) and diastolic pressure (weighted mean difference: −1.22 mmHg, P < 0.01) (68). An eight-week multicenter, open-label study showed that ARNI treatment for 1 week reduced the office SBP, DBP, and pulse pressure of patients with severe hypertension by 18.7, 10.3, and 8.3 mmHg, respectively, with a more significant decrease observed in the 8 week (69). A meta-analysis including 6,064 patients with hypertension from 12 studies, of which four studies compared the antihypertensive effects of 400 mg ARNI and ARB for 8 weeks, revealed that ARNI caused a more significant reduction in 24 h ambulatory SBP (by 4.31 mmHg) and ambulatory DBP (by 1.69 mmHg) than ARB (50).

Suggestion 3.4.2.2: For patients with CKD and poor nocturnal blood pressure control treated with ACEI/ARB, we suggest switching ACEI/ARB to ARNI to further improve nocturnal blood pressure control. (1B)

Rationale: A randomized controlled study in patients with hypertension in Asia showed that ARNI treatment for 8 weeks effectively reduces nocturnal ambulatory SBP by up to 16.14 mmHg (56). Another randomized, double-blind, placebo-controlled, and active drug-controlled study including 1,328 patients with hypertension showed that, compared with ARB, the nocturnal mean sitting SBP of patients treated with ARNI decreased significantly by up to 9.01 mmHg (28). A different randomized controlled study revealed that, compared with olmesartan, ARNI further reduced the nocturnal mean ambulatory SBP of elderly patients with hypertension by 5.9 mmHg (53).



For Patients With Heart Failure Whose Serum Potassium Tends to Increase When Using ACEIs/ARBs, We Suggest Switching to ARNI After Serum Potassium Decreases to the Normal Range

Suggestion 3.4.3: For patients with CKD and heart failure, and whose serum potassium tends to increase when using ACEIs/ARBs, we recommend switching to ARNI after serum potassium levels decrease to the normal range so as to reduce the risk of hyperkalemia. (2B)

Rationale: The use of ACEI/ARB will decrease potassium excretion through the kidneys and increase serum potassium levels. In the PARADIGM-HF study (which excluded patients with eGFR <30 mL/min/1.73 m2), the serum potassium level was lower in the ARNI treatment group than in the enalapril group, and the incidence of hyperkalemia and severe hyperkalemia was significantly reduced, with even patients treated in combination with MRA exhibiting a significantly lower risk of hyperkalemia (61, 70). Moreover, the incidence of hyperkalemia was significantly lower in the ARNI group than in the valsartan group (13.2 vs. 15.3%, P = 0.048) (30). A meta-analysis of 11 randomized controlled trials comparing ARNI with RAAS inhibitors showed that, compared with those receiving ACEI/ARB, the ARNI group had a slightly lower risk of hyperkalemia (RR = 0.95; 95% CI = 0.88–1.02) (71). A meta-analysis published in ASN in 2020 showed similar results (72); however, patients with heart failure were mainly included in these studies, whereas patients with eGFR <30 mL/min/1.73 m2 or serum creatinine level > 221 μmol were excluded. To data, there are no data on patients without heart failure.



For Patients With Heart Failure Whose Serum Creatinine Levels Rise Sharply, We Suggest Discontinuing ACEI/ARB and Switching to ARNI

Suggestion 3.4.4: For patients with CKD exhibiting heart failure who are treated with ACEI/ARB and whose serum creatinine has increased substantially (by >50% or ≥266 μmol/L), we recommend discontinuing ACEI/ARB, monitoring renal function, and switching to ARNI after renal function stabilizes or improves, so as to reduce the risk of entering end-stage renal disease. (1B)

Rationale: A review published in 2021 noted that the sympathetic system was strongly activated in patients with heart failure, and using a RAAS inhibitor alone to dilate efferent arterioles could significantly reduce the hydrostatic pressure in capillaries, resulting in an increase in creatinine. When ARNI was used instead of RAAS inhibitors, efferent and afferent arterioles were dilated synchronously, the renal plasma flow increased, the effective filtration area increased, and the filtration permeability of mesangial cells increased, thus improving eGFR (73). In the PARADIGM-HF study, the risk of increased serum creatinine was significantly lower in the ARNI group than in the enalapril group. A meta-analysis published in ASN in 2020 reported the same benefits of ARNI, as well as a reduction in the risk of elevated serum creatinine by 14% compared with ACEI/ARB (ORR = 0.86; 95% CI = 0.78–0.95, P = 0.002) (72).



If CKD Is Accompanied by Overhydration That Persists, We Recommend Switching to ARNI

Suggestion 3.4.5: For patients with CKD who still exhibit overhydration after treatment with ACEI/ARB, we suggest switching ACEI/ARB to ARNI to improve volume control. (2C)

Rationale: ARNI not only inhibits the RAAS system, but also inhibits enkephalinase and enhances the natriuretic peptide system. The natriuretic peptide system is a potential target for renal disease treatment, which can promote natriuresis and diuresis, help reduce sodium as well as water retention, and improve volume control (73).




Can ARNI Directly Replace ACEI/ARB?

Suggestion 3.5: For patients with HFrEF not previously treated with ACEI/ARB, ARNI treatment should be the first choice to reduce the risk of cardiovascular death and hospitalization owing to heart failure. (1B)

Rationale: Subgroup analysis of the PIONEER-HF study confirmed that direct initiation of ARNI had more clinical benefits than switching from ACEI to ARNI. Further, the benefits were consistent among all patients in the high-risk subgroup (Supplementary Table 3). The risk of adverse reactions was similar in both high-risk and low-risk patients. This indicated that, in the former, direct initiation of ARNI during hospitalization had more benefits and was well tolerated (33). The TRANSITION study further confirmed that early initiation of ARNI during hospitalization was safe and effective (31). Therefore, in patients with heart failure, directly initiating ARNI can avoid the treatment delay caused by initial ACEI intake followed by a switch to ARNI. The 2021 US expert consensus on the management of patients with HFrEF states that ARNI should be preferred over ACEI/ARB for patients with HFrEF (74).




ARNI IN PATIENTS WITH CKD UNDERGOING MAINTENANCE DIALYSIS (HEMODIALYSIS AND PERITONEAL DIALYSIS)


What Are the Indications of ARNI in Patients Undergoing Maintenance Dialysis?

Suggestion 4.1.1: For patients with heart failure undergoing maintenance dialysis, ARNI is recommended for improving myocardial remodeling, controlling the symptoms of heart failure, protecting residual renal function, and reducing the risk of cardiovascular events. (1B)

Rationale: Data exist on the use of ARNI in patients with heart failure undergoing maintenance dialysis. A clinical study conducted in hemodialysis patients in China showed that, when ARNI 100 mg BID was used to treat hemodialysis patients with HFrEF or heart failure with midrange ejection fraction, the maximum blood concentration of LBQ657 was within the safe drug concentration range, and ARNI effectively improved their left ventricular ejection fraction (P < 0.05) (75). Another retrospective study including 23 patients also confirmed that ARNI could improve the left ventricular ejection fraction and myocardial marker levels in dialysis patients with HFrEF (76). A Chinese study including 21 peritoneal dialysis patients with HFpEF confirmed that ARNI could also significantly improve the symptoms and signs of heart failure and reduce the levels of heart failure markers, while also exhibiting a tendency to improve cardiac function (77).

Suggestion 4.1.2: ARNI can be used in patients with hypertension undergoing maintenance dialysis to lower blood pressure, protect cardiac function, and reduce the risk of cardiovascular events. (2D)

Rationale: Approximately 90% of dialysis patients in China have hypertension (78). The blood pressure of dialysis patients is mostly managed via combination therapy (79). However, the blood pressure control rate in patients after antihypertensive treatment is only 25.5% (78). Persistent hypertension in dialysis patients can be correlated not only with left ventricular hypertrophy, but also with ischemic heart disease, heart failure, and cardiovascular mortality (80). Therefore, ARNI can be used in patients with hypertension undergoing maintenance dialysis to lower blood pressure, protect cardiac function, and reduce the risk of cardiovascular events (80). At present, there are limited data on the use of ARNI in dialysis patients with hypertension; therefore, clinical experience should be considered.



What Precautions Should Be Taken When Using ARNI in Patients Undergoing Maintenance Dialysis?

Suggestion 4.2: In patients undergoing maintenance dialysis, we recommend starting ARNI from a low dose of 25–50 mg QD, paying attention to blood pressure during treatment, and adjusting the dose gradually to 100–150 mg QD to BID according to the patient's tolerance (Table 2). (1C)

Rationale: When used reasonably, ARNI is well tolerated in dialysis patients. In a retrospective study, 23 patients who were switched from ACEI/ARB to ARNI treatment exhibited an average dose of ARNI at the baseline of 90 ± 43 mg/d. After a follow-up period with a median length of 132 days, the dose at the last follow-up was 123 ± 62 mg/d. The most common adverse reaction during treatment was hypotension (SBP <100 mmHg), which usually occurred during or immediately after hemodialysis. During treatment, the dose of ARNI was reduced for approximately 21.7% of patients because of adverse reactions; however, these reactions did not lead to drug discontinuation (76). Therefore, for dialysis patients, we suggest starting with a low dose, monitoring blood pressure during treatment, and gradually adjusting the dose according to tolerance. Research has shown that ARNI at a dose of 100–150 mg BID is safe and tolerable for hemodialysis patients (75, 81).




CONCLUSION

When using ARNI in patients with CKD, its dosage and frequency should be determined according to renal function, cardiac function, and the occurrence of hypoproteinemia or abnormal liver function. Whether it is necessary to start with a low dose in patients with moderate and severe renal impairment should be further addressed (Table 3). Although ARNI can be used in combination with SGLT2i for patients with heart failure, its combination with ARB requires further investigation. When used with diuretics, close attention should be paid to adjusting the dosage. When used with spironolactone, amiloride, or potassium salt, close attention should be paid to serum potassium levels, while avoiding ACEI or aliskiren use. ARNI is recommended for non-dialysis patients with CKD exhibiting heart failure or hypertension. In the case of heart failure or poor blood pressure control, we suggest that patients using ACEI/ARB should switch to ARNI. ARNI is recommended to improve cardiac structure and function in maintenance dialysis patients with heart failure. In dialysis patients with hypertension, the efficacy of ARNI requires further investigation.


Table 3. Future research suggestions.
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Aim: NPHS2 is the coding gene of podocin. This study aims to investigate the association between NPHS2 p.R229Q (rs61747728), the most frequently reported missense variant of NPHS2, and focal segmental glomerular sclerosis (FSGS) or steroid-resistant nephrotic syndrome (SRNS) based on typing the variant in a Chinese FSGS/SRNS cohort and conducting a meta-analysis.

Method: We recruited patients with FSGS or SRNS and healthy individuals. To conduct a meta-analysis, all studies on p.R229Q and FSGS/SRNS were searched from public databases.

Results: In total, we enrolled 204 patients with FSGS, 61 patients with SRNS [46 with FSGS, 9 with minimal change disease (MCD), and six patients with IgA nephropathy (IgAN)], and 100 healthy controls. Unexpectedly, p.R229Q was absent in the patients from our cohort. By meta-analysis of 21 studies including 2,489 patients with FSGS/SRNS and 6,004 healthy controls, we confirmed that the A allele of p.R229Q was significantly associated with increased risk of FSGS/SRNS (allelic OR = 1.9, 95% CI = 1.44-2.52, P < 0.001). However, the subgroup analysis showed that the association between p.R229Q and FSGS/SRNS was true only in Caucasians (allelic OR = 2.14, 95%CI = 1.54-2.98, P < 0.001) and in early-onset patients (allelic OR: 2.13, 95% CI = 1.21-3.76, P = 0.009).

Conclusion: NPHS2 p.R229Q may play an important role in enhancing the susceptibility of FSGS/SRNS, especially in ethnicity of Caucasian and age of early-onset patients.

Keywords: focal segmental glomerular sclerosis, NPHS2, p.R229Q, steroid resistant nephrotic syndrome, meta-analysis


INTRODUCTION

Idiopathic nephrotic syndrome (INS) is clinically characterized by edema, massive proteinuria, hypoalbuminemia, and hyperlipidemia. Although steroid is widely used for treatment of INS, about 10-20% of children (1) and 50% of adults patients (2) have steroid-resistant nephrotic syndrome (SRNS). Among different pathologic types of SRNS, focal segmental glomerulosclerosis (FSGS) is the most common cause in children (3), accounting for 60-70% (4, 5), and it also frequently occurs in adults (6).

Over the past decades, dozens of podocyte-related genes had been identified in several monogenic forms of hereditary FSGS/SRNS (7–9). Among these genes, mutations in podocin (NPHS2) had been found to play a significant role in SRNS, consisting of approximately 20 to 40% of familial and 10% of idiopathic childhood SRNS in different regions of the world (10–13). Podocin is composed of 383 amino acids localizing specifically from the insertion of the slit diaphragm (SD) to the podocyte cytoplasm (7, 14). It is required for the structural organization and regulation of the glomerular filtration barrier by interacting with other important SD molecules such as nephrin and CD2-associated protein (CD2AP) (15–18). rs61747728 (p.R229Q, G686A) is one of the most commonly reported variants in podocin. A study conducted by Tsukaguchi et al. (19) found that p.R229Q caused a decrease in the ability of podocin to bind to nephrin and was usually associated with secondary NPHS2 mutation, which enhanced the susceptibility to develop FSGS. Meanwhile, some studies reported that heterozygous p.R229Q polymorphisms were associated with SRNS when compared to a healthy population (20, 21). Furthermore, p.R229Q-podocin was found to be related with microalbuminuria in the general population (10). In contrast with these findings, p.R229Q was found not associated with SRNS or urinary albumin-creatinine ratio (ACR) in some other studies performed on White or Black individuals (10, 20, 22). These controversial findings might be due to underpowered study design or different study populations. In addition, few studies were performed on Asian population although the prevalence of SRNS was relatively higher in Asians and African Americans (3, 23, 24). The aim of this study was to investigate the association between p.R229Q and FSGS/SRNS. We first conducted a screening study on our cohort composed of adult patients who were of Chinese descent and with FSGS/SRNS. To enhance the power of this study, we performed a meta-analysis by pooling data driven from our cohort and from bodies of literature obtained from public databases.



METHODS


Screening Study


Patients and Controls

Inclusion criteria were as follows: (1) age between 18 to 65 years old, (2) newly diagnosed nephrotic syndrome without previous usage of immunosuppressive agents within 1 month before the recruitment, and 3) renal biopsy-proved FSGS, minimal change disease (MCD), or IgA nephropathy (IgAN). We included patients with IgAN treated with full-dose prednisone as their initial therapy. SRNS was defined as less than 50%reduction in urine protein compared to baseline or urine protein higher than 3.5 g/d after treatment with a full dose of prednisone (1 mg/kg, maximum 80 mg/day) for at least 12 weeks. Healthy controls were defined as having serum creatinine bellow 100 umol/L without proteinuria or hematuria by urine routine test. All the individuals recruited in this study self-reported as having a Chinese Han origin. Informed consent was obtained from all the study participants before enrollment. The study protocol was reviewed and approved by Ruijin Hospital Human Research Ethics Committee.



Mutation Analysis

Genomic DNA was extracted and purified from peripheral leukocytes in peripheral blood cells of all the included subjects. All the eight coding regions, exon-intron boundaries, 5′UTR, and 3′UTR of NPHS2 were amplified by polymerase chain reaction (PCR) (7). Primers were designed with the primier5 software or based on published information (19) (Supplementary Table 1). The PCR products were sequenced by Invitrogen. Sequence chromatograms were analyzed with the SEQUENCHER™ software (Gene Code Corp., Ann Arbor, MI, United States) by comparing with the reference sequence of NPHS2 downloaded from NCBI1.




Systemic Review and Meta-Analysis


Search Strategy and Inclusion Criteria

Relevant studies published until 1 March 2021 were searched through electronic databases of PubMed, SCOPUS, Cochrane Library, and Web of Science and using the search terms “R229Q,” “NPHS2,” “rs61747728,” “686G > A,” and “Arg229Gln.” Additional studies were also searched by reviewing the references cited in the retrieved articles.

Studies eligible for inclusion in our meta-analysis had to fulfill the following criteria: (1) studies discussing about the association between p.R229Q and SRNS (or FSGS) (e.g., SRNS group vs. control group or FSGS group vs. control group), (2) original data of genotype frequencies available, (3) SRNS was defined as patients who do not achieve complete remission within 12 weeks of glucocorticoid treatment, (4) early onset was defined as onset age ≤18 years, late onset was defined as onset age >18 years. Studies were excluded from our analysis if: (1) there was no control group, (2) genotype data were not available, (3) they were a duplicate of previous publication, and (4) they were reviews, editorials, or unpublished reports.



Data Extraction

All the data were extracted independently by two reviewers (Qiongxiu Zhou and Xiaoyan Zhang) according to a standard protocol. The following information was extracted from the eligible studies: first author’s surname, year of publication, ethnicity of subjects, sample size, age, and distribution of p.R229Q genotype and allele frequencies in case and control groups.




Statistical Analyses

In the current meta-analysis, the associations between p.R229Q and FSGS/SRNS was analyzed by calculating the pooled odds ratios (ORs) and their 95% confidence intervals (CIs) using a random-effects model. Three genetic models were used for the association study: the allelic model (A vs. G), the dominant model (GA + AA vs. GG), and the recessive model (AA vs. GG + GA) (25, 26). Subgroup analyses were conducted according to subject ethnicity and age of onset.

Hardy-Weinberg Equilibrium (HWE) was tested by chi-square test (χ2) for goodness of fit to compare the observed and expected genotype frequencies with controls using a previous meta-analysis as reference, and a P-value < 0.01 was considered as significant deviation from HWE. As deviation from HWE in subjects may bias the estimates of genetic effects in a meta-analysis, a sensitivity analysis was conducted by removing one study and recalculating the pooled OR and 95% CI to assess the stability of the results. Potential publication bias was estimated by Begg’s funnel plot. All statistical tests were performed with the STATA 11.0 software (Stata Corp., College Station, TX, United States). Two-sided P < 0.05 was considered statistically significant.




RESULTS


Screening Study on the Present Cohort

In total, there were 61 patients with SRNS and 204 patients with FSGS recruited in the screening study. Among the 61 patients with SRNS, 46 (75%) had FSGS, 9 (15%) had MCD and 6 (10%) had IgAN; 4 of the 6 patients with IgAN had FSGS changes in renal pathologic findings. The baseline characteristics of patients with SRNS and FSGS enrolled are shown in Supplementary Table 2. We also recruited 100 healthy individuals as a control group. Four synonymous single nucleotide polymorphisms (SNPs), c.187A > G (p.G34G) in exon1, c.288C > T (p.S96S) in exon2, and c.954C > T (p.A138A) and c.1038A > G (p.L346L) in exon8 of NPHS2, were identified by Sanger sequencing among all the individuals recruited in the screening study. However, p.R229Q was absent in all the patients with SRNS and FSGS.



Meta-Analysis


Searching Studies for Meta-Analysis

There were 21 studies investigating the association between p.R229Q and SRNS/FSGS, including the present study. A flow chart shows the literature search for relevant studies on the association between p.R229Q and SRNS/FSGS (Supplementary Figure 1). The studies contained 2,489 cases and 6,004 controls with 12 comparisons on Caucasians, 6 on Asians, and 3 on Africans. Characteristics of these studies evaluating the association between R229Q polymorphism and SRNS/FSGS risk are shown in Table 1. The frequency distributions of genotypes were consistent with HWE.


TABLE 1. Characteristics of studies evaluating the association between R229Q polymorphism and SRNS/FSGS risk.

[image: Table 1]


Association Between p.R229Q and SRNS/FSGS

The minor allele frequency (MAF) (A allele) of p.R229Q was.06 in the patients with SRNS/FSGS and.03 in the healthy controls. An increased risk for p.R229Q in SRNS/FSGS was confirmed by the allelic model (OR = 1.9, 95% CI 1.44-2.52, P < 0.001, Figure 1), the recessive model (OR = 3.9, 95% CI 1.56-9.77, P = 0.004, Supplementary Figure 2) and the dominant model (OR = 1.91, 95% CI 1.37-2.73, P < 0.001, Supplementary Figure 3).


[image: image]

FIGURE 1. Forest plots of meta-analysis of association between p.R229Q and FSGS/SRNS in the allelic model. Chr, chromosome; CI, confidence interval; OR, odds risk; SRNS, steroid-resistant nephrotic syndrome; and FSGS, focal segmental glomerular sclerosis.


A subgroup analysis was performed based on disease phenotype: SRNS or FSGS. A significant increased risk of SRNS and FSGS in patients with R229Q was determined based on the allelic model (OR = 2.6, 95% CI 1.68-4.03, P = 0.024 and OR = 1.44, 1.12-1.85, 95%CI P <0.001, respectively, Figure 2). When all the patients were stratified by ethnicity, significant risks were found among Caucasians either in the allele-based analysis (OR = 2.14, 95% CI 1.54-2.98, P < 0.001, Figure 3) or in the genotype-based analysis (dominant model: OR = 2.11, 95% CI: 1.48-3, P < 0.001; recessive model: OR = 6.56, 95% CI 1.69-25.5, P = 0.007). However, no association was found in the African and Asian populations. In the subgroups stratified by onset age, the p.R229Q variant increased the risk of SRNS among the early-onset patients in the allelic (OR: 2.13, 95% CI = 1.21-3.76, P = 0.009, Figure 2), recessive (OR = 4.85, 95% CI = 1.25-18.81, P = 0.02), and dominant (OR: 2.09, 95% CI = 1.04-4.21, P = 0.04) models, while no significant association was found in all the three genetic models among the late-onset patients.
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FIGURE 2. Subgroup analysis of association between FSGS/SRNS and the p.R229Q variant based on age of onset and disease types (allelic model). CI, confidence interval; OR, odds risk; chr, chromosome; SRNS, steroid-resistant nephrotic syndrome; and FSGS, focal segmental glomerular sclerosis. SRNS, steroid-resistant nephrotic syndrome; FSGS, focal segmental glomerular sclerosis; HWE, Hardy Weinberg Equilibrium; NA, not available (i.e., not stated).
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FIGURE 3. Subgroup analysis of association between FSGS/SRNS and the p.R229Q variant based on ethnicity (allelic model). CI, confidence interval; OR, odds risk; chr, chromosome; SRNS, steroid-resistant nephrotic syndrome; and FSGS, focal segmental glomerular sclerosis.




Sensitivity Analysis

In this meta-analysis, significant heterogeneity (I2 = 52.1%, P = 0.003) was observed in the included dominant model, so a sensitivity analysis performed. The combined ORs were similar with one another, with a narrow range from 1.72 (95% CI: 1.32-2.26) to 2.08 (95%CI: 1.49-2.91) (Supplementary Figure 4). It indicated that our results were stable.



Publication Bias

The publication bias of the individual studies was evaluated by Begg’s test. No significant difference was found (P = 0.15). It indicated that there was no significant publication bias in our meta-analysis (Supplementary Figure 5).





DISCUSSION

NPHS2 mutations were initially described in patients with NS from birth to 6 years of age (20, 27), while they were infrequently detected in children with non-familial SRNS (28, 29). A study on adults with FSGS/SRNS has not been fully performed. In our study, we examined the frequency of NPHS2 mutation in a cohort of adult Chinese patients with SRNS or FSGS. Four known synonymous variations (G34G, S96S, A318A, and L346L) were identified. However, the distribution of genotypes among our patients and the controls were similar, which suggested that the SNPs did not increase the risk of SRNS or FSGS. We did not find non-synonymous variations in NPHS2, and no p.R229Q was observed in patients with either SRNS or FSGS. It suggested that adult-onset NPHS2 mutation was rare in Chinese patients, and that p.R229Q had no effect on the patients, at least in our population.

In the current meta-analysis, we found that the frequency of the p.R229Q variant was significantly higher in the patients with SRNS/FSGS than in the healthy populations in the allelic (OR = 1.9, 95% CI 1.44-2.52), dominant (OR = 1.91, 95% CI 1.37-2.73), and recessive (OR = 3. 0, 95% CI 1.56-9.77) models. Furthermore, it was significant in the subgroups of either SRNS (OR 2.6, P = 0.024) or FSGS (OR 1.44, P <0.001). As FSGS was a common cause of SRNS in both children and adults, we could hypothesize that p.R229Q plays a pathogenic role in FSGS and SRNS. These findings were consistent with previous studies, suggesting that the p.R229Q allele may be a disease-causing variant, which could enhance the susceptibility of FSGS, and FSGS patients with podocin mutations were more likely to be p.R229Q in heterozygous state with one pathogenic mutation (10, 19, 20, 30–34).

The results from our meta-analysis were different from Lu Lu’s study (35), which reported no association between p.R229Q and FSGS. First, we recruited more cases, with 2,489 patients with SRNS/FSGS and 6,004 controls, and there were more comparisons on different ethnicity, with 12 comparisons on Caucasians, 6 on Asians, and 3 on Africans. Secondly, Lu L’s study excluded the studies that all variant individuals are compound heterozygotes, considering that the excessive possible affecting SNPs in the NPHS2 gene related to FSGS was difficult to identify. We agree with this concern. Therefore, in our study, we constructed genetic models, the allelic (A vs. G), dominant (GA + AA vs. GG), and recessive (AA vs. GG + GA) models, to explain the allele frequency and genotype-phenotype correlation of p.R229Q in these studies. We concluded that p.R229Q might play a pathogenic role in developing SRNS/FSGS in the state of compound heterozygotes (36).

Additionally, we found that the frequency of p.R229Q was various throughout different populations. The frequency was higher in Caucasians than in Asians and Africans (36). For the Caucasians, p.R229Q increased the risk of FSGS/SRNS (allelic model: OR = 2.14, 95% CI 1.54-6.64; dominant model: OR = 2.11, 95% CI 1.48-3; recessive model: OR = 3.9, 95% CI 1.56-9.76). However, the associations with other populations were not significant. In our screening study, we did not find the p.R229Q variant in Chinese patients with adult-onset SRNS and FSGS, which was in agreement with a previous study conducted on Chinese patients with childhood-onset SRNS (37). This suggested that p.R229Q allele distribution in different races was uneven, although one explanation for this discrepancy might be that relatively small studies and low frequencies of p.R229Q in these populations could have limited the statistical power for analysis. Besides, significant results were also observed in patients with early-onset FSGS/SRNS in the allelic (OR: 2.13, 95% CI 1.21-3.76), dominant (OR: 2.11, 95% CI 1.48-3) and recessive (OR: 6.56, 95% CI 1.69-25.5) models compared with the healthy controls. We could hypothesize that p.R229Q was more likely to act as a disease modifier to increase the risk for patients with early-onset FSGS/SRNS.

Even though many studies and meta-analyses had been conducted on the genetic role of the p.R229Q variant in the previous years, most of them were performed on Caucasians. Limited studies were available on African and Asian populations. This limited our ability to reach a strong conclusion and investigate a potential function on the basis of race. Moreover, p.R229Q was recently discovered pathogenic only when trans-associated to specific mutations, and this could not be analyzed by the current meta-analysis (38, 39).

In conclusion, our study indicated that NPHS2 mutations were rare in Asian patients with sporadic adult-onset FSGS/SRNS and p.R229Q was undetectable in our cohort. NPHS2 p.R229Q may play an important role in enhancing susceptibility to FSGS/SRNS, especially in Caucasian and early-onset patients. Further studies and international multi-ethnicity approaches are needed to distinguish a pathogenic and benign p.R229Q genotype-phenotype correlation for clinical assessment.
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Objectives: Chronic kidney disease (CKD) is a common chronic condition with high incidence and insidious onset. Glomerular injury (GI) and tubular injury (TI) represent early manifestations of CKD and could indicate the risk of its development. In this study, we aimed to classify GI and TI using three machine learning algorithms to promote their early diagnosis and slow the progression of CKD.

Methods: Demographic information, physical examination, blood, and morning urine samples were first collected from 13,550 subjects in 10 counties in Shanxi province for classification of GI and TI. Besides, LASSO regression was employed for feature selection of explanatory variables, and the SMOTE (synthetic minority over-sampling technique) algorithm was used to balance target datasets, i.e., GI and TI. Afterward, Random Forest (RF), Naive Bayes (NB), and logistic regression (LR) were constructed to achieve classification of GI and TI, respectively.

Results: A total of 12,330 participants enrolled in this study, with 20 explanatory variables. The number of patients with GI, and TI were 1,587 (12.8%) and 1,456 (11.8%), respectively. After feature selection by LASSO, 14 and 15 explanatory variables remained in these two datasets. Besides, after SMOTE, the number of patients and normal ones were 6,165, 6,165 for GI, and 6,165, 6,164 for TI, respectively. RF outperformed NB and LR in terms of accuracy (78.14, 80.49%), sensitivity (82.00, 84.60%), specificity (74.29, 76.09%), and AUC (0.868, 0.885) for both GI and TI; the four variables contributing most to the classification of GI and TI represented SBP, DBP, sex, age and age, SBP, FPG, and GHb, respectively.

Conclusion: RF boasts good performance in classifying GI and TI, which allows for early auxiliary diagnosis of GI and TI, thus facilitating to help alleviate the progression of CKD, and enjoying great prospects in clinical practice.

KEYWORDS
random forest, machine learning, auxiliary diagnosis, glomerular injury, tubular injury


Introduction

Chronic kidney disease (CKD) is a common chronic condition worldwide, with a prevalence of 13.4% (1). Due to its imperceptible symptoms at the initial stages, it may progress into end-stage renal disease, which requires kidney transplantation, posing a substantial financial burden to the society leading to a lower quality of life and higher mortality rate. Additionally, it’s highly associated with such complications as cardiovascular disease (2), emerging as another “silent killer” that threatens human life after tumors and diabetes. Renal injury is the prerequisite for CKD, including glomerular injury (GI) and tubular injury (TI), and thus early diagnosis of GI and TI is of practical significance to alleviate the progression of CKD. How to better make an early diagnosis of renal injury is now a topic running into the forefront of research.

In 2012, Luxia Zhang employed logistic regression to predict CKD, but it comes with drawbacks (3). The first one concerns its sensitivity to multicollinearity; the second one is that maximum likelihood estimation does not fit the true distribution of the data well. A better model is needed. With artificial intelligence springing up, data-driven algorithms pick up pace, and have become a research hotspot in the life sciences, enjoying great popularity in cardiovascular diseases (4), tumors (5), immune diseases (6), and neurological diseases (7). Also, its application in renal diseases is on the rise, from acute kidney injury prediction (8) to kidney transplantation outcome prediction (9), interstitial fibrosis, and tubular atrophy detection (10). One of the well-known algorithms represents Random forest (RF), which has been shown a powerful tool in disease auxiliary diagnosis (11, 12). However, it has not yet been determined in glomerular and tubular injury.

Feature selection is of great necessity in constructing classifiers, since the presence of irrelevant features may be responsible for the poor model performance (13). L1 regularization, Absolute Shrinkage and Selection Operator (LASSO) regression is a welcome choice. It is characterized by the inclusion of an L1 regularization penalty term in fitting generalized linear regression, which makes the sum of the absolute values of the regression coefficients of the model lower than a particular value. It aims to minimize the sum of squared residuals, forcing the regression coefficients of variables that contribute less to the model to be compressed to zero and achieving a feature sparse process (14, 15). Also, it could eliminate predictors with autocorrelation or redundancy, allowing for automated variable selection within the model, and significantly contributing to the performance of classification models (16, 17). Another headwind in the development of classifiers relates to imbalanced datasets. It is not unusual in medical research, because the number of non-patients is extremely larger than that of patients, which serves as an obstacle to predictive performance (18). RF is sensitive to response variables with unbalanced data, and imbalances in classes in the data tend to tend to larger classes in the output of the model, resulting in some classification errors, resulting in lower classification accuracy (19). It has been documented that machine learning methods with data balancing techniques represent effective approach for stroke prediction with imbalanced data. As such, it’s crucial to balance the data prior to model construction (20).

In this study, we aimed to (1) employ LASSO algorithm to conduct feature selection for GI and TI; (2) use the classical and widely accepted SMOTE (Synthetic Minority Over-sampling Technique) algorithm to handle the imbalanced classes of GI and TI; (3) employ the mature machine learning algorithm, Random Forest (RF) to make a classification of GI and TI, respectively, and compare its performance with logistic regression (LR) and Naive Bayes (NB), thus achieving the auxiliary diagnosis of GI and TI and providing a new idea for clinical practice in delaying the progression of CKD.



Participants and methods


Study participants

Shanxi Provincial People’s Hospital conducted CKD screening for permanent residents aged ≥ 40 years in the northern region of Shanxi Province (Ningwu County), the central regions (Yu County, Yangqu County, Lin County, Shouyang County), and the southern regions (Zezhou County, Huozhou City, Hejin City, Linyi County, and Ruicheng County) from April 2019 to November 2019. A total of 13,550 residents volunteered for this screening, and 12,285 were eventually enrolled in the study, including 5,206 men and 7,079 women aged 41–91 years.

Inclusion criteria: (1) residents aged 40 years or older; (2) conscious participants without communication impairment; (3) participants understanding the significance of the study and willing to sign a written informed consent; (4) participants with no cognitive impairment or mental illness; (5) more than 1 year of local residents as of the survey date. Exclusion criteria: (1) Severely incomplete information recorded; (2) poor compliance; (3) pregnant women or those with a history of substance abuse.



Data collection

Questionnaires, physical examination, and laboratory analysis were used to collect data. (1) The questionnaire comprised demographic information (including age, sex, annual income, educational levels), lifestyle (including smoking, alcohol consumption, diet, and exercise). The questionnaire was administered online and completed by the subjects themselves or their family members. (2) Physical examination included height, weight and blood pressure (systolic blood pressure, diastolic blood pressure), which were measured twice and then the mean value was calculated. All data were measured by a medical professional. Body mass index (BMI) was calculated by weight in kilograms divided by the square of height in meters.

(3) Fasting venous blood was collected from subjects for fasting blood glucose (FPG), glycated hemoglobin (GHb), homocysteine (Hcy), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein (HDL-C). (4) Morning urine specimens were collected from subjects. After centrifugation at 3,000 r/min for 10 min, the supernatant was extracted (low-speed centrifuge Anhui Zhongke Zhongjia SC3616), and α1-microglobulin (α1MG), urinary creatinine (UCr), and microalbuminuria (MAU) were determined by latex turbidimetry, sarcosine oxidase, and immunoturbidimetry, respectively.



Variable assignments

Information on the annual income, educational levels, health history, and lifestyle of the study participants was obtained from the questionnaire. Annual income was defined as < 5K yuan, 5K–10K yuan, 10K–20K yuan, > 20K yuan; education levels were defined as ≤ primary school, ≤ middle school, ≤ high school, ≥ bachelor’s degree; smoking was classified as yes or no; alcohol consumption was classified as always (>100 g/time and 3 times/week), sometimes (<3 times/week or < 100 g/time) and rarely; exercise was classified as “none or a little” or “regular” (≥3 times/week, ≥ 30 min/time). BMI was defined as underweight (<18.5 kg/m2), normal weight (18.5–24.0 kg/m2), overweight (24.0–28.0 kg/m2), obesity (≥28 kg/m2). ACR was defined as urinary microalbumin divided by urinary creatinine multiplied 8.84; MCR was defined as urinary microglobulin divided by urinary creatinine multiplied 8.84.


Explanatory variables

(1) Questionnaire: demographic information (age, sex, educational levels, annual income, residence, etc.); lifestyle (smoking, alcohol, exercise, salt consumption, diet). (2) Morning blood: HDL, LDL, TG, TC, Hcy, FPG, GHb. (3) Physical examination: SBP, DBP, BMI. 20 variables in total.



Response variables

ACR ≥ 30 mg/g was defined as GI; MCR > 23 mg/g was defined as TI. The presence of GI, TI was assigned 1; otherwise, they were defined as 0. In this study, we employed RF, LR and NB to make a classification of GI and TI, respectively.




L1 regularization, absolute shrinkage and selection operator regression

Absolute Shrinkage and Selection Operator (LASSO) is one of the common methods for feature selection. It is characterized by the inclusion of an L1 regularization penalty term in fitting generalized linear regression, which makes the sum of the absolute values of the regression coefficients of the model lower than a particular value. It aims to minimize the sum of squared residuals, forcing the regression coefficients of variables that contribute less to the model to be compressed to zero and achieving a feature sparse process (14, 15). LASSO was used to select the collected explanatory variables, and to determine those more relevant to the response variables.



Synthetic minority over-sampling technique algorithm

The Synthetic Minority Over-Sampling Technique (SMOTE) is an oversampling technique that is an effective algorithm for dealing with imbalances between data classes (21). It’s employed to synthetically enlarge the minority class using K-nearest neighors to obtain a balanced data set (22) and has been shown good performance in such fields as network intrusion detection systems and disease detection. In this study, there is a serious imbalance in the response variables, GI and TI (Figures 1A,B). SMOTE was used to balance the classes to facilitate the machine learning models to better learn the inter-data features, thus making the best classification judgment.


[image: image]

FIGURE 1
Before and after SMOTE of response variables for GI and TI. SMOTE, Synthetic Minority Over-Sampling Technique. It’s a good and powerful way to handle imbalanced data, and it was conducted under the parameters of k = 5, C.perc = “balance,” dist = “Overlap.” (A) GI before SMOTE; (B) TI before SMOTE; (C) GI after SMOTE; (D) TI after SMOTE.




Random forest

RF, a data-driven integrated learning algorithm, could obtain multiple new training data by an autonomous sampling of the training set, constructing multiple classification trees based on the parallelization of these new data, and achieving de-correlation between the trees by introducing the selection of independent variables. By doing so, the diversity of the classification trees originates from both sample and independent variable perturbations to achieve the effect of reducing the model variance, and finally to vote on the classification results of multiple trees to obtain the final classification results (23, 24). The workflow of the model construction is shown in Figure 2.


[image: image]

FIGURE 2
Workflow of the model construction.




Statistical methods


Statistical description

Qualitative data are expressed as percentages (%), and quantitative data are expressed as mean ± standard deviation (M±SD) or median ± interquartile [(Median(P25,P75))], as appropriate.



Model construction

The datasets were divided into training set (80%) and testing set (20%). The former ones were used for models training, i.e., RF, NB, and LR, while the latter ones were employed for evaluation of model performance. All analyses were implemented in R software (version 4.0.3).




Evaluation parameters

The evaluation parameters comprised Accuracy (1), Specificity (2), Sensitivity (3) and area under the receiver operating curve (AUC). The predicted result was defined as True Positive (TP) when patients with renal conditions were classified as patients and True Negative (TN) when healthy ones were classified as healthy. Besides, the predicted result was False Positive (FP) if healthy subjects are considered patients; similarly, False Negative (FN) if patients are considered healthy subjects. Accuracy is to evaluate how accurate the machine learning algorithms are to detect what it is supposed to measure. Specificity is the ability to correctly exclude those without renal conditions and Sensitivity is to correctly identify those with renal conditions.
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Results


Baseline characteristics

A total of 12,330 people were included in this study, 5,230 men and 7,100 women, the number of GI was 1,587 (12.8%) and the number of TI was 1,456 (11.8%). Besides, the number of participants with both GI and TI was 2,439 (19.7%). Other parameters are detailed in Tables 1, 2.


TABLE 1    Clinical parameters of study subjects (quantitative ones).

[image: Table 1]


TABLE 2    Clinical parameters of study subjects (qualitative ones).
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Feature selection and results of sampling technique

As shown in Figures 3A,B, after LASSO feature selection, 14 and 15 explanatory variables remained in the two datasets, respectively, in which data 1 with GI as the response variable excluded six variables of annual income, residence, LDL, HDL, smoking, and exercise; while data 2 with TI as the response variable excluded five variables of TC, LDL, HDL, exercise, and salt consumption. The remained variables are comparable for GI (except TG and sex) and TI (Supplementary Tables 1, 2).


[image: image]

FIGURE 3
Results of feature selection using LASSO. When Lamda is minimum, corresponding features were taken into model construction (14 features for GI, and 15 feature for TI). (A) Feature selection for GI; (B) feature selection for TI.


As shown in Figures 1C,D, after resampling by SMOTE, the number of patients and normal ones were 6,165, 6,165 for GI, and 6,165, 6,164 for TI, espectively.



Model performance

When constructing model for GI, the number of GI and non-GI in the training set were both 4,932, and 1,233 in the testing set, respectively. When constructing model for GI, the number of TI and non-TI in the training set were 4,973 and 4,891, respectively, and 1,273 and 1,192 in the testing set. The accuracy, sensitivity, specificity and AUC of RF for classification of GI and TI performed better than NB and LR in both the training set and testing set, which shows that RF does have a high diagnostic value for classification (Tables 3, 4 and Figure 4).


TABLE 3    Performance evaluation of the three classifiers on the training set (GI/TI).
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TABLE 4    Performance evaluation of the three classifiers on the testing set (GI/TI).
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FIGURE 4
Comparison of the ROC curve areas of the three model classifiers. In model construction, 70% of samples were randomly divided as training set, and the rest 30% were as testing set. AUC (area under curve) was used to evaluate the performance of these three classifiers. (A) AUC of GI in the training set; (B) AUC of GI in the testing set; (C) AUC of TI in the training set; (D) AUC of TI in the testing set.




Feature importances

We indicated the contribution of the explanatory variables to the model by %IncMSE, and the larger the %IncMSE, the more important the variables were for the RF model. The four variables that contributed most to the classification of GI in the RF model represented SBP, DBP, sex, and age. The four variables that were most important for the classification of TI constituted age, SBP, FPG, and GHb (Figure 5).
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FIGURE 5
Contributions of explanatory variables to the random forest model. The “%IncMSE” is the increase in mean squared error, where the error of the model prediction is increased by randomly replacing the value of each predictor variable if it is more important. Therefore, a larger value indicates that the variable is more important.





Discussion

In this study, ACR and MCR levels were used as screening indicators for GI and TI, and ACR ≥ 30 mg/g was considered GI; MCR > 23 mg/g was considered TI. Besides, the machine learning model RF was used to classify them, and we compared its classification performance with NB, and LR.

This study suggested that the accuracy, sensitivity, specificity and AUC of the RF algorithm outperformed other classifiers in both the training set and testing set. Yet its performance in the testing set was comparatively lower than that in the training set, because the classification performance based on the training set was prone to overfitting (25), while the results of the testing set could better reflect the classification performance of the model, which proves their potential applications in GI and TI-aided diagnosis.

Of note, the RF model is sensitive to response variables with unbalanced data. Imbalanced classes in the data would leave the output of the model tending to larger classes, causing some classification errors, and leading to a less accurate classification performance (20). As such, SMOTE algorithm was employed to resample the data set with GI and TI as response variables, respectively, before performing the classification task to achieve balanced classes. By doing so, the learning capability of the model could be maximized, and a more accurate predictive performance could be achieved.

Since RF model is data-driven, a visible functional equation is unavailable to determine the extent to which the explanatory variables contribute to the model based on the regression coefficients. However, a more intuitive alternative for the model is that by outputting feature importances, the model could explain the importance of the variables on the explanatory variables. This study demonstrated that the four explanatory variables with the greatest output weight of RF classifier for GI represented SBP, DBP, sex, and age; and the four explanatory variables for TI constituted age, SBP, FPG, and GHb.

In a hypertensive state, abnormal glomerular hemodynamics, spasmodic constriction of renal arteries would reduce renal blood flow, leading to renal ischemia and long-term hyperperfusion and hyperfiltration of glomerular capillaries, resulting in damage to glomerular vascular endothelial cells and podocytes (26, 27). Meanwhile, renal ischemia caused by hypertension activates the renin-angiotensin-aldosterone system, leading to constriction of the inlet and outlet arteries and a further increase in glomerular pressure, which aggravates renal ischemia. The high pressure causes damage to endothelial cells, podocytes and tubular epithelial cells, leading to the destruction of the filtration barrier and dysfunction of reabsorption, thus, resulting in proteinuria occurrence (28, 29). Additionally, hypertension can lead to thickening of glomerular duct wall hardening, renal parenchymal ischemia, which would further increase the production of vasoactive substances, stimulate interstitial collagen deposition, and eventually leading to glomerular sclerosis and kidney injury (30).

It has been documented that kidney disease in China is more prevalent in male patients, suggesting that sex is also one contributor to degenerative changes in kidney structure and function. The prevalence of CKD has been reported to be higher in women than in men. A representative study pooling 33 population-based studies worldwide evaluated the global prevalence of stage 1–5 CKD at 10.4% among men and 11.8% among women aged 20 years and older (31). The reasons for these differences are unclear, and although the GFR estimation equation includes a gender correction factor, a single threshold value of < 60 ml/min per 1.73 m2 for the definition of CKD may lead to overdiagnosis of CKD in women (32). A follow-up of Swedish patients with CKD not on dialysis in the national registry showed that male patients had a faster decline in eGFR, more rapid CKD progression and higher all-cause mortality compared to women (33). Also. the results of a study are consistent with experimental data showing the protective effect of estrogen and the potentially deleterious effect of testosterone on non-diabetic CKD (34). The effect of gender on CKD incidence, prevalence, and progression needs further study, and the development of gender-specific CKD markers is also a hot topic of current research.

After the age of 40, the glomerular filtration rate decreases at a rate of 1 ml/min/1.73 per year, resulting in stiffening of the renal vessel wall, glomerular atrophy, sclerosis, tubular atrophy, and interstitial fibrosis, which eventually lead to renal hypofunction (35). In diabetic patients, high blood glucose concentration would cause glucose metabolism disorder, hemodynamic changes, oxidative stress, which induce renal tubular epithelial cell hypertrophy, tubular basement membrane destruction, interstitial cell infiltration, and renal tubular interstitial fibrosis, contributing to reabsorption dysfunction (36, 37). Therefore, the present study shows that RF has some clinical practice combined with feature selection by LASSO.

There are also some limitations in this paper. Firstly, the study constructed the models with data from Shanxi Province, and no other external datasets are available to validate the model performance. Our ongoing work is to collect samples from other areas, to validate the generalization capabilities of the model. Secondly, this study was initially considered for cost-effectiveness and other indicators reflecting CKD were not collected, such as blood creatinine, which will also be the focus of our next step. Additionally, as CKD was more prevalent in people aged ≥ 40 years, this study centered on those over 40 years. In the future, we consider surveys on those aged 18–40 years to improve the prediction model in younger groups. Finally, GI and TI were defined only by surrogate parameters, ACR and MCR, which may not well accurately reflect the renal conditions. In our future work, we would conduct a follow-up for those with positive urine protein.

In short, as early manifestations of CKD, GI and TI have emerged as a global public health issue; their early diagnosis and corresponding treatment are of great importance. Our results demonstrate the potential value of machine learning algorithms in GI and TI-assisted diagnosis, which facilitates reducing the workload of doctors, while achieving automated diagnosis and treatment decisions, and thus could be promoted in clinical practice.
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Introduction: Serum albumin levels at a single time point have been shown to predict mortality in peritoneal dialysis (PD) patients. However, we believe that the dynamic change in albumin after PD may be more significant. In this study, we investigated the relationship between dynamic serum albumin and the clinical outcome of patients undergoing continuous ambulatory peritoneal dialysis (CAPD).

Methods: The participants in this study enrolled 586 patients who underwent CAPD at the peritoneal dialysis center of Second Xiangya Hospital in China. We retrospectively reviewed medical records from January 1, 2010, to December 31, 2019. Baseline serum albumin (Alb), time-averaged albumin level (TA-ALB) and serum albumin reach rate (SR: defined as the percentage of serum albumin measurements that reached ≥ 35 g/L) were applied as the predictor variables. All-cause mortality and cardiovascular mortality were used as the outcome variables. Hazard function of all-cause mortality and cardiovascular mortality in the study participants were examined by using Cox proportional hazard regression models.

Results: Age (HR = 1.03, 95% CI 1.00–1.05), cardiovascular disease (HR = 1.80, 95% CI 1.07–3.03) and TA-ALB (HR = 0.92, 95% CI 0.85–0.99) were independent risk factors for all-cause mortality in PD patients. Patients with TA-ALB of <33 g/L (HR = 2.33, 95% CI 1.17–4.62) exhibited a higher risk for all-cause mortality than those with TA-ALB ≥ 36 g/L. Stratified SR showed a similar trend. Patients with a <25% SR exhibited a significantly increased risk for all-cause mortality (HR = 2.72, 95% CI, 1.24–5.96) by fully adjusted analysis. However, neither TA-ALB nor SR were associated with the risk of cardiovascular mortality after adjusted analysis.

Conclusion: This study demonstrated that age, cardiovascular disease, and TA-ALB were independent risk factors for all-cause mortality in PD patients. TA-ALB and SR can better predict the prognosis of PD patients than baseline Alb. Dynamic changes in Alb are more clinically significant than baseline Alb in predicting mortality risk.
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time-averaged albumin, serum albumin reach rate, peritoneal dialysis, all-cause mortality, cardiovascular mortality


Introduction

Peritoneal dialysis (PD) is an important kidney replacement therapy. It has been reported that PD protected residual renal functions better and had other advantages in many studies (1). Therefore the number of PD patients is increasing year by year. It is estimated that there are more than 272,000 PD patients worldwide, accounting for around 11% of the dialysis population (2). Despite the technology and treatments for PD have improved over the years, many PD patients still develop metabolic disorders, such as hypokalemia and hypoproteinemia, leading to an increased risk of mortality (3).

Protein-energy wasting (PEW) is a common metabolic disorder in PD patients (4) 4, and serum albumin (Alb) is an important index to evaluate PEW. The causes of hypoalbuminemia in PD patients are complex, including protein loss during peritoneal dialysis, inflammation, decreased protein intake, chronic acidosis, and psychosocial factors (5). Clear evidence has shown that hypoalbuminemia was closely related to all-cause mortality and cardiovascular(CV) mortality in PD patients (6, 7). However, Olga et al. (8) have reported that baseline peritoneal loss and albumin clearance was not a determinant of survival. Another study (9) has demonstrated that albumin trajectories after PD was better than initial serum albumin level in predicting mortality risk. Therefore, it may be more meaningful to analyze the association of dynamic serum albumin changes with the long-term survival of dialysis patients.

The aim of this cohort study was to investigate whether serum albumin changes over time are predictors of changes in survival in patients undergoing continuous ambulatory peritoneal dialysis (CAPD). We measured 3 predictor variables, target baseline albumin (Alb), time-averaged albumin (TA-ALB) levels, and albumin standard reach rates (SR), to predict all-cause mortality and CV mortality.



Materials and methods


Study population

In this study, as shown in Figure 1, a total of 1,003 patients catheterized and received CAPD treatment from January 1, 2010 to December 31, 2019 at PD center of Second Xiangya Hospital, Central South University in China were reviewed. We excluded 403 patients because of incomplete demographic and laboratory data, and 586 patients were considered eligible for the survival analysis. The exclusion criteria were as follows: (1) age < 18 years, (2) incomplete clinical information, (3) duration of PD was less than 3 months, (4) cirrhosis or malignancy, (5) serum albumin was measured less than 2 times, (6) kidney transplantation, and (7) no regular follow-up was performed 1–3 months after catheterization. Approval of the study by the research ethics committee of Central South University and informed consents were provided prior to their inclusion in the study.


[image: image]

FIGURE 1
Flow chart for the study participants enrollment and outcomes.




Stratified serum albumin levels

We used Alb, TA-ALB level, and SR as the predictor variables. All-cause mortality and CV mortality were used as the outcome variables. Two serum albumin stratifications were used for analyses.

TA-ALB: according to the trapezoidal area method (10), the area under the curve is formed by albumin values divided by the follow-up time. The formula is as follows: where B is serum albumin values, T is the follow-up time (the month after catheterization), and N is the frequency of follow-up (n ≥ 2).

[image: image]

And according to the rule of tertiles, TA-ALB was divided into three groups (A1 ≤ 33 g/L, A2:33 g/L-36 g/L, A3 ≥ 36 g/L).

SR: SR is the percentage of albumin measurements reaching ≥ 35 g/L. We stratified the albumin reach rate into 4 groups depending on the serum albumin levels that reached 35 g/L: S1: SR < 25%, S2: 25% ≤ SR < 50%, S3: 50% ≤ SR < 75%, S4 ≥ 75%, 25% albumin reach rate indicated that a quarter of serum albumin measurements had reached 35 g/L, 50% indicated that half of serum albumin measurements had reached 35 g/L, and 75% indicated that three-quarters of serum albumin measurements had reached 35 g/L.



Outcome measures

All-cause mortality and cardiovascular mortality were recorded as endpoint events. Cardiovascular mortality was defined as cardiac arrest, myocardial infarction, arrhythmia, heart failure, cerebrovascular accident, and other heart-related diseases. All-cause mortality is defined as death from any cause.



Statistical analysis

Results were expressed as count and percentage or median and interquartile range, as appropriate. Categorical variables were compared using the chi-squared test and Fisher’s exact test. Independent risk factors of all-cause mortality in PD patients were analyzed by univariate and multivariate Cox regression analysis. The correlations between Alb, TA-ALB, SR and all-cause mortality, and cardiovascular mortality were evaluated by Cox proportional hazards model analysis. Survival curves were generated using the Kaplan–Meier method. SPSS 26.0 was used for all statistical analyses, and the P-value of <0.05 was considered statistically significant.




Results


Clinical characteristics of different time-averaged albumin level groups

A total of 586 patients were analyzed. During the 10 years, 203 patients had higher albumin levels (A3: TA-ALB > 36 g/l), whereas 196 patients had low albumin levels (A1: TA-ALB < 33 g/l) and 187 patients had intermediate albumin levels (A2: 33 g/l < TA-ALB < 36 g/l). Patients who were older, male, diabetic, and had high use rate of diuretics had lower serum albumin. Moreover, patients with low albumin had lower rates of glomerular disease, lower residual renal function, and higher rates of ACEI use, cardiovascular disease, all-cause mortality, and cardiovascular mortality. Data of blood parameters showed that patients with lower albumin exhibited significantly higher C-reactive protein(CRP), lower Hb, albumin uric acid(UA), calcium(Ca), phosphorus(P), and magnesium(Mg) values than those with higher albumin. However, the ratio of monocytes to lymphocytes was significantly higher in patients with lower albumin (Table 1).


TABLE 1    Baseline characteristics and clinical features of the study population according to different TA-ALB groups.
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Independent risk factors analysis of all-cause mortality in peritoneal dialysis patients

In univariate Cox regression analysis, age, diabetes, UA, Alb, TA-ALB, serum potassium, and cardiovascular disease (CVD) were chosen for adjustment for multivariate Cox proportional-hazards model analysis. We found that age(HR = 1.03, 95%CI 1.00–1.05, p = 0.012), CVD(HR = 1.80, 95%CI 1.07–3.02, p = 0.028), and TA-ALB(HR = 0.92, 95%CI 0.85–0.99, p = 0.028)were independent risk factors for all-cause mortality (Table 2).


TABLE 2    Independent risk factors analysis of all-cause mortality in PD patients.
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Correlations between albumin, time-averaged albumin levels, standard reach rates, and all-cause mortality and cardiovascular mortality

Based on Cox regression analysis, Table 3 shows the association between different albumin stratification levels and all-cause mortality and cardiovascular mortality. Baseline Alb, TA-ALB, and SR were inversely associated with the risk of all-cause mortality and cardiovascular mortality. Adjusted analysis showed that the risk of all-cause mortality in the participants increased parallel to low serum albumin. Participants with TA-ALB levels < 33 g/L exhibited a higher risk for all-cause mortality as compared with those with the reference level (≥ 36 g/L) (HR = 2.33, 95% CI 1.17–4.62). Stratified SR showed a similar trend. Participants with a < 25% SR had the highest statistically significant risk for all-cause mortality (HR = 2.72, 95% CI, 1.24–5.96). However, neither TA-ALB nor SR were associated with the risk of cardiovascular mortality after fully adjusted analysis.


TABLE 3    Correlations between Alb, TA-ALB, SR, and all-cause mortality, cardiovascular mortality in the study population.
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Cumulative survival

Taking all-cause mortality of the CAPD patients as the endpoint, cumulative survival was analyzed. The 1-, 3-, and 5-year survival rates of the A1 group were 94.1, 83.6, and 67.4%; A2 group were 99.1, 89.2, and 85.1%; A3 group were 99.0, 95.8, and 90.8%, respectively. Figure 2A describes the cumulative survival of three groups of TA-ALB using the Kaplan-Meier analysis. The cumulative survival of each group was significantly different. Taking CV mortality as the endpoint, the 1-, 3-, and 5-year survival rates of the A1 group were 98.7, 87.4, and 76.1%; A2 group were 99.1, 93.5, and 89.4%; A3 group were 99.5, 97.2, and 95.2%, respectively. Kaplan-Meier analysis also showed a significant difference in cumulative survival among the three groups (Figure 2B).
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FIGURE 2
Cumulative survival of PD patients in TA-ALB groups (A1, A2, and A3) with all-cause mortality (A) and cardiovascular mortality (B) as end points.





Discussion

This retrospective cohort study examined the association of baseline Alb, TA-ALB, and SR with all-cause and cardiovascular mortality in PD patients. The results showed that TA-ALB is an independent risk factor for all-cause mortality in PD patients, a decrease in TA-ALB and a low SR were associated with an increased risk of all-cause mortality in PD patients. Dynamic changes in Alb can better predict the risk of all-cause mortality in PD patients.

Age (11), gender (12), and comorbidities (13) have been shown to influence the prognosis of dialysis patients. This study found that age, CVD, and TA-ALB were independent risk factors for all-cause death in PD patients. We also found that patients with hypoalbuminemia were older and had higher rates of diuretic use, male and DM. The weakened immunity of elderly patients and the susceptibility to infection caused by improper operation, higher peritoneal transport and peritoneal permeability in DM patients than non-diabetic patients (14), and more leakage of Alb may explain the above findings. It has been reported that female patients receiving dialysis have an increased risk of infection (15), which is more likely to lead to malnutrition. However, our study found that the proportion of males in the low serum albumin group was higher, which may be related to the influence of regional differences.

The decline of RRF is closely related to inflammation, malnutrition, and death in PD patients (16, 17). Alb can reflect inflammation and malnutrition, which explains the higher CRP, lower eGFR and lower Hb, UA, Ca, P, Mg in the low albumin group. In this study, the use of diuretics and ACEIs was higher in the A1 group, which may be related to the increased edema and increased volume load caused by low Alb, leading to increased blood pressure. M/L are novel indicators of baseline inflammatory response (18). We speculated that the higher M/L in A1 group might be related to the inflammatory state.

PD patients’ prognosis has always been a concern of clinicians. Initial or single-time point serum albumin is commonly considered to be important in predicting the prognosis of dialysis patients (19–21). Sharma et al. (20) proposed that Alb at the start of PD was a better predictor of mortality than Alb after PD initiation. However, in recent years, some studies considered time-varying changes in serum albumin levels in examining the relationship of serum albumin levels with mortality in dialysis patients (22, 23). Wang et al. (9) demonstrated that albumin trajectories after PD was better than initial serum albumin level in predicting mortality risk. In this study, we assumed the dynamic change and trend of albumin after PD was essential and investigated the relationship of TA-ALB and SR with mortality in PD patients. We found that PD patients with lower TA-ALB and lower SR demonstrated higher all-cause mortality. The results demonstrated the long-term effect of serum albumin levels on the mortality risk of PD patients and showed that a sustained serum albumin level is crucial for maintaining survival benefits in PD patients.

Studies have shown that Alb is also a predictor of cardiovascular death in PD patients. One study suggested that after adjusting for other risk factors, the risk of cardiovascular death increased by more than 10-fold in Alb < 35 g/L patients (24). Another study showed that when Alb < 30 g/L, the risk of cardiovascular mortality was increased in both PD and HD patients (25). Our study showed that cardiovascular mortality was increased when PD patients with TA-ALB < 33 g/L. After adjusting for related factors, the risk of cardiovascular mortality remained higher in patients with low TA-ALB, although there was no statistically significant difference (P = 0.067), which may have been influenced by the small number of cardiovascular death endpoint events in this study.

Our study is rare in comparing the effects of baseline Alb, TA-ALB, and SR on all-cause mortality and CV mortality in PD patients. We find that TA-ALB and SR can better reflect the dynamic changes of Alb over time and predict the survival outcome of PD patients. Of course, there are still some limitations in this study. As a retrospective cohort study, we could not prove the causal relationship between TA-ALB, SR, and all-cause mortality, so more prospective studies are needed to confirm this in the future. Inflammation indicators such as CRP and IL-6 were not included in the model when we adjusted for confounding factors, which may impact the results. In addition, this study is a single-center study with a small sample size, and a multi-center randomized controlled study is needed to verify this conclusion.



Conclusion

This study demonstrated that age, cardiovascular disease and TA-ALB were independent risk factors for all-cause mortality in PD patients. TA-ALB and SR can better predict the prognosis of PD patients than baseline Alb. Dynamic changes in Alb are more clinically significant than baseline Alb in predicting mortality risk. Increasing the albumin level over time can improve the prognosis of PD patients.
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Combination of monoclonal immunoglobulin deposition disease (MIDD) and immunotactoid glomerulopathy (ITG) is a rare form of monoclonal immunoglobulin (MIg)-associated renal disease. We retrospectively reviewed the native kidney biopsy specimens at Peking University People’s Hospital from 2011 to 2020. Five patients were diagnosed as MIDD + ITG. Their clinical and pathological characteristics were studied. The typical clinical features were nephritic syndrome and renal dysfunction with prominent anemia, but hematuria was mild. Unlike single MIDD and single ITG, on light microscopy, segmentally distributed mesangial nodular sclerosis on the basis of mesangial matrix hyperplasia was the major lesion. Others including membranoproliferative glomerulonephritis (MPGN)-like lesion, glomerular basement membrane thickness, and mild to moderate mesangial and endothelial proliferations might presented at the same time and in the same glomeruli. On immunofluorescence, MIg, usually monoclonal light chains, deposited along glomerular basement membranes and tubular basement membranes, while the intact MIg or monoclonal heavy chain deposited in the mesangial regions. Corresponding to the depositions on immunofluorescence, punctate “powdery” deposits along glomerular basement membranes and tubular basement membranes under electronic microscopy indicated the presence of MIDD. Microtubular substructures (diameters of 20–50 nm) exhibiting hollow cores arranged in parallel arrays in mesangial regions indicated the presence of ITG. Patients treated with bortezomib-based regimen seemed to have better outcomes. In conclusion, MIDD + ITG is a rare combination form of MIg-associated renal disease. Accurate diagnosis requires the comprehensive pathological investigations.
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Introduction

Monoclonal immunoglobulin (MIg)-associated renal disease has heterogeneous morphologic forms (1). It usually presented in one form (2). Some of literatures reported combinations with two or more different pathologic forms (3–5). The most common pathologic form is monoclonal immunoglobulin deposition disease (MIDD) coexisting with light chain cast nephropathy (LCCN) (4, 6–9). However, the combination of two forms of glomerular diseases, especially the co-deposition of organized and non-organized structures was rare (3, 10). The presentation of this combination was not simply the add-on, but had unique characteristics. Up to date, no case of MIDD + ITG was reported. Here, we report the clinicopathological features, treatments and outcomes of 5 patients with MIDD + ITG, and help to understand the characteristics of this pattern.



Materials and methods

All 11,767 native kidney biopsy specimens from 2011 to 2020 at Peking University People’s Hospital were reviewed from patients’ medical records. Patients fulfilled the diagnostic criteria of both MIDD and immunotactoid glomerulopathy (ITG) were enrolled in the study. MIDD and ITG were diagnosed according to previous literatures (2, 11, 12). Briefly, the patients were diagnosed as MIDD and ITG when there were typical depositions on EM (“powdery” deposits along basement membrane for MIDD and microtubular substructure exhibiting hollow cores arranged in parallel arrays for ITG) with IF proved MIg deposition.

Demographic and clinical information including age, gender, clinical symptoms, past histories of hypertension and diabetes, blood pressure, hemoglobin, urinalysis, urine protein output, serum albumin, serum creatinine were collected at the time of biopsy. MIg was detected by serum and/or urine immunofixation electrophoresis (IEF) and free light chains (FLCs) (Freelite, Binding Site, United Kingdom) test. Treatment and follow-up data were also obtained from the patients’ medical records.

All kidney biopsy samples were processed for light microscopy (LM), immunofluorescence (IF) and electronic microscopy (EM) examination using standard techniques. IF was performed on cryosections (5 μm) using polyclonal fluorescein isothiocyanate (FITC)-conjugated antibodies against IgG, IgM, IgA, C3, C1q, κ and λ light chains (Dako, Denmark), respectively. Determination of the IgG subclasses was performed using monoclonal FITC-conjugated antibodies to IgG1, IgG2, IgG3, and IgG4 (SouthernBiotech, United States). For LM, kidney biopsy specimens were stained with hematoxylin and eosin, periodic acid-Schiff (PAS), Masson’s trichrome, periodic acid-silver methenamine, respectively. Also, Congo red and immunohistochemical (IHC) staining (CD38, CD 138, CD3, and CD20) were performed. Ultrastructural evaluation was performed using a transmission electron microscope (Thermo Scientific, TECNAI SPIRIT, United States).

This research was carried out in accordance with International ethical guidelines for biomedical research involving human subjects (CIOMS) and Helsinki Declaration. This research was approved by the Ethics Committee of Peking University People’s Hospital (2121PHB-84-001). Informed consent was obtained from all participants.


Statistical analysis

Continuous variables with normal distribution were expressed as mean ± SD and variables with non-normal distribution were expressed as median (Q25, Q75). Categorical variables were expressed as numbers or percentages.




Results


Patient characteristics

The incidence of MIDD + ITG was quite low, accounting for only 0.04% of biopsied patients in our center. Five patients were identified. The demographic characteristics are shown in Table 1. There were three males (60%) and two females with an average age of 61.0 ± 4.6 years at kidney biopsy.


TABLE 1    Demographics and clinical characteristics.
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Clinical characteristics

The clinical characteristics of the five patients are shown in Table 1. Foamy urine, dark urine, fatigue and weight loss were the main initial symptoms. The median duration from onset to diagnosis was 6 (6, 21) months (range 6–24 months). Microscopic hematuria was seen in all patients. Proteinuria level was 1.85 ± 1.32 g/d. Serum albumin was 34.1 ± 5.9 g/L. Four patients suffered renal insufficiency as chronic kidney disease (CKD) in three and acute kidney injury (AKI) in one. Patient 4 was dialysis-dependent before renal biopsy. Only one patient (patient 2) had normal renal function. The median serum creatinine level was 142 (range 101–656) μmol/L. Three patients (60%) had hypertension, and none had diabetes.

As shown in Table 1, two patients fulfilled the established diagnostic criteria for MM and three were monoclonal gammopathy of renal significance (MGRS). All patients had prominent anemia with hemoglobin level of 85.0 ± 5.1 g/L. Serum and/or urine IEF confirmed the presence of MIg in four patients except patient 2. She was proved to have MIg for the high κ/λ ratio of 8.39, despite the negative results of serum and urine IEF. The complement levels (C3 and C4) were normal in all the five patients. The results of autoantibodies, hepatitis B and C, and serum cryoglobulin were all negative.



Pathologic findings

The pathologic findings are shown in Table 2 and Figure 1. Mesangial nodular sclerosis was the major lesion on LM usually distributing segmentally, formed on the basis of mesangial matrix hyperplasia lesions. There were also mesangial and segmental endocapillary proliferation. Some manifested membranoproliferative glomerulonephritis (MPGN)-like lesions due to mesangial interposition resulted in double-contour or multicontour. However, the lesion only distributed focally and segmentally and the GBMs were thickened mainly at the site of double-contour or multicontour. The GBMs in the non-sclerotic area were not thickened. Congo red staining were negative.


TABLE 2    Renal pathological findings.
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FIGURE 1
Light microscopy findings. (A) The glomerulus exhibited mesangial expansion and extensive proliferation of mesangial cells and matrix, with mesangial nodular sclerosis. The nodules and tubular basement membranes were periodic acid–Schiff (PAS) positive (Patient 3, PAS; × 200). (B) Diffuse membranoproliferative-like features revealed GBM duplication and mesangial interposition with double-contour or multicontour appearances (Patient 3, PASM; × 400). (C) The glomerulus exhibited segmental nodular sclerosis with mild mesangial hypercellularity. The GBMs in non-sclerotic areas were not thickened (Patient 4, PASM; × 200). (D) Congo red staining was negative (Patient 2, Congo red staining; × 100). (E) The mesangium expanded with diffuse hypercellularity and mesangial matrix proliferation. There was tubular atrophy and multifocal infiltration of lymphocytes and monocytes in the interstitium with fibrosis (Patient 2, Masson; × 100). (F) Lymphocytes and monocytes infiltrating the interstitium were CD38-negative by immunohistochemical staining (Patient 3, CD38; × 100).


Except for the glomerular lesions, there were various degrees of tubulointerstitial injury, with tubular atrophy and multifocal inflammatory infiltration. Lymphocytes (CD3+ or CD20+) and monocytes were seen without eosinophils according to the HE staining. In IHC staining, CD38+ or CD138+ cells were rarely seen indicating no plasma cells infiltration (shown in Figure 1). No PAS-negative casts were found in the tubules.

On IF, immune depositions with monoclonal light chain and/or heavy chain were consistent with the type of serum/urine MIg (Table 2). Monoclonal heavy chain without light chain was found in one patient, while the deposits of monoclonal light chain + heavy chain were found in other four patients. κ chain was the major type of light chain, while α and γ chains were the major types of heavy chains. In all the patients, light chains or heavy chain α deposited in mesangial region, along the GBMs and segmentally along the TBMs. Heavy chains were found mainly in mesangial region without deposition along GBMs and TBMs in four patients besides patient 1 (shown in Figure 2).


[image: image]

FIGURE 2
Immunofluorescence findings. (A) IgA linearly deposited along the GBMs and segmentally along the TBMs, while it was coarsely granularly deposited in the mesangial regions, with 3 + intensity (Patient 1, ×100). Staining for κ-chain (B) and λ-chain (C) was negative (Patient 1, ×100). Staining for IgG (D) and IgG2 (E) revealed coarse granular deposition only in the mesangial regions, without deposition along GBMs and TBMs (Patient 5, × 200). Restrictive κ-chain (F) was linearly deposited along the GBMs, segmentally deposited along the TBMs, and granularly deposited in the mesangial regions, while staining for λ-chain (G) was negative (Patient 5, × 100).


Punctate “powdery” electron-dense deposits were seen in mesangial regions and along the GBMs and/or TBMs on EM. Concurrently, coarse granular deposits were found in the mesangial regions with a microtubular substructure (diameters of 20–50 nm) exhibiting hollow cores arranged in parallel arrays (shown in Table 2 and Figures 2, 3).
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FIGURE 3
Electron microscopy findings. There are finely punctate “powdery” electron-dense deposits (white arrow) involving the inner aspect of the GBM (A) and the outer aspect of the TBM [white arrow, (B)] [Patient 4, (A) × 200, (B) × 6,000]. (C) The mesangial deposits comprised microtubular substructures (diameters of 20–50 nm) with hollow cores (arrowhead) arranged at least focally in parallel arrays (Patient 4 × 43,000).




Treatment and outcomes

Follow-up data were available for four patients (except patient 1) with a median duration of 31 (20, 54) months (range 18–60 months). Patients 2 and 5 received bortezomib-based therapy with or without autologous stem cell transplantation. They achieved complete remission of hematological and renal symptoms with improved renal function. Patient 3 was treated with steroids combined with cyclophosphamide and lenalidomide. Four months later, he advanced to end stage renal failure albeit hematological complete remission was achieved. After 60 months of follow-up, he remained dialysis-dependent. Patient 4 refused any chemotherapy and was treated with hemodialysis. After 18 months of follow-up, he also remained dialysis-dependent.




Discussion

Although the incidence of single MIDD or ITG patients was relatively low (6, 13, 14), here we described a rarer series of patients with MIDD + ITG. Their characteristic pathological features had great diagnostic value, despite the non-specific clinical presentations. Segmental mesangial nodular sclerosis on the basis of mesangial matrix hyperplasia was the main lesion. MPGN-like lesion, GBM thickness and mild to moderate mesangial and endothelial proliferations presented at the same time and in the same glomeruli. EM manifestations of “powdery” deposits along GBM and/or TBM, and microtubular substructures with hollow cores arranged in parallel arrays in mesangial regions indicated the presence of both MIDD and ITG. At the same time, IF proved MIg depositions.


Clinical features of MIDD + ITG

The patients in this study were all in the middle aged or older. It was similar to that previously reported in single MIDD or ITG patients (6, 13, 14). However, due to the small sample size in this study, we could not determine whether there was a gender difference in MIDD + ITG. The duration from onset to diagnosis was relatively long due to atypical early symptoms and late renal biopsy. Nephritic syndrome with chronic renal dysfunction was the prominent presentation of MIDD + ITG, in accordance with most MIg-associated renal diseases. The remarkable anemia incompatible with the patients’ renal function indicated the possible existence of hematologic diseases. The results of serum/urine IEF and/or FLCs implied the possible diagnosis of MIg associated disease. Our study was consistent with the reports in the literature that not all the patients have positive M-spike on serum/urine IEF, and serum FLCs assay can make up for this deficiency (6, 12, 15, 16).

The prognosis of these patients was heterogeneous. Similar with previous studies (17, 18), patients treated with bortezomib-based regimen seemed to have better outcomes. Further study containing more patients with longer follow up is needed to confirm this hypothesis.



Unique pathological features of MIDD + ITG in contrast with each of monoclonal immunoglobulin deposition disease or immunotactoid glomerulopathy

As the non-specificity of the clinical manifestations, the accurate diagnosis relied on renal pathology. The manifestations on LM displayed the heterogeneity of lesions including mesangial nodular sclerosis forming on the basis of mesangial matrix hyperplasia, MPGN-like lesions, GBM thickness and etc. This was a unique feature of MIDD + ITG. Although mesangial nodular sclerosis could be seen in both single MIDD and single ITG, there were prominent differences compared with that in MIDD + ITG (6, 11, 19). Mesangial nodular sclerosis distributed focally and segmentally in MIDD + ITG in contrast to the diffusely and globally distribution in single MIDD. This was consistent with the literature reports that the combination of LCDD with other forms of disease had lower presence of nodular sclerosis and was only diagnosed through the powdery deposits on EM (20). Considering ITG, although mesangial nodular sclerosis might present in the late stage, mesangial and endothelial proliferation leading to MPGN-like lesions were the typical pathological features (12, 14, 21–23). However, in MIDD + ITG, less proliferation and only segmental MPGN-like lesions were seen. At the same time, the partial thickened GBMs resulted from mesangial interposition with a double-contour or multicontour appearance was more comparable with the feature of ITG, rather than that of MIDD mainly presenting as diffuse thickness of GBMs. So, we speculated that ITG might play more roles in the formation of glomerular lesions in our patients. At the same time, due to the non-homogeneous distribution of mesangial nodular sclerosis lesions and negative result of Congo red staining, amyloidosis could be excluded.

On EM, there were characteristic features to differentiate the components of MIDD + ITG. The punctate “powdery” deposits along the GBMs and/or TBMs was the feature of MIDD, while the microtubular deposits with hollow cores in mesangial region indicated the presence of ITG (6, 15, 23). Although cryoglobulinemic glomerulonephritis (Cryo GN) also produce microtubular structures, there were several differences to ITG. In ITG, the microtubules were relatively thicker than Cryo GN. On cross-section, microtubules of Cryo GN have 8–12 spokes emanating from the perimeter, making the cross-sectional outer diameter about 33 nm (24). No EM features relating to Cryo GN with the negative results of serum cryoglobulin have excluded the diagnosis. Thus, the coexistence of both “powdery” deposits along the GBMs and/or TBMs and microtubular deposits with hollow cores in mesangial region confirmed the diagnosis when there was evidence of MIg deposition in the kidney.

On IF, κ was the major light chain in patients with MIDD + ITG, consisting with the immune type of single MIDD and single ITG (2, 6, 13–15). γ and α heavy chains were both commonly seen, while γ1 and γ2 were the main γ subclasses. This was in accordance with the immune deposition types of ITG in the literature (13). The features of MIg deposition indicated the existence of different forms of the disease. In this cohort, heavy chains mainly deposited in mesangial regions, and light chains deposited along GBMs and TBMs, as well as in mesangial regions. This suggested that intact MIg might be the component of ITG deposits while restricted light chains were the component of MIDD. Thus, the four patients except patient 1 were diagnosed as LCDD + ITG. For patient 1, α heavy chain participated in both MIDD and ITG deposits indicating the diagnosis of HCDD + ITG.

Various degrees of tubular interstitial lesions incompatible with glomerular lesions were also visible in four patients except patient 2 in this study. These might explain the renal dysfunction presented in the patients. Pathologically, according to IHC results, the infiltrated inflammatory cells were mainly CD3+ T cells and CD20+ B cells. Together with manifestations of routine staining, there was no evidence of allergic nephritis, LCCN, myeloma infiltration, or any tubulointerstitial damage caused by MM or MGRS. Considering the significant immune deposition along TBMs, renal dysfunction presented either chronically or acutely in patients with MIDD + ITG, may be related to the involvement of renal tubules and interstitium of MIDD. Taken together, careful and thorough investigations with the combined application of IF, EM, LM and IHC could provide an accurate diagnosis of MIDD + ITG.



Possible mechanisms of MIDD + ITG

We reported a rare MIg-associated renal disease in which MIg deposited in both organized and non-organized ultrastructures. According to the pathogenesis reported (10), MIDD and ITG might resulted from immunoglobulins (MIgs) of different origins with unusual or abnormal structures. The deposition may be the consequence of the acquired defects in podocyte functions relating the clearance of the filtrated and retained immunoglobulin, which created the unique environment for deposition (19, 25). According to the immune phenotype, we hypothesize that in MIDD + ITG, intact MIgs with abnormal structures might result in organized deposits. At the same time, light chains or heavy chains were more likely to deposit on GBM, due to the abnormal physicochemical properties of MIg. We presumed that this might be one of the reasons to cause the acquired defects in podocyte functions. These defects promoted the retaining and deposition of organized intact MIgs with abnormal structures, leading to the formation of MIDD + ITG.

At the same time, whether the organized and non-organized deposits resulted from the same MIg of different conformations remained to be elucidated. In the series of LCDD + AL reported by Said, through the method of laser microdissection-assisted liquid chromatography-tandem mass spectrometry (LC-MS/MS), the combination was thought to be caused by pathological light chains produced by subclones stemming from one immunoglobulin light chain rearrangement, with a distinct mutated complementary determining region. Despite the lack of LC-MS/MS exam, we speculated that MIDD + ITG in this study was also caused by the same MIg for the following reasons. Firstly, MIDD and ITG deposits on IF had the same light chain or heavy chain isotype. Secondly, none of the patients had two different MIgs in the serum or urine. However, the accurate evidence needs to be obtained from LC-MS/MS.

In this study, the extraordinary combination of MIDD + ITG were described. The major limitation of the current study was that because of the limited number of cases, it was difficult to accurately summarize the prognostic factors for the outcomes. More cases are needed to further confirm our findings and speculations.




Conclusion

MIDD + ITG is a rare form of MIg-associated renal disease. Clinically it mainly presents as nephritic syndrome and renal dysfunction with prominent anemia. Serum/urine IEF or serum FLCs may prove the existence of MIg. The accurate diagnosis relies on the comprehensive pathologic investigations. Larger cohort would help to determine the best choice of treatment of MIDD + ITG. The accurate evidence of whether the coexisted organized and non-organized deposits came from the same MIg, needs to be obtained from LC-MS/MS.
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Aim: Nutrition is an important part of the care of patients with chronic kidney disease (CKD). However, there is limited clinical research on the skeletal muscle nutrition of patients with CKD. We carried out this study to find out whether a low-protein diet supplemented with ketoacids (LPD + KA) could improve muscle wasting in patients with CKD.

Methods: Patients were enrolled in this non-blind, parallel-group, randomized trial assessing the nutritional status of CKD, randomly assigned to either the LPD + KA group or conventional LPD group. Blood samples such as Hemoglobin, Cystatin C, Creatinine, BUN, Albumin, Pre- Albumin, Glycerin Trilaurate, and Cholesterol were measured at baseline and every 3 months. The parameters of skeletal muscle and other body composition were assessed before and after dietary intervention for 12 months.

Results: A total of 58 patients with CKD completed the study and were available for further analysis. The hemoglobin and albumin were observed to be markedly improved in the LPD + KA group during the follow-up as compared to baseline. Body mass index and total body water index of both groups were increased upon follow-up but the increase in the LPD + KA group was comparatively higher. Moreover, an increase in body fat%, skeletal muscle mass index, and appendicular skeletal muscle mass index was observed in both groups between baseline and follow-up, but it was statistically insignificant.

Conclusion: This study did not find a significant improvement of KAs on muscle wasting, and a long time or more indices study may need to find the effects of the LPD + KA diets.

Clinical trial registration: [www.ClinicalTrials.gov], identifier [NCT02568020].
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Introduction

Chronic kidney disease (CKD) makes complex metabolic processes alter and affect muscular homeostasis, leading to a loss of muscle mass and, ultimately leading to muscle atrophy (1, 2). There are about 16–54% of patients with CKD are dystrophic (3). The syndromic uremic dystrophy has been nominated as protein-energy wasting (PEW) (4), is the main characteristic of PEW, indicating the simultaneous losses in protein and energy storage (5), increasing as CKD progresses, and ultimately increasing the risk of mortality (6, 7).

Nutrition is an important part of the care of patients with CKD. For decades, protein restriction has been used to improve complications such as abnormal glucose metabolism and hypertension in patients with CKD and protect remnant kidneys’ function. As in long-term protein restriction, decreased amino-acid supply may lead to decreased protein synthesis and malnutrition, we often prescribed a low-protein diet (LPD) together with ketoacids (KAs), a nitrogen-free substitution for the essential amino acids, to patients with advanced CKD (8, 9).

Ketoacids supplementation may be protective against muscle atrophic in animal models (10–13). In 5/6th nephrectomy rats, LPD supplemented with ketoacids (LPD + KAs) was able to inhibit the activation of the ubiquitin-proteasome system and protect skeletal muscle from atrophy and oxidative damage when compared with LPD alone. KAs can prevent the decreased activity of the mitochondrial electron transport chain complexes and increase mitochondrial respiration (10, 12, 13). LPD + KAs decreased muscle autophagy markers, but no difference in inflammation in CKD skeletal muscle (11).

Although the reviewed evidence seems to suggest that KAs supplementation can be expected to bring positive results, there is limited clinical research on the skeletal muscle nutrition of patients with CKD. We, therefore, carried out this study, and divided subjects into the LPD group or LPD + KAs group, following up and testing their blood assay and body composition analysis.



Materials and methods


Study population

Between 26 October 2016 and 13 May 2020, subjects were enrolled from the Nephrology department of Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China, as part of this non-blind, parallel-group, randomized trial assessing the nutritional status of CKD (This trial was registered at www.ClinicalTrials.gov as NCT02568020). All individuals came from the outpatient clinics of Shanghai General Hospital. Once identified, they continued routine medical care in their clinics and had an investigative follow-up. Only those who finished the follow-up were further analyzed. Demographics of the patients were obtained from medical records or patient interviews.

Inclusion criteria: patients agree to participate in this study; age ≥ 18 years and < 70 years; renal function measured with creatinine clearance [by Modification of Diet in Renal Disease equation (10)] < 60 and > 15 ml/min (3 monthly consecutive measurements); at least 6 months of follow up at our clinic before recruitment and haven’t received any diet intervention.

Exclusion criteria: pregnant patients; diabetes; heart or liver failure; a recent myocardial infarction (in the last 12 months); long-term immobilization; chronic respiratory failure; cancer; any pharmacological treatment that could modify muscle structure or function such as glucocorticoids or insulin; contraindications of Ketosteril, such as hypersensitivity to the active substances or to any of the excipients, hypercalcemia, disturbed amino acid metabolism to the study protocol. Furthermore, patients who were ≥ 150 kg body weight, had a physical disability, or have metal implants were excluded to make sure the prerequisites of body composition were monitored.

All protocols were approved by the Institutional Review Board of Shanghai Jiao Tong University Affiliated Shanghai General Hospital. Written informed consent was obtained from all patients or their closest family members. This research was conducted in adherence to the principles of the Helsinki Declaration of 1975 as revised in October 2013.



Treatment regimen

Patients were randomly assigned to either conventional LPD (LPD group, 30 patients) or LPD + KAs (LPD + KAs group, 30 patients). All patients were treated with an LPD containing 0.6 g protein/kg body weight per day and 120–125 kJ/kg body weight per day. Besides, the LPD + KAs group will be supplemented with keto-amino acids (Ketosteril®, Fresenius Kabi) at a dosage of one tablet/5 kg ideal body weight/day, divided into three doses taken during meals.



Follow-up

We obtained the subjects’ dietary and medication intake through questionnaires every 3 months, operated a computer-based nutritional evaluation with diet software, and reminded the patients to have a 0.6 g protein/kg protein diet.

The patients were followed up for 1 year. During follow-up, three patients were lost to follow-up, in which two cases were for epidemic and traffic reasons, with one case was for myocardial infarction, which were thought to have nothing to do with medication. Then one case was included to make up the number and finally completed the study. The methodological process of the current study is described in Figure 1.


[image: image]

FIGURE 1
Study methodological flow diagram. KAs, ketoacids; LPD, low-protein diet; BMI, body mass index; BF, body fat; SMMI, Skeletal Muscle Mass Index; ASMI, appendicular skeletal muscle mass index; TBWI, total body water index.




Biochemical data

Blood samples were collected at baseline and every 3 months. All the patients were told to fast overnight and were collected 5 ml of blood the next morning between 7:00 and 7:30 a.m. Hemoglobin, Cystatin C, Creatinine, BUN, Albumin, Pre-Albumin, Glycerin Trilaurate, and Cholesterol were measured at local sites by using standard techniques.



Body composition analysis

The parameters of body composition were assessed at baseline and at the end of follow-up. Body composition was determined through the Donghuayuan body composition monitor (DBA-550). It works on the principle of bioelectrical impedance. Variables such as sex, age, and height were input into the monitor. Patients were asked to stand barefoot on the foot electrodes of the measurement platform, with knees and back upright and straight without moving, then hold the grip electrodes firmly with their hands and extend their arms straight at a 45° angle to their body. As the measurement was completed, body mass index (BMI), percent body fat (BF%), skeletal muscle mass, in intracellular water (ICW), extracellular water (ECW), and total body water (TBW) appeared on the report. Appendicular skeletal muscle mass index (ASMI), Skeletal Muscle Mass Index (SMMI), and total body water index (TBWI) were calculated. ASMI was calculated as the sum of lean mass for the arms and legs (kilograms)/height2 (meters2) (14). Accordingly, SMMI was calculated as the sum of lean mass for the body, arms, and legs (kilograms)/height2 (meters2), and TBWI was calculated as the total body water (kilograms)/height2 (meters2).



Study endpoint

The endpoint is the arrival point or the patient is converted to dialysis. The initiation of chronic dialysis was obtained through participant self-reporting during the follow-up period and was verified by the clinical and hospital records at the local site.

The primary efficacy variable will be ASMI. Secondary efficacy variables will be BMI, BF%, and SMMI.

Safety variables will be serum creatinine.



Statistical analysis

The normally distributed measurement data were expressed as mean ± standard deviation (SD), the comparison between two groups was performed by t-test, and the comparison among multiple groups was performed by analysis of variance. The differences between the same periods comparing the two groups were analyzed using an independent Student’s t-test. The same group between baseline and 12 months was compared by Paired Student’s t-test. The sample size calculation assumes that the primary variable is the percentage change from baseline ASMI. With 30 patients per group, a one-sided t-test at a significance level of 2.5% has a power of 80% to detect an improvement of 7.36% in the LPD + KA group vs. the LPD group. P < 0.05 was considered statistically significant, and SPSS 20.0 statistical software was used for analysis.




Results

A total of 58 patients with CKD, 28 in the LPD group and 30 in the LPD + KAs group, completed the study and were available for further analysis. Characteristics and blood assays of the study participants at baseline and at the end of 1-year follow-up are shown in Tables 1, 2, and no participant converted to dialysis during the follow-up.


TABLE 1    Patient demographics and characteristics.

[image: Table 1]


TABLE 2    Biochemical data of study participants at baseline and at the end of follow-up.

[image: Table 2]

It could be seen from Table 2 and Figure 2 that, a progression was observed in cystatin C, creatinine, and blood urea nitrogen between baseline and 1-year follow-up in both groups but it was statistically insignificant (p > 0.05). It could be seen that, in LPD group, pre-Albumin was markedly improved (p < 0.05), hemoglobin, albumin, and cholesterol was improved statistically insignificant (p > 0.05), while glycerin trilaurate progressed but statistically insignificant (p > 0.05). In LPD + KA group, the hemoglobin and albumin were observed to be markedly improved at the end of 1-year followed up as compared to the baseline (p < 0.05). Although an improvement was beheld in pre-Albumin, glycerin trilaurate, cholesterol of LPD + KA group this change was statistically insignificant (Table 2 and Figure 2, p > 0.05).
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FIGURE 2
Biochemical data of study participants at baseline and every 3 months during follow-up. KA, ketoacids; LPD, low-protein diet.


Body composition analysis at baseline and the end of 1-year follow-up is shown in Table 3. BMI and TBWI in the LPD + KA group were comparatively higher and increased upon follow-up (p < 0.05). Moreover, an increase in BF%, SMMI, and ASMI were observed in both groups between baseline and follow-up, but it was statistically insignificant (p > 0.05).


TABLE 3    Body composition analysis of study participants at baseline and at the end follow up.

[image: Table 3]



Discussion

Nutrition is a key component of care during CKD. There were findings suggesting that patients with CKD inhibiting protein intake can obtain the adaptation of muscle protein metabolism through the combined response to protein degradation and the recycling efficiency of protein breakdown amino acids. KAs supplementation has been proposed to reduce the risk of nutritional disorders of a very low-protein diet (VLPD), and VLPD + KAs were included as part of the clinical recommendations for patients with CKD in KDOQI Clinical Practice Guideline for Nutrition in CKD: 2020 Update (15): for CKD adults without diabetes, with an eGFR < 20 mL/min/1.73 m2 (before dialysis), a VLPD with 0.28 to 0.43 g protein/kg plus KAs added to meet protein requirements were recommended.

In this study, a progression was observed in renal function (cystatin C, creatinine, blood urea nitrogen) between baseline and 1-year follow-up in both groups but it was statistically insignificant. This may be because reducing protein intake can delay hyalinosis, and reduce proteinuria and glomerular hyperfiltration (15). In the LPD group, pre-Albumin was markedly improved, but hemoglobin, albumin, and cholesterol improved statistically insignificant, while glycerin trilaurate progressed but was statistically insignificant. While in the LPD + KA group, hemoglobin and albumin were markedly improved, similar to the previous reference (16), but the improvement of pre-Albumin, glycerin trilaurate, and cholesterol were statistically insignificant. As in a post hoc analysis of the MDRD Study (17), the authors compared the various outcomes of LPD and VLPD + KAs related to nutritional status, and found the safety of dietary protein restriction over 2–3 years in patients with moderate to advanced CKD. Serum albumin levels were elevated, while serum transferrin levels and urine creatinine excretion were decreased in LPD and VLPD groups. Also, the review by Koppe et al. showed that VLPD + KAs appears to reduce the production of uremic toxins, acidosis, phosphorous, and possible sodium intake while providing an adequate calcium intake (18).

As to body composition in this study, BMI and TBWI in the LPD + KA group were significantly increased, but the increase of BF%, SMMI, and ASMI was not statistically significant, indicating that the increase in BMI may be related to the change in TBWI. According to analysis in the MDRD study (17), body weight, BF%, and arm muscle area were decreased in LPD and VLPD groups. As reported in a longitudinal study looking at body composition, a VLPD + KA caused a small decline in lean body mass, accompanied by an increase in fat mass, mainly during the first 3 months (16). These parameters were subsequently stabilized and even improved slightly thereafter.

There were other short-term studies that did not show a significant effect of LPDs and VLPDs + KAs on nutritional parameters. And there are also some studies that observed the small anthropometric measurement declines which may be for the prolonged use of LPDs and VLPDs + KAs in routine practice and the adverse effect of end-stage kidney disease. That is why physicians who prescribe LPDs must regularly monitor patients for their protein and energy intake, body weight, and nutritional status. Although this diet is not associated with wasting in carefully monitored studies, attention should focus on energy intake, which may decrease over time and lead to weight loss and consumption.

There were many limitations in this study, although there was a significant change in serum hemoglobin and albumin, neither of them was a direct indicator of muscle wasting. As for the completeness of the low-protein diet or the daily protein intake, it is not guaranteed. But it was documented that medication adherence is strongly associated with patient medication knowledge (19, 20), and it can be speculated that the same is true for dietary adherence. As to the study, we may need more time and more indices to find the effects of the LPD + KA diets in the following studies, and more research is needed to examine the effectiveness of KAs, especially on muscle wasting.
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Background: Blood pressure variability (BPV) is associated with cardiovascular and all-cause mortality, and has been demonstrated in dialysis patients, but has been poorly studied and remains controversial in non-dialysis chronic kidney disease (CKD) patients. We investigated the effect of short-term BPV on prognosis in this population.

Methods: A total of 245 stage 1–4 CKD patients with 24-h ambulatory blood pressure recordings were recruited. BPV was evaluated by standard deviation, coefficient of variation, and variation independent of the mean, respectively. All subjects were followed up to the composite end-point event or until January 15, 2020. Patients were divided into two groups based on 24-h median variation independent of the mean, and demographics, laboratory indicators and echocardiogram results were compared. Logistic regression was used to analyze the risk factors for increased BPV. Multivariate Cox regression and Kaplan-Meier survival analysis were used to explore the relationship between BPV and renal prognosis and major cardiovascular events.

Results: The mean age was 42.07 ± 12.66 years, with 141 males (57.55%). Multivariate Logistic regression analysis showed that high BMI (OR 1.110, P = 0.017), hyperkalemia (OR 2.227, P = 0.040), increased left ventricular end-diastolic diameter (OR 1.103, P = 0.010) and hypertension (OR 2.525, P = 0.002) were independent risk factors for high BPV. Kaplan-Meier survival analysis showed that renal and cardiovascular outcomes were better in the low BPV group than in the high BPV group (P = 0.006; P = 0.002). After adjusting for age, sex and traditional kidney related risk factors, BPV were not independently associated with renal outcomes. High BPV (HR 4.662, P = 0.017) was the main independent risk factor for major cardiovascular events in CKD.

Conclusions: In non-dialysis CKD, short-term BPV was associated with major cardiovascular disease but not renal progression. BMI, hypertension, potassium balance, and left ventricular end-diastolic diameter influenced short-term BPV.

KEYWORDS
 chronic kidney disease, blood pressure variability, cardiovascular disease, renal outcome, ambulatory blood pressure monitoring


Introduction

Problems associated with aging are becoming more and more severe throughout the world and high blood pressure (BP) is prevalent in the elderly. Epidemiological data indicate that the global prevalence of CKD is approximately 8–16% and increasing from year to year (1). In 2010, a cross-sectional study conducted in China revealed that the prevalence of CKD in China was 10.8%, or about 119.5 million adults (2).

Poor control of hypertension can result in kidney damage or worsen the initial kidney, or cardiovascular disease. A study in China showed that the awareness rate of hypertension in CKD patients was 80.7%, the treatment rate was 95.6%, but the control rate was only 57.1% (3). BP fluctuates greatly in CKD patients and is difficult to control due to abnormal activation of the renin-angiotensinogen-aldosterone system, water and sodium retention, insulin resistance and other factors, it is often necessary to take three or more antihypertensive drugs (4, 5). As a result, stability monitoring and accurate BP assessment are essential to patients with CKD.

The fluctuation of BP over a certain period of time is called blood pressure variability (BPV), including long term (visit-to-visit), mid-term (day-by-day), short term (within 24h) and very short term (beat-by-beat) BPV. Prior studies have demonstrated that BPV independent of mean BP is associated with the occurrence of cardiovascular disease (6, 7) as well as incident stroke in people with hypertension (8). Sarafidis et al. conducted a large, cross-sectional study and found that BPV increased with decreasing estimated glomerular filtration rate (eGFR) (9). In hemodialysis patients, some studies documented that BPV was related to cardiovascular, cerebrovascular and all-cause death (10, 11). However, in CKD patients who do not yet require dialysis, the influence of BPV on renal disease and its value in determining long-term prognosis remains to be elucidated (12). For patients with stage 1–4 CKD, it is of great importance to protect residual renal function, delay the need for renal replacement therapy, reduce the occurrence of CVD, and improve the prognosis. In stage 1-4 CKD patients who have not yet started renal replacement therapy, does this relationship still exist? We conducted a single-center retrospective study on this issue.



Materials and methods


Subjects

This was a retrospective, longitudinal, observational study performed in the Department of Nephrology, General Hospital of Ningxia Medical University on all non-dialysis CKD patients who were diagnosed and followed up regularly from January 1, 2012 to December 31, 2018. The inclusion criteria were age >18 but <70, those with a follow-up time of ≥1 year, and those who completed 24-h ambulatory blood pressure monitoring (ABPM). We excluded patients who had undergone renal replacement therapy, including hemodialysis, peritoneal dialysis, kidney transplantation, or patients with a history of clearly diagnosed cardiovascular and cerebrovascular diseases, including coronary heart disease, myocardial infarction, malignant arrhythmia, cerebral infarction, cerebral hemorrhage and those with any tumor or those with missing follow-up data. All patients voluntarily participated in this study and signed an informed consent form. This project was approved by the Ethics Committee of Ningxia Medical University.



Study design

Patients were divided into two groups based on the median 24 h systolic blood pressure VIM at baseline. (1) high BPV group (VIM >11.96) and (2) low BPV group (VIM ≤ 11.96). The demographic information collected on patients included age, gender, smoking history, BMI (weight/height2) and previously diagnosed chronic diseases. Laboratory tests performed on the enrolled patients included blood potassium, sodium, calcium, phosphorus, albumin, hemoglobin, 24-h urine protein quantification, uric acid, blood urea nitrogen, creatinine, and eGFR (calculated by CKD-EPI formula), The composite endpoints included the occurrence of renal progression (creatinine doubling, initiation of maintenance hemodialysis or peritoneal dialysis), major cardiovascular events (coronary heart disease, myocardial infarction, heart failure, malignant arrhythmia, cerebral infarction, and cerebral hemorrhage) and death. The study termination was January 15, 2020, or the occurrence of any of the endpoint events for individual patients. Follow-up was done on an outpatient basis and by telephone every 1–3 months.



Short-term BPV measurement

The Welch Allyn ABPM 6,100 non-invasive ambulatory blood pressure monitor was used and the cuff was worn on the left upper arm. ABPM started at around 8.am and readings were taken every 30 min during the day and every 1 h during the night, and was stopped after 24 h on the next day. During the monitoring period, patients were told to avoid strenuous activities and emotional agitation, but otherwise maintain their normal lifestyle. We used standard deviation (SD), coefficient of variation (CV = SD / mean), and variation independent of the mean (VIM) to quantify the 24 h blood pressure variation range. The VIM was calculated according to the following formula:

VIM = k × SD/meanX, where X is the curve–fitting coefficient of each patient's SD (dependent variable) and mean is the BP mean (independent variable); and k = MX, where M is the mean blood pressure of all subjects (13).



Echocardiography

Left ventricular septal thickness (LVST), left ventricular posterior wall thickness (LVPWT), left ventricular end diastolic diameter (LVDD), left ventricular ejection fraction (LVEF) and body surface area (BSA) were recorded to calculate left ventricular mass (LVM) and left ventricular mass index (LVMI).

Devereux (14) LVM(g) = 0.832 × [(LVDD+LVST+LVPWT)3- LVDD3]+0.6

LVMI (g/m) = LVW/BSA

BSA (15) = 0.0061 × height (cm) + 0.0128 × weight (kg)−0.1529



Statistical analyses

The data are expressed as mean ± standard deviation for normal distribution, and the non-normal data are expressed as median (interquartile interval, M, as (Q1, Q3, etc.). T-test was used to compare the two groups with normal data, and a non-parametric test was used to compare the two groups with non-normal data. The chi-squared test was used to compare the counting data between groups. The Kaplan-Meier method was used to analyze the relationship between BPV and kidney prognosis and major cardiovascular events. We used multiple Logistic regression analysis to explore the factors of BPV. A multivariate Cox regression model was used to analyze the risk factors of renal prognosis and cardiovascular and cerebrovascular events. The difference was statistically significant at P < 0.05), and α = 0.05 was the test level.




Results

This study investigated 271 patients with non-dialysis CKD who underwent 24 h ABPM. We excluded 12 patients with incomplete data, four patients with previously diagnosed cerebrovascular disease, and two patients older than 70 years. Eight patients were excluded because of lack of follow-up. Ultimately, we included 245 non-dialysis stage 1–4 CKD patients to study the relationship between short-time BPV and the outcomes. There were 141 males (57.55%) and the average age was 42.07 ± 12.66 years. There were 135 patients with hypertension (55.1%) and 31 patients with diabetes (12.65%). With respect to etiology, there were 212 patients (86.53%) with primary glomerular disease, 13 (5.31%) with diabetic nephropathy, 10 (4.08%) with hypertensive nephropathy and 10 with other diseases. Renal biopsy was performed on 185 subjects, among which 78 (42%) had IgA nephropathy, 55 (30%) had membranous nephropathy and 18 (10%) patients had glomerular microlesions as the main pathological types, while 34 patients exhibited other pathological types. Table 1 presents the baseline characteristics for all subjects, as well as differences in baseline data between the higher and lower BPV groups. The median eGFR was 81.77 mL /min/1.73m2, with 102 (41.63%) patients in stage CKD1, 67 (27.35%) in stage CKD2, 59 (24.08%) in stage CKD3, and 17 (6.94%) in stage CKD4.


TABLE 1 Baseline demographics, clinical characteristics, and 24-h ambulatory BP parameters, in the study cohort composed of 245 patients with CKD.

[image: Table 1]

Blood pressure variability (VIM = 15.03) in patients with CKD4 was significantly greater than that in patients with CKD1 (VIM = 11.89) (P = 0.002). This trend persisted even when SD and CV were used as quantitative indicators of blood pressure variability (P = 0.002; P = 0.032) (Figure 1).


[image: Figure 1]
FIGURE 1
 Distribution of SD, CV and VIM of systolic blood pressure in patients with stages 1–4 CKD.


Patients in the higher BPV group were older, had higher BMI, and higher average BP. There was no difference in the distribution of BPV between men and women or between the low and high groups (P = 0.079). In terms of clinical indices, the blood potassium, uric acid and urinary protein were higher in the high BPV group, but there was no significant difference in serum creatinine distribution. In addition, the patients in the higher BPV group had greater left ventricular thickness and left ventricular mass, which also meant they had larger hearts and limited diastolic and systolic function.


Risk factors for increased BPV

We included the above variables (P <0.1) in the multivariate logistic regression analysis to determine the risk factors for increased BPV. High BMI (OR 1.110, P = 0.017), hyperkalemia (OR 2.227, P = 0.040), increased left ventricular end-diastolic diameter (OR 1.103, P = 0.010) and hypertension (OR 2.525, P = 0.002) were all statistically significant as risk factors for elevated BPV (Table 2).


TABLE 2 Factors that contribute to the increase of BPV.
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Outcomes

A cohort of 245 patients with non-dialysis CKD were enrolled, with a maximum follow-up time of 94 months and a median follow-up time of 64 months. A total of 44 patients had multiple endpoints, among which 25 had renal endpoints, 12 had major cardiovascular events and 7 patients died. We investigated the effects of BPV on kidney disease progression and major cardiovascular events in patients with non-dialysis CKD patients. Figure 2 shows the renal progression, incidence of major cardiovascular events all-cause deaths, and comparison of the incidence of different end-points in each group. We observed an obvious increase in renal progression and incidence of cardiovascular events in the higher BPV group (P < 0.05), but there was no statistical difference in all-cause mortality (P > 0.05). After Kaplan-Meier survival analysis, renal prognosis in the low BPV group was significantly greater than that in the high BPV group (log rank = 7.444, P = 0.006). Similar results were also seen in major cardiovascular prognosis. Patients in the low BPV group had better cardiovascular outcomes than those in the high BPV group during follow-up (log rank = 10.03, P = 0.002) (Figure 3). The association between 24 h SBP-VIM and the risk of renal progression and major cardiovascular events was further investigated with the Cox proportional hazard model. High SBP-VIM (> VIM 11.96) was positively correlated with renal progression without adjustment (HR = 2.998, P = 0.009). However, the association disappeared in fully adjusted models. High SBP-VIM (> VIM 11.96) was always associated with the occurrence of cardiovascular events in both unadjusted and fully adjusted models (HR = 4.704, P = 0.022) (Table 3).


[image: Figure 2]
FIGURE 2
 Comparison of renal progression, cardiovascular events and all-cause death between higher BPV and lower BPV group.



[image: Figure 3]
FIGURE 3
 Kaplan-Meier survival curves for outcome of cardiovascular events and renal progression in participants stratified according to 24 h SBP-VIM. Cardiovascular events include all cerebrovascular and cardiovascular events.



TABLE 3 Multivariate Cox proportional hazard model showing association of high SBP–VIM with renal progression and cardiovascular events.
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Discussion

The purpose of this study was to analyze blood pressure variability in patients with non-dialysis CKD, identify the risk factors that may increase BPV, and explore the relationship between BPV and prognosis. During the follow-up of this study (longest follow-up period, 94 months; median follow-up period, 64 months), a total of 44 end-point events occurred. With the Kaplan-Meier survival analysis, we observed that the high VIM group with low VIM had worse renal prognosis (P = 0.006) and higher risk of major cardiovascular events in (P = 0.002). We also demonstrated that high SBP-VIM (> VIM 11.96) was independently associated with major cardiovascular events but not renal progression in patients with pre-dialysis CKD. Most studies have shown that long-term and short-term BPV were associated with target organ damage (such as heart, kidney, and brain) and all-cause death in the general population (16–18) and in people with hypertension (19, 20), however, some studies, like ours, have not found an association with renal prognosis after full adjustment (21–23). Therefore, we consider that BPV is strongly associated with major cardiovascular events and all-cause mortality, but further prospective studies of renal progression with larger sample sizes are needed.

We selected those factors that may contribute to increased BPV subjected them to multifactorial logistic regression analysis, and determined that high BMI, hyperkalemia, increased left ventricular end-diastolic diameter and hypertension were the main risk factors responsible for BPV increase. CKD patients with high BMI, excess blood volume, and a sedentary lifestyle with lack of exercise were prime candidates for increased blood pressure fluctuations. They also showed a tendency to abnormal lipid metabolism, often accompanied by high blood pressure and high blood sugar, in addition to insulin resistance and other factors leading to atherosclerosis and loss of vascular elasticity. Chen et al. found a positive association between BMI and average real variability (ARV) of systolic BPV (24). In a study of risk factors for BPV in hemodialysis patients, Feng at al. found that age and weight gain during hemodialysis were independent risk factors for BPV (25). Hyperactivity of sympathetic nerves, increased catecholamine concentration, activation of the RAAS system, increased cardiac afterload, progressive left ventricular hypertrophy and increased end diastolic diameter of the left ventricle in patients with CKD, is associated with the dysregulation of cardiac BP control and increased fluctuation of BP. Persistent high BP can lead to increased pressure in the glomeruli, glomerular fibrosis or atrophy, impaired regulation of body fluid balance and decreased production of active vascular compounds, and metabolic disorders, aggravating the severity of hypertension and BPV even further. When patients with CKD develop hypertension, sympathetic nerves become hyperactive, the concentration of catecholamine increases, the RAAS system is activated, cardiac afterload increases, and left ventricular hypertrophy gradually occurs, while the left ventricular end diastolic diameter increases, the regulatory effect of the heart on blood pressure is weakened, and BPV increases. Low urinary potassium excretion was independently associated with high BPV in a Korean study of 1,860 patients with pre-dialysis chronic kidney disease and a median follow-up of approximately 5.6 years (26).This may suggest that low urinary potassium excretion is an important mechanism of high BPV in CKD patients. We may be the first to find a relationship between blood potassium levels and BPV that is not yet supported by the literature. However, studies on the effects of potassium intake levels on BPV as well as the cardiovascular system suggest that a certain level of potassium intake (90–120 mmol/day) may be a protective factor for blood pressure and cardiovascular events in patients with CKD (27). However, this may also have the risk of hyperkalemia. At present, there have been few reports about the correlation between serum potassium and BPV, and further prospective studies with large samples are needed to test this hypothesis.

It is clear that the definition of BPV is not unequivocal. In the case of traditional ‘dippers' (fall in nighttime systolic and diastolic BP >10% from day-time BP), non- dippers (fall in nighttime BP <10%), inverted dippers (night-time BP fall of 10%-20%) and extreme dippers (night-time BP fall >20%) current methods can only represent the variation of BP at night. They have no capacity for quantifying the variation of BP throughout the whole 24 h or even during observation. Several studies have confirmed that the prevalence of the non-dipper BP pattern in patients with CKD is higher than that in patients with essential hypertension and is related to damage of the kidney, cardiovascular system and other target organs in patients with CKD (28–30). Researchers began to use statistical parameters such as SD, CV, weighted standard deviation (wSD), VIM and ARV to calculate BP fluctuation within a period of events. However, SD, CV and wSD were always based on average blood pressure and could not independently explain the correlation between BPV and prognosis. ARV averages the difference between successive BP readings over a specific time period and is widely used in many clinical studies of BPV, especially in long-term BPV (31). VIM is derived from more complex calculations such as curve fitting of SD and mean BP and has greater value in scientific research (32). Several studies found that when VIM was used as a measure of BPV, it was considered a better parameter than certain others because it was independent of mean BP (33). In this study, SD, CV and VIM were selected to evaluate BPV. In addition, ambulatory BP monitoring was more representative than clinical readings, and VIM was ultimately selected for grouping and as the main indicator.

It was noted that some prognostic studies also found numbers of biomarkers associated with end-stage renal disease (ESRD) or cardiovascular events in patients with CKD. Some of these biomarkers may have analyzed the etiological and predictive links demonstrated with clinical results. Cystatin C is a low molecular weight protein produced by nucleated cells that is freely filtered through the glomerulus and not secreted by renal tubules. It is completely reabsorbed. Shin et al. found that cystatin C was a better predictor of cardiovascular events and mortality than creatinine or Egfr (34). FGF-23 is a widely studied biomarker, which has been proved to be closely related to atherosclerosis, calcium and phosphorus metabolism disorder and renal function progression in patients with CKD (35). At present, some markers, such as hypersensitive troponin and NT-pro BNP, have been widely used in clinical practice, which are considered by clinicians to be closely related to acute myocardial infarction and heart failure. GDF-15, a member of the TGF-β family of cytokines, has been found to be involved in apoptosis repair and growth. GDF-15 may be a predictor of incidence of CKD, eGFR decline (36) and CVD independent of traditional CV risk factors, renal function, and other biomarkers (C-reactive protein, B-type natriuretic peptide, cardiac troponin) (37). There are still some controversial biomarkers to be further studied, which is of great significance for clinicians to improve the early detection of the prognosis and complications of CKD.



Limitations

The limitations of this study are mainly in the following aspects. First, we are not able to clarify the casual relation between high BPV and the kidney outcome and major cardiovascular events in non-dialysis CKD patients. In this study, the patients' conditions were relatively mild at enrollment. 169(69%) patients in stage 1 and 2 CKD, and the number of endpoint events observed was small. Thus, our study may be underpowered to detect adverse kidney outcomes within the specific follow-up time. Second, single-center retrospective assessments with small sample size may have bias that is difficult to account for. Third, although we found that BPV was independently associated with several factors such as larger BMI and hyperkalemia in our study, the mechanisms between them are not particularly well defined. In particular, the pathophysiological mechanisms between blood potassium levels and BPV need to be confirmed in animal models or in randomized controlled trials. In the future, large-sample, multi-center, prospective clinical studies are needed to further explore the impact of BPV on the prognosis of CKD patients, and whether lowering BPV can delay the progression of non-dialysis CKD and improve the prognosis. Lastly, due to the limitation of time and data, we only analyzed the effect of BPV at baseline on prognosis of enrolled patients. However, over the long course of CKD, there are many factors affecting BPV that cause it to change dynamically, and how to detect and manage them will require much future effort.
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Introduction: Chronic kidney disease (CKD) is a progressive disease with high incidence but early imperceptible symptoms. Since China’s rural areas are subject to inadequate medical check-ups and single disease screening programme, it could easily translate into end-stage renal failure. This study aimed to construct an early warning model for CKD tailored to impoverished areas by employing machine learning (ML) algorithms with easily accessible parameters from ten rural areas in Shanxi Province, thereby, promoting a forward shift of treatment time and improving patients’ quality of life.

Methods: From April to November 2019, CKD opportunistic screening was carried out in 10 rural areas in Shanxi Province. First, general information, physical examination data, blood and urine specimens were collected from 13,550 subjects. Afterward, feature selection of explanatory variables was performed using LASSO regression, and target datasets were balanced using the SMOTE (synthetic minority over-sampling technique) algorithm, i.e., albuminuria-to-creatinine ratio (ACR) and α1-microglobulin-to-creatinine ratio (MCR). Next, Bagging, Random Forest (RF) and eXtreme Gradient Boosting (XGBoost) were employed for classification of ACR outcomes and MCR outcomes, respectively.

Results: 12,330 rural residents were included in this study, with 20 explanatory variables. The cases with increased ACR and increased MCR represented 1,587 (12.8%) and 1,456 (11.8%), respectively. After conducting LASSO, 14 and 15 explanatory variables remained in these two datasets, respectively. Bagging, RF, and XGBoost performed well in classification, with the AUC reaching 0.74, 0.87, 0.87, 0.89 for ACR outcomes and 0.75, 0.88, 0.89, 0.90 for MCR outcomes. The five variables contributing most to the classification of ACR outcomes and MCR outcomes constituted SBP, TG, TC, and Hcy, DBP and age, TG, SBP, Hcy and FPG, respectively. Overall, the machine learning algorithms could emerge as a warning model for CKD.

Conclusion: ML algorithms in conjunction with rural accessible indexes boast good performance in classification, which allows for an early warning model for CKD. This model could help achieve large-scale population screening for CKD in poverty-stricken areas and should be promoted to improve the quality of life and reduce the mortality rate.

KEYWORDS
machine learning, chronic kidney disease, albuminuria-to-creatinine ratio, α1-microglobulin-to-creatinine ratio, auxiliary diagnosis, warning model


Introduction

Chronic kidney disease (CKD) is defined as renal structural or functional abnormalities for 3 months, with a prevalence of 13.4% worldwide (1). In recent years, CKD has gradually moved away from the perception of “disease of the elderly,” with a growing trend toward age groups. Yet, imperceptible symptoms at the initial stages and lower public awareness are often responsible for the missing of golden treatment time (2). More seriously, it may develop into end-stage renal disease that requires renal replacement therapy, leading to a decrease in quality of life and an increase in mortality. What’s worse, it’s highly related to complications such as cardiovascular disease (3), becoming another “silent killer” after tumours and diabetes. As such, its early screening enables patients and their families to plan ahead, consult professional doctors for treatment, and discuss lifestyle modifications, which contribute to the alleviation of CKD.

Accurate diagnosis is closely related to the detection of CKD. Undoubtedly, albuminuria and α1-microglobulin serve as a good approach for early CKD screening in tertiary hospitals. Yet, when it comes to the rural areas in China, health care workers, critical care units, emergency facilities, health services and medical examinations are not necessarily guaranteed (4–6). In such a situation, it is not practical for primary health care institutions to make an early CKD screening using urine protein (7). Therefore, it is worth considering how to maximise the accessible medical parameters to construct a warning model for CKD in rural areas under the existing health care conditions.

Previous studies demonstrated that some risk factors, such as demographic, lifestyle, and blood biochemical parameters could be used to predict disease occurrence (8, 9). Also, it has been documented that the machine-learning approach allows for higher accuracy of disease risk prediction using routine clinical data, facilitating better decision support for clinicians (10). Accordingly, it is of great significance to combine machine learning algorithms with those easily accessible medical indexes to construct a warning model for CKD in poverty-stricken areas.

In this study, we aimed to employ machine learning algorithms for early screening of CKD and developed a warning model targeted at poverty-stricken areas using demographic, blood biochemical and physical examinations data from ten rural areas in Shanxi Province, intending to achieve a larger-scale CKD screening programme at a lower cost (reduced financial expenditure, reduced burden on medical staff) where possible, thus shifting forward its treatment window and improving quality of life.



Participants and methods


Study participants

From April 2019 to November 2019, Shanxi Provincial People’s Hospital carried out opportunistic screening for chronic kidney disease for residents over 40 years old in Ningwu County, Lu County, Yangqu County, Linxian County, Shouyang County, Zezhou County, Huozhou City, Hejin City, Linyi County and Ruicheng County in Shanxi Province. Up to 13,550 residents participated in this screening and 12,285 eventually enrolled in the study, including 5,206 men and 7,079 women aged 41–91 years. All study subjects signed informed consent forms and it was approved by the Shanxi Provincial Hospital Ethics Committee (No. 2021213).

Inclusion criteria: (1) Residents aged 40 years and above; (2) Participants without communication barriers; (3) Participants understanding the study significance and willing to sign a written informed consent; (4) participants without cognitive impairment or mental illness. Exclusion criteria: (1) incomplete information recorded; (2) poor compliance; (3) pregnant women or those with a history of drug abuse.



Data collection

Data is collected through questionnaires, physical examinations, and laboratory analysis. The questionnaire included demographic information (including age, sex, annual income, educational levels), lifestyle (including smoking, alcohol consumption, diet and exercise). Questionnaires were conducted online and were completed by the subjects themselves or their family members. Physical examination comprised height, weight and systolic blood pressure (SBP), diastolic blood pressure (DBP), measured twice and averaged. All data were measured by medical professionals. Body mass index (BMI) was calculated by weight in kilograms divided by the square of height in meters.

Fasting venous blood was collected from subjects for fasting blood glucose (FPG), glycated haemoglobin (GHb), homocysteine (Hcy), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein (HDL-C). Urine specimens were collected from subjects. After centrifugation of 3,000 r/min for 10 min, the supernatant (low-speed centrifuge Anhui Zhongke Zhongke A SC3616) was extracted, and latex turbidity, sarcosine oxidase and immunoturbidimetry were employed for detection of α1-microglobulin (α1MG), urine creatinine (UCr) and microalbuminuria (MAU), respectively.



Variable assignments

Study participants’ annual income, educational levels, health history, and lifestyle information was obtained from the questionnaire. Annual income was defined as <5K yuan, 5–10K yuan, 10–20K yuan, >20K yuan; educational attainment was defined as ≤ primary school, ≤ middle school, ≤ high school, ≥ college; smoking was classified as yes or no; alcohol consumption was classified as always (>100 g/time and 3 times/week), sometimes (<3 times/week or < 100 g/time) and rarely; exercise was classified as “none or a little” or “regular” (≥3 times/week, ≥30 min/time). BMI was defined as underweight (<18.5 kg/m2), normal (18.5–24.0 kg/m2), overweight (24.0–28.0 kg/m2), obesity (≥28 kg/m2). ACR was defined as MAU divided by UCr multiplied by 8.84; MCR was defined as α1MG divided by UCr multiplied by 8.84.

Explanatory variables include demographic information (age, sex, educational levels, annual income, residence), lifestyle (smoking, alcohol, exercise, salt consumption, diet), blood biochemistry (HDL, LDL, TG, TC, Hcy, FPG, GHb), physical examination indexes (SBP, DBP, BMI), a total of 20 variables. The response variables were defined as ACR outcomes or MCR outcomes with two classes (increased ACR or normal ACR and increased MCR or normal MCR) ACR ≥ 30 mg/g was defined as increased ACR; MCR > 23 mg/g was defined as increased MCR. The increased ones were assigned 1, and the normal ones were assigned as 0.



Data preprocessing

Since missing data is not an issue of great severity in this study, we excluded those samples with missing values, without making a data imputation. Then, Absolute Shrinkage and Selection Operator (LASSO) was used to select features that are more relevant to the response variables, the increased ACR and the increased MCR. Afterward, Synthetic Minority Over-Sampling Technique (SMOTE) was utilized to balance the classes to enable the machine learning models to better learn the data features, thus making the best classification. The workflow was shown in Figure 1.
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FIGURE 1
Workflow of the model construction.


LASSO represents one of the commonly used feature selection methods. It is characterized by adding L1 regularization penalty term when fitting generalized linear regression, so that the sum of absolute values of regression coefficients is less than a certain value. Its purpose is to minimize the sum of squares of residuals, and force the regression coefficients of variables that contribute less to the model to compress to zero, enabling a feature sparsity process (11, 12). It could eliminate predictors with autocorrelation or redundancy, allowing for automated variable selection within the model, and significantly contributing to the performance of classification models (13, 14).

Imbalanced datasets are not unusual in medical research, because the number of non-patients is extremely larger than that of patients, which serves as an obstacle to predictive performance (15). The Synthetic Minority Over-Sampling Technique (SMOTE) is an oversampling technique that is an effective algorithm for handling imbalances between data classes (16). It uses k-neighbour synthesis to amplify minority classes to obtain a balanced data set (17) that exhibits good performance in areas such as network intrusion detection systems and disease detection. In this study, there is a serious imbalance in the response variables, ACR outcomes and MCR outcomes (Figures 2A, B).
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FIGURE 2
Before and after SMOTE of response variables for ACR and MCR outcomes. SMOTE, Synthetic Minority Over-Sampling Technique. It’s a good and powerful way to handle imbalanced data, and it was conducted under the parameters of k = 5, C.perc = “balance”, dist = “Overlap”. (A) ACR outcomes (before SMOTE); (B) MCR outcomes (before SMOTE); (C) ACR outcomes (after SMOTE); and (D) MCR outcomes (after SMOTE).




Three classifiers and evaluation parameters

Three models, i.e., RF (18, 19), Bagging (20, 21) and XGBoost (22, 23) were employed to make a classification of ACR outcomes and MCR outcomes, respectively. More detailed information about the models could be obtained in the Supplementary material.

Evaluation parameters include Accuracy (1), Specificity (2), Sensitivity (3) and Area under the receiver operating curve (AUC). When patients with kidney disease are classified as patients, the prediction is defined as True Positive (TP), and when a healthy person is classified as healthy, the prediction is defined as True Negative (TN). In addition, if healthy subjects are considered patients, the prediction is False Positive (FP); Similarly, False Negative (FN) if patients are considered healthy subjects. Accuracy is to evaluate how accurate the machine learning algorithms are to detect what it is supposed to measure. Specificity is the ability to correctly exclude those without renal conditions and Sensitivity is to correctly identify those with renal conditions.

[image: image]



Statistical methods

Qualitative data are described as percentages (%), and quantitative data are expressed as mean standard deviation (M±SD) or median ± interquartile (P25, P75), as appropriate. Model construction: The datasets were divided into training set (80%) and testing set (20%). The former is used for model training, i.e., e, RF, Bagging, and XGBoost, while the latter is used for model performance evaluation. The comparisons between training set and testing set were conducted using t-test or non-parameter test for quantitative variables, and Chi-square test for qualitative variables. All analyses were implemented in R software (version 4.0.3).




Results


Baseline characteristics

A total of 12,330 rural residents participated in this study, of whom 5,230 were men and 7,100 were women aged 40–91 years. There were 1,587 (12.8%) cases with increased ACR and 1,456 (11.8%) cases with increased MCR, as shown in Table 1. Features in the training set and testing set are comparable for both ACR outcomes (except TG and sex) and MCR outcomes (P < 0.05), as shown in Tables 2, 3.


TABLE 1    Baseline characteristics of participants in this study.

[image: Table 1]


TABLE 2    Comparisons of quantitative clinical indexes between training set and testing set.
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TABLE 3    Comparisons of qualitative clinical indexes between training set and testing set.
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Feature selection and results of SMOTE

As shown in Figures 3A, B, after LASSO feature selection, 14 and 15 explanatory variables remained in the two datasets, respectively. Dataset with ACR outcomes as the response variable excluded six variables of annual income, residence, LDL, HDL, smoking, and exercise; while dataset with MCR outcomes as the response variable excluded five variables of TC, LDL, HDL, exercise, and salt consumption. As shown in Figures 2C, D, after SMOTE resampling, the number of patients and normal ones were 6,165, 6,165 for ACR outcomes, and 6,165, 6,164 for MCR outcomes, respectively.


[image: image]

FIGURE 3
Results of feature selection using LASSO. When Lamda is minimum, corresponding features were taken into model construction, that is, 14 features for ACR outcomes (A) and 15 feature for MCR outcomes (B).




Model performance

When constructing models for ACR outcomes, the number of increased ACR and normal ACR in the training set were both 4,932, and 1,233 in the testing set, respectively. When constructing model for MCR, the number of increased MCR and normal MCR in the training set were 4,973 and 4,891, respectively, and 1,273 and 1,192 in the testing set. The Accuracy, Sensitivity and Specificity of Bagging, RF and XGBoost reached over 99.00% in the training sets, and the AUC reached 0.99, as shown in Table 4. In the testing sets, XGBoost performed best, with Accuracy, Specificity and Sensitivity standing at 80.17, 77.05, and 83.29% for ACR outcomes and 82.27, 82.91, and 81.71% for MCR outcomes, and the AUC standing at 0.90. The performance of Bagging and RF is similar, as shown in Table 5.


TABLE 4    Performance evaluation of the three classifiers on the training set (ACR/MCR outcomes).
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TABLE 5    Performance evaluation of the three classifiers on the testing set (ACR/MCR outcomes).
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Feature importances

Since XGBoost performs best in the classification, we indicated the contribution of the explanatory variables to the model by Gain, and the larger the Gain, the more important the variables were for the XGBoost model. The five variables that contributed most to the classification of ACR outcomes in the XGBoost model represented SBP, TG, TC, and Hcy, DBP. The five variables that were most important for the classification of MCR outcomes constituted age, TG, SBP, Hcy and FPG (Figure 4).


[image: image]

FIGURE 4
Contributions of explanatory variables to the XGBoost algorithm. The “Gain” means the relative contribution of the corresponding feature to the model calculated by taking the contribution of each feature to each tree in the model. The high value of this metric compared to other characteristics means that it is more important for generating predictions. Therefore, a larger value indicates that the variable is more important; ACR outcomes (A) and MCR outcomes (B).





Discussion

To our knowledge, this study was the first one to employ machine learning algorithms in conjunction with existing indicators readily available in rural areas to construct an early warning model for CKD. In constructing the model, demographic information, physical examination and blood biochemical were taken as the explanatory variables; ACR (7) and MCR (24), early CKD screening parameters, collected and calculated from urine samples were taken as response variables. This study suggested that machine learning approaches show good performance in achieving early CKD-aided screening, as reflected by excellent Accuracy, Sensitivity, Specificity and AUC.

In 2012, Logistic Regression (LR) was employed for CKD prediction, but the model is accompanied by some defects (2), one of which concerns its sensitivity to multicollinearity. The second one relates to maximum likelihood estimation, unable to fit the true distribution of the data well. Recently, data-driven algorithms pick up pace, boasting great potential in cardiovascular diseases (25), tumors (26), immune diseases (27), and neurological diseases (28). Also, its application in renal diseases is increasing, ranging from acute kidney injury prediction (29) to kidney transplantation outcome prediction (30), interstitial fibrosis, and tubular atrophy detection (31).

In our previous work (32), we also employed LR, RF and Naive Bayes algorithms to make a classification of glomerular injury and tubular injury with the same population. The results suggested that RF performs best and could be employed as a novel auxiliary diagnostic approach for glomerular injury and tubular injury. To further compare the performance of other well-established algorithms, we, in this study, employed RF, Bagging and XGBoost to construct a warning model for CKD targeted at poverty-stricken areas with easily accessible parameters.

This study demonstrates that XGBoost represents the best classifier because the algorithm is a serial integrated learning algorithm based on Gradient Boosting Decision Tree that builds boosting trees in parallel by dependency generation (23). The objective function is improved by adding a regular term to the original function, thus reducing overfitting and speeding up convergence (33). Its extraordinary classification power in other diseases has also been demonstrated (34, 35). Besides, the five explanatory variables with the greatest output weight of XGBoost classifier for ACR outcomes represented SBP, TG, TC, and Hcy, DBP; and the five explanatory variables for MCR outcomes constituted age, TG, SBP, Hcy and FPG.

In hypertension, the early glomerular filtration rate could remain normal, but when arterial pressure is constantly rising, exceeding the kidney’s ability to self-regulate, it leads to glomerular hyperperfusion, which leads to damage to the visceral epithelial cells of the renal tubules, increasing the permeability of the glomerular basement membrane and thus causing proteinuria (36), while leading to glomerular duct wall hardening thickening, lumen stenosis, resulting in renal parenchymal ischemia, which eventually leads to glomerulosclerosis. Hyperhomocysteinemia is an important player involved in the progression of end-stage renal disease, acting directly on glomerular cells, inducing glomerular dysfunction and tubular fibrosis (37). Renal dyslipidemia is characterized by the accumulation of TG, which accelerates damage to the glomerular and tubular interstitials (38). Hyperglycemia levels not only enhance oxidative stress and hemodynamic factors such as activation of the renin-angiotensin-aldosterone system and impaired self-regulation due to systemic hypertension, but also increase the load of glucose delivered to the proximal tubules, triggering maladaptive hypertrophy (39) and hyperplasia of cortical tubules, and upregulation of glucose transport (40), and activation of globular feedback, leading to hyperfiltration of glomeruli and tubular fibrosis.

We think our early warning model is practical and down-to-earth in rural China. As the largest developing country confronted with underdeveloped healthcare systems and aging population (41), China is struggling to address the issue of health care coverage in rural areas. Despite the tremendous achievements in health care in rural China over the past 30 years, the problem of “difficult and expensive access to health care” still exists in the countryside. Promoting the establishment of a digital healthcare system in rural areas can greatly enhance the efficiency and accuracy of the public service system. Our study involves 12,330 participants from rural areas and how to better use such large-scale collected data to make a warning model for CKD is of great significance. Rather than considering these available indicators in isolation, holistically exploring their full potential, and seeking to explore a warning model for rural areas is a thing of great significance. Thus, early interventions tailored to CKD in improvised areas could be made in advance to lower its progression.

Some limitations also stand out in this manuscript. First, this study was based on a cross-sectional survey, and we did not conduct a follow-up for patients with proteinuria. Second, we constructed the models with data from Shanxi Province, and there is no other data for verification. Our next step is to collect more data from other regions to test the models’ generalization. Additionally, cost-effectiveness was initially considered in this study, and other indicators reflecting CKD, such as blood creatinine, were not collected, which is our next focus. Besides, we did not collect a detailed history of smoking, alcohol consumption and dietary intake. More detailed information would allow for a more accurate and valid model.

In short, CKD has emerged as a global public health issue and its early diagnosis is of great importance. In rural China where primary health care service system and health education remain to be improved and strengthened, how to construct a warning model for CKD targeted at poverty-stricken areas is of great necessity and significance. In this study, we proposed a warning model using the available and accessible demographical, blood biochemical and lifestyle data in conjunction with machine learning approaches for rural areas. This model offers a leg-up for early CKD-assisted diagnosis in rural areas, which facilitates tailoring precise management and therapy for patients, thus, improving their quality of life and slowing the mortality rate.
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anti-coagulants, dipeptidyl peptidase-4, and Lipid-lowering agents).

PD, peritoneal dialysis; HD, hemodialysis; IR, incidence rate (every 100 person-years); HR, hazard ratio; aHR, adjusted hazard ratio; Cl, confidence interval; MACE, major

adverse cardiovascular events.
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Groups The cause of death

Cancer Sepsis CVD DM Liver ESRD Others P value
Transitioned from PD [n (%)] 22 (5.7) 43(11.2) 97 (25.2) 74 (19.2) 17 (4.4) 85 (22.1) 47 (12.2)
0.748
HD-only [n (%)) 76 (5.8) 152 (11.6) 315 (24) 264 (20.2) 51 (3.9) 326 (24.9) 126 (9.6)

HD, hemodialysis; PD, peritoneal dialysis; CVD, cardiovascular disease; DM, diabetes mellitus; ESRD, end stage of renal disease.
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Transitioned from PD vs. HD-only

All-cause death

All-cause hospitalization

Partition of time axis Events of Events of aHR* P aHR* P
Death (%)* Hospitalization (%)* (95%Cl) (95%Cl)

<56 _months 177/150 266/964 2.61 <0.001 0.91 0.184
(46 vs. 11) (89 vs. 31) (2.04-3.35) (0.80-1.05)

5-24 months 93/495 299/1446 0.87 0.218 1.05 0.585
(24 vs. 38) (44 vs. 46) (0.69-1.09) (0.91-1.17)

2-5 years 88/507 102/634 0.85 0.164 0.91 0.37
(23 vs. 39) (15 vs. 20) (0.67-1.07) (0.73-1.12)

>5 years 27/158 13/101 0.73 0.145 0.71 0.269

(7 vs. 12) (2vs. 3) (0.48-1.11) (0.39-1.30)

*Multivariable adjusting model was the same as that in Table 2.
#The portion of deaths in the different time axis by total deaths.

HD, hemodialysis; PD, peritoneal dialysis; HR, hazard ratio; aHR, adjusted hazard ratio; Cl, confidence interval.
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Subgroup No. (%) Hazard ratio (HR) HR with 95%Cl P Value
Mean Low High

Overall 5500(100) el — 1.36 __1.21 1.5 <0.001
Gender

Male 3187(58) —a— 1.34  1.16 1.56 <0.001

Female 2313(42) = 1.37  1.14 1.66 <0.001
Age

<65 Yr 4176(76) —— 112 1036 131 0.138

>=65 Yr 1324( 24) 214 1.79 2.56 <0.001
Hypertension

Yes 2421(44) —— 1,26 109 1.45 0.001

No 3079( 56) L 1.60 1.30 1.96 <0.001
Diabetes mellitus

Yes 1929( 35) —— 1.35 1.16 .57 <0.001

No 3571(65) L 1.31 1.09 1.58 0.004
CAD

Yes 916(17) 1.10 0.88 1.38 0.420

No 4584( 83) —a— 148 1.29 1.70 <0.001
CHF

Yes 503( 9) B 1.27 094 LZ 0.121

No 4997(91) —— 1.31  1.16 1.48 <0.001
PVD

Yes 318( 6) i 1.2% Q.85 1.83 0.250

No 5182(94) —— 1.38  1.22 1.56 <0.001
Stroke

Yes 440( 8) 1.80 1.36 2.38 <0.001

No 5060( 92) —— 1.28 1.12 1.46 0.001
COPD

Yes 317( 6) i 1.51  1.07 212 0.019

No 5183(94) —— 1.35 1.19 153 <0.001
Hyperlipidemia

Yes 726(13) 096 0.73 127 0.764

No 4774(87) —— 1.44 1.27 1.64 <0.001

<—Favor those transitioned from PD— —Favor those with HD-only—>
I 1 1 1

0.5 1.0 1.5 2.0 2.5

Transitioned from PD VS HD-only





OPS/images/fmed-09-876229/fmed-09-876229-t001.jpg
Transitioned from HD-only P value
PD
(n =1,100) (n = 4,400)
Age (years) 0.949
<65 836 (76.0) 3,340 (75.9)
<65 264 (24.0) 1,060 (24.1)
Gender 0.859
Male 640 (58.2) 2,547 (57.9)
Female 460 (41.9) 1,853 (42.1)
Dialysis vintage 2.83 £0.57 2.83 £ 0.57 1
CCl score 1.356 £1.10 1.33 +£1.08 0.57
Baseline comorbidities
Hypertension 568 (51.6) 1,853 (42.1) <0.001
Diabetes mellitus 422 (38.4) 1,507 (34.2) 0.01
CAD 191 (17.4) 725 (16.9) 0.48
CHF 115 (10 5) 388 (8.8) 0.092
Atrial fibrillation 8(2.6) 54 (1.2) 0.001
PVD 5 (5.9) 253 (5.8) 0.839
Stroke 109 (9.9) 331 (7.1) 0.001
COPD 81(7.4) 236 (5.4) 0.01
Hyperlipidemia 180 (16.4) 546 (12.4) <0.001
Polycystic kidney 1(<0.1) 16 (< 0.1) 0.223
Prescriptions
RASB 448 (40.7) 1,251 (28.4) <0.001
Beta-blocker 449 (40.8) 1,314 (29.9) <0.001
cCB 520 (42.3) 1,636 (37.2) <0.001
Anti-cogulants 369 (33.6) 951 (21.6) <0.001
DPP4 121 (11) 330 (7.5) < 0.001
Lipid-lowering agents 294 (26.7) 809 (18.4) < 0.001

HD, hemodialysis; PD, peritoneal dialysis; CCl, charlson comorbidity index; CAD,
coronary artery disease; CHF, congestive heart failure; PVD, peripheral vascular
disease; COPD, chronic obstructive pulmonary disease; RASB, renin-angiotensin
system blockades; CCB, calcium channel blockers; DPP4, dipeptidyl peptidase-4.
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Variable

BMI (kg/m?)
Hypertension
Potassium (mmol/l)

LVDD (mm)

OR

1110
2525
2227
1.103

95% CI

1.019-1209
1.420-4.491
1.038-4.777
1.023-1.189

P-value

0.017
0.002
0.040
0.010
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Variable Overall VIM < 11.96(123) VIM > 11.96(122) P-value

Age (yrs) 42.1£127 4027 £12.26 4385 1286 0.028
Men, n (%) 141 (58%) 64 (52.03%) 77 (63.11%) 0.079
BMI (kg/m2) 247436 2384329 25624366 <0.001
Smoking history, 1 (%) 69 (28%) 39(31.71%) 36(29.51%) 0.641
Diabetes, 1 (%) 31(21%) 8(6.5%) 23 (18.85%) 0.004
Hypertension, (%) 135 (55%) 49 (39.84%) 86 (70.49%) <0.001
Potassium (mmol/l) 41404 4.0640.36 4184038 0.008
Calcium (mmol/l) 21402 141.41 £2.35 141.27 £ 2.49 0.647
Phosphorous (mmol/l) 12402 214402 214018 0.107
Creatinine (umol/l) 914 (69,128.6) 89.1(68.6,117.4) 93.5(70.53,139.75) 0.163
Uric acid (umol/L) 370.13£99.79 355.49 £ 98.95 38494 98.85 0.021
Proteinuria (g/d) 1.9(07.3.8) 161 (0.623.02) 2.43(0.84,4.16) 0.014
Blood glucose (mmol/l) 48 (4.44,532) 476 (4.44,5.25) 4.83 (4.41,5.35) 0931
Hemoglobin (/1) 138.64£222 140.52 % 22.39 136.7 £ 21.97 0.179
Total cholesterol (mmol/l) 5.0 (4.0,6.64) 482 (3.87,6.45) 5.05(4.09,7.03) 0413
24h SBP (mmHg) 120 (111,133.5) 114 (107,121.5) 129 (118,141) <0.001
24h DBP (mmHg) 77 (70,84) 73 (66.5,81) 78.5 (74,86) <0.001
24h PP (mmHg) 44 (38,5,51) 41 (37,46) 48 (41,56) <0.001
24h SBPSD 11.81 (9.58,14.27) 959 (8.45,10.8) 14.27 (12.96,17.08) <0.001
24h DBPSD 9.7 (82,11.46) 8.25(7.5,9.39) 11,37 (10.04,12.84) <0.001
24h SBPCV 9.8(82,11.7) 823%152 1158 (10.24,13.34) <0.001
24h DBPCV 129(112,15.3) 1173+2.38 146 (12.76,16.57) <0.001
Morning BP surge (mmHg) 2559+ 14.32 2037£9.78 30.86 % 16.17 <0.001
LVST (mm) 9(8,9) 9(89) 989 0.029
LVPW (mm) 9(8.9) 9(89) 9(89) 0.026
LVDD (mm) 47.69 392 46.8+3.67 48.6+3.97 <0.001
LVEF (%) 68.68 £4.98 68.9+4.05 68.45£5.77 0480
LVM (g) 144.57 £30.88 136.8 42625 152443323 <0.001

LVMI (g/m) 8236+ 1664 7945+ 1325 85284 19.09 0.006
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BMI (kg/m?)
BF% (%)
SMMI (kg/m?)
ASMI (kg/m?)
TBWI (kg/m?)

KAs, ketoacids; LPD, low-protein diet; BMI, body mass index; BE, body fat; SMMI, Skeletal Muscle Mass Index; ASMI, appendicular skeletal muscle mass index.

Baseline

1 year-follow up

Pair-comparison-

Pair-comparison-

LPD + KAs group LPD group

LPD + KAs LPDgroup Sig LPD+KAs LPDgroup Sig Sig Sig
group group

2392 +3.67 243+3.65 0683  24.52+4.05 2469 +£4.19 0873 0.045 0239

25.03 £8.29 2736 £7.68 0255  25.06 +8.59 27.45+8.1 0.265 0.894 0.755

1523 £2.17 149+£164 0506  15.31+£2.42 1498 +£1.96 0565 0.633 0.614

742+ 1.11 7.12+£091 0263 7.50 +1.40 725+£123 0453 0.513 0313

134176 1277+£13 0561  13.31£1.93 13.02£1.66 0530 0.028 0.127
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Hemoglobin (g/1)
Cystatin C(mg/1)
Creatinine (pumol/l)

Blood urea nitrogen
(mmol/1)

Albumin (g/1)
Pre-Albumin (mg/l)

Glycerin Trilaurate
(mmol/1)

Cholesterol (mmol/1)

Baseline 1 year-follow up Pair-comparison- Pair-comparison-
LPD + KAs group LPD group
LPD +KAs LPDgroup Sig LPD+KAs LPDgroup Sig Sig Sig
group group
12199 £2141  12621+£1694 0395 133.41+£2864 12744231  0.386 0.001 0.685
1.88 £ 0.67 1724049 0317 27513 208£07 0171 0.305 0351
18117 £100.85  139.5+£62.84 0.058 220.76+199.31 16535+ 155.36 0.230 0.107 0316
10.46 + 5.27 89+312 0167  1236£9.58 1094+£7.78 0533 0.146 0.089
40.77 + 4.44 39.83£3.07 0340 4237443 41+454 0246 0.005 0.161
297.87 £109.58  257.9£65.56  0.097 298.69+£66.01  299.19+87.6  0.981 0.901 0.029
1.89 +1.08 1.63£072 0290  22+195 176 £0.78  0.454 0367 0445
449 £0.77 474+128 0371  4.74%091 468134 0822 0.093 0.566

KAs, ketoacids; LPD, low-protein diet.
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HCV screening test % of respondents (n = 39)

HCV antibody test 513
HCV RNA test (PCR) 5.1
Both 436
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DOPPS Time frame HCV+ N Cases N patients

study phase Incidence
(per 100
patient-
years)
4+ 2009-2011 -
57 2012-2015 b5 8 450
7 2019-2021 12 16 1,197

“Not determined in phase 4 data because HCV antibodies were not collected longitudiinally
in China DOPPS Studly Phase 4. SPublished previously by Jadoul et al. (7). Restricted
to patients with at least two HCV antibody measurements and in whom the initial
HCV antibody measurement was negative, excluding facilities that did not accept
HCV+ patients.
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Medication

Epclusa (sofosbuvir + velpatasvir)
Dakiinza (daclatasvir)

Interferon beta

Sovaldi (sofosbuvir)

Other

N Patients

4
1
1
1
2
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Variables RDW < 14.5% RDW > 14.5% P-value
(n = 463) (n = 60)

Entire study period analysis

Events (n, %) <0.001
Doubling of SCR 5(1.08) 0
30% decline in eGFR 116 (25.05) 28 (46.67)
eGFR <15 ml/min/1.73 56 (12.10) 14 (23.33)

m2

HR (95% CI) for composite kidney outcomes

Model 1 Ref 2.24 (1.53, 3.28) <0.001
Model 2 Ref 1.55 (1.05, 2.83) 0.02
Model 3 Ref 1.51 (1.02, 2.23) 0.03

Model 1: non-adjusted.

Model 2: adjusted for sex, log (10)-transformed age, history of hypertension
(ves vs. no), usage of iron supplements (yes vs. no), usage of EPO-stimulating
agents (yes vs. no), usage of ACEl or ARB (yes vs. no), usage of beta-blockers
(ves vs. no), usage of alpha-blockers (yes vs. no), usage of calcium-channel
blockers (yes vs. no).

Model 3: adjusted for Model 2 + RBC, hemoglobin, percentage of lympho-
cyte, MCV, log (10)-transformed serum iron, natural log-transformed baseline
eGFR, natural log-transformed UACR, log (10)-transformed 24-h urine protein,
log (10)-transformed albumin, bicarbonate, log (10)-transformed calcium,
log (10)-transformed phosphorus, uric acid, blood glucose, and log (10)-
transformed LDL-C.

ACEI, angiotensin converting—enzyme inhibitors; ARB, angiotensin Il-receptor
blockers; Cl, confidence interval; eGFR, estimated glomerular filtration rate; EPO,
erythropoietin; HR, hazard ratio; LDL-C, low-density lipoprotein cholesterol; MCV,
mean corpuscular volume; RDW, red blood cell distribution width;, RBC, red blood
cell; UACR, urinary albumin-creatinine ratio.
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Characteristics

Number of patients
Demographics

Age

Male Sex

ESRD vintage, years
Comorbidities
Hypertension

Diabetes

Coronary artery disease
Cerebrovascular disease
Peripheral vascular disease
Congestive heart failure
Cardiovascular disease, other
Cancer

Lung disease

Gl bleed in the last year
Recurrent celultis
Neurologic disorder
Psychiatric disorder
HIV/AIDS

Hepatitis B

Substance abuse in last 12 mo
Cirthosis

HCV+

81

58.9(12.7)
51%
108 8.1)

81%
33%
20%
10%
1%
22%
16%
1%
5%
3%
1%
0%
3%
0%
8%
0%
1%

HCv-

1,198

60.9(13.5)
58%
6.1(4.9)

87%
33%
31%
15%
1%
23%
19%
4%
4%
2%
2%
6%
1%
0%
5%
0%
1%

Overall

1,279

607 (13.5)
58%
64(59)

86%
33%
30%
15%
1%
23%
19%
4%
4%
2%
2%
5%
1%
0%
5%
0%
1%
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DOPPS Study Phase Time frame Prevalence NPts

4 2009-2011 14.8% 1,223
5 2012-2015 11.5% 967
7 2019-2021 7.4% 1,279

Prevalence weighted by facilty sampling fraction, excluding facilties that did not accept
HCV+ patients. *Published previously by Jadoul et al. (1).
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Characteristics

Demographics
Age (years)
Sex (n%
Male
Female
Cause of renal disease (n%)
Glomerulonephritis
Diabetic nephropathy
Hypertensive renal disease

Tubulointerstitial disease
Polycystic kidney disease
Pyelonephritis

Other

Unknown

Clinical

Hypertension (n%)
Diabetes (n%)

Anemia (n%)

Mild

Moderate

CKD stages (n%)

CKD stage 1

CKD stage 2

CKD stage 3
CKD stage 4
Laboratory
WBC (x 10'2/1)

RBC (x 10'2/1)

Hemoglobin (g/L)

MCV (fl
RDW (%
Lymphocyte (%)
Albumin (g/dL)
lood glucose (mmol/L)

icarbonate (mmol/L)
alcium (mmol/L)

U O T

hosphorus (mmol/L)
Serum iron (wmol/L)
eGFR (ml/min/1.73 m?)
UACR (mg/g
4-h urine protein (g/24 h)
ric acid (umol/L)

G (mmol/L)
CHO (mmol/L)
LDL-C (mmol/L)
Treatment

~ = €

ron supplements (%)
EPO-stimulating agents (n%)
ACEI or ARB (n%)
Alpha-blockers (n%)
Beta-blockers (n%)

Calcium-channel blockers (n%)

Loop diuretics (n%)

Data are expressed as mean 4

Total (n = 523)

57 (44, 69)

276 (52.77)
247 (47.23)

125 (23.90)
88 (16.83)
130 (24.86)
33 (6.31)
10 (1.91)
3(0.57)
36 (6.88)
98 (18.74)

1561 (28.87)
238 (45.51)

192 (36.71)
8(1.59)

9(1.72)
47 (8.99)
293 (56.02)
174 (33.27)

6.40 (5.40, 7.60)
419+ 064
129.6 + 19.7
89.96 + 6.00

13.2 (12,6, 13.8
27.39 £ 8.06
43.0(40.8, 45.1
5.83 + 1.36
24.60 £ 2.93
2.31(2.24,2.38
1.18 (1.04, 1.31
14.99 (13.05, 16.80)
37.30 (26.86, 49.01)
324.71 (128.67, 679.79)
0.74 (0.21, 1.45)
41563 £93.9
1,55 (1.11, 2.24)
4,55 (3.86, 5.31)
2,55 (2.01, 3.09)

219 (41.87)
143 (27.34)
402 (77.91)
145 (28.10)
124 (24.03)
379 (73.45)
188 (36.43)

t SD, median value (interquartile range) or n (%).

RDW < 14.5% (n = 463)

56 (43, 69)

250 (54.00)
213 (46.00)

111 (23.97)
80(17.28)
112(24.19)
32 (6.91)
8(1.79)
3(0.65)
30 (6.48)
87 (18.79)

132 (28.51)
213 (46.00)

153 (33.05)
4(0.86)

9(1.94)
44 (9.50)
270 (58.32)
140 (30.24)

6.33 (5.40, 7.60)
4.22 £063
131.3+ 194
90.23 + 5.80

13.1 (12.6, 13.6
27.77 £7.88
43.1(41.0, 45.2
5.80 +1.33
24.75 £ 2.91
2,32 (2.24,2.38
1.17 (1.03,1.31
15.18 (13.20, 16.90)
38.27 (27.85, 49.57)
311.43 (117.54, 621.77)
0.72 (0.19, 1.39)
4159+ 94.8
158 (1.11,2.27)
4.57 (3.92, 5.38)
2.60 (2.07, 3.14)

176 (38.01
114 (24.62
355 (77.85
122 (26.75
102 (22.37)
326 (71.49)
160 (35.09)

)
)
)
)

RDW > 14.5% (n = 60)

60 (48, 73)

26 (43.33)
34 (56.67)

14 (23.39)
8(13.33)
18 (30.00)
1(1.67)
2 (3.33)
0 (0.00)
6 (10.00)
11 (18.39)

19 (31.67)
25 (41.67)

39 (65.00)
6.67)

~

o

0.00)
3 (5.00)
23 (38.33)
34 (56.67)

6.41 (5.33, 7.55)
392+ 0.67
116.1 £ 17.0
87.83 £ 7.06
15.1 (14.8,15.7
24.44 £ 8.79
41.9(38.1,43.6
6.06 + 1.54
2343 £2.78
2.26(2.18,2.34
1.23(1.10, 1.32
13.41 (11.15, 15.61)
28.40 (22.36, 38.93)
525.70 (279.68, 975.51)
1.04(0.59, 1.77)
4105+ 87.4
1.40 (1.04, 1.89)
4.08 (3.41, 4.84)
2.08 (1.71, 2.77)

43 (71.67)
29 (48.33)
47 (78.33)
23 (38.33)
22 (36.67)
53 (88.33)
28 (46.67)

P-value

0.12
0.12

0.59

0.61
0.52
<0.001

<0.001

0.96
<0.001
<0.001

0.01
<0.001

0.002
<0.001

0.16

0.001
<0.001

0.17

0.002
<0.001
0.004

0.02

0.68

0.08

0.003
<0.001

<0.001

<0.001
0.93
0.06
0.01

0.006
0.08

ACEI, angiotensin converting-enzyme inhibitors; ARB, angiotensin ll-receptor blockers; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; EPO,
erythropoietin; LDL-C, low-density lipoprotein cholesterol; MCV, mean corpuscular volume; RBC, red blood cell; RDW, red blood cell distribution width; SD, standara

deviation; TCHO, total cholesterol; TG, triglyceride; UACR, urinary albumin-creatinine ratio; WBC, white blood cell.
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Variables Univariate analysis Multivariable analysis

r P-value r P-value

WBC (x 10'2/L) —0.027 0.54

RBC (x 1012/L) —-0.174 <0.001 —-0.125 0.004
Hemoglobin (g/L) —0.258 <0.001 —0.154 <0.001
MCV (fl) —0.073 0.10

Lymphocyte (%) —0.132 0.003 —0.041 0.35
Albumin (g/dL) —0.205 <0.001 —-0.102 0.02
Blood glucose (mmol/L) 0.076 0.08

Bicarbonate (mmol/L) —0.124 0.005 —-0.119 0.006
Calcium (mmol/L) —0.141 0.001 —-0.119 0.007
Phosphorus (mmol/L) 0.018 0.69

Serum iron (wmol/L) —-0.192 <0.001 —0.093 0.03
eGFR (mi/min/1.73 m?)  —0.111 0.01 —0.110 0.01
UACR (mg/g) 0.097 0.03 0.101 0.02
24-h urine protein (g/24 h)  0.060 0.17

Uric acid (wmol/L) —0.051 0.25

TG (mmol/L) —0.096 0.03 —0.023 0.60
TCHO (mmol/L) —0.104 0.02 —0.033 0.45
LDL-C (mmol/L) —0.101 0.02 —0.061 0.17

eGFR, estimated glomerular filtration rate; LDL-C, low-density lipoprotein choles-
terol; MCV, mean corpuscular volume; RBC, red blood cell: RDW, red blood
cell distribution width; TCHO, total cholesterol;, TG, triglyceride; UACR, urinary
albumin-creatinine ratio; WBC, white blood cell.
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Variables Events of RFD (n, %) Univariate analysis Multivariable analysis?

OR (95% CI) for RFD P-value OR (95% CI) for RFD P-value
RDW < 14.5% 44 (9.50) Ref Ref
RDW > 14.5% 21 (35.00) 5.13 (2.77, 9.48) <0.001 6.79 (3.08, 14.97) <0.001

Rapid function decline was defined as eGFR loss >5 mil/min/1.73 m?/year.

aThe model was further adjusted for tubulointerstitial disease as the primary cause of renal failure, usage of iron supplements (yes vs. no), usage of EPO-stimulating
agents (yes vs. no), usage of loop diuretics (yes vs. no), usage of alpha-blockers (yes vs. no), usage of calcium-channel blockers (yes vs. no), log (10)-transformed
age, percentage of lymphocyte, natural log-transformed baseline eGFR, log (10)-transformed albumin, log (10)-transformed calcium, natural log-transformed UACR, log
(10)-transformed 24-h urine protein, and log (10)-transformed LDL-C.

ACEI, angiotensin converting-enzyme inhibitors; ARB, angiotensin ll-receptor blockers; Cl, confidence interval; eGFR, estimated glomerular filtration rate; EPO,
erythropoietin; LDL-C, low-density lipoprotein cholesterol; RDW, red blood cell distribution width; RFD, rapid function decline; OR, odds ratio; UACR, urinary
albumin-creatinine ratio.
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Cell morphology
Cell membrane

Cytoplasm

Nucleus

Control group

Normal
Intact and continuous

The organelle structure
‘was intact without
damage

No chromatin pyknosis
or adherence to
nuclear membrane

15 mmol/L group

Slight sweling

Partial membranous
perforation and cytoplasmic
content overflow

Vesiculation and expansion
of endoplasmic reticulum

Partial nuckear chromatin
pyknosis, margination and
adhesion to the nuclear
membrane

30 mmol/L group

Significant sweling

Membranous perforation
and massive cytoplasm
content overflow

Vesiculation and expansion
of endoplasmic reticulum,
mitochondial vacuolation,
and Golgi swelling
Disappearance of part of
nucleoli, chromatin
margination and adhesion
to the nuclear membrane

45 mmol/L group

Significant swelling
Intact and continuous

Mitochondial
vacuolation and
myeloid structure

No chromatin
margination or
adhesion to the nuclear
membrane
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Variants Univariate p  Multivariate P

HR [CI (95%)] HR [CI (95%)]
Gender (F: refer) 2.26(0.28,18.09) 0.442

CVD history 279 (057, 1356) 0.202

Diagnose duration (112 0.97 (098,1.02) 0.341

months)

Urine protein (11 g/) ~ 1.14(094,1.37)  0.168

SBP (+10 mmHg) 1.01(098,1.04) 0472

Oliguria/anuria (no: 342 (096, 12.18) 0,057 - NS
refer)

Hemoglobin (110g/L)  0.68(0.51,0.91) 0.011 E NS
Microscopic hematuria  1.53 (043, 5.47) 0,506

(no: refer)

Baseline creatinine 1.38(1.18,1.69) 0001 1.45(1.20,1.78 <0001
(+100 wmol/L)

Baseline uric acid 1.00(1.00,1.01) 0,059 - NS
(+100 mmolrL)

Serum albumin 093(0.84,1.04) 0,099 - NS
wiogn)

AKI (n0: refer) 213(062,7.32) 0229

C3(10.1 g1) 066 (0.05,8.76) 0.759

hs-CRP (11 g/L) 1.00(1.00,1.01) 0.018 E NS
SLEDA score (1) 1.06 (096, 1.18) 0.211 - NS
Glomerular sclerosis  15.1(0.55, 412.3) 0108 E NS
(11%)

Crescents (11%) 062 (0.007,55.8) 0.837

Interstitial fibrosis>75% ~ 1.88 (0.21,168) 0573

(no: refer)

Tubular necrosis 24.1(0.00,165.3) 0575

(no: refer)

Tubular atrophy 1.31(054,3.14) 0541

(no: refer)

Artery wall thickening ~ 2.16 (0.42, 11.18) 0355

(no: refer)

Glucocorticoid at nitial 030 (0.04, 2.41)  0.259

treatment

Immune suppressorat  1.06(0.29,3.78)  0.926
initial treatment

CVD, Cardiovascular disease; SBR. systofic blood pressure; AKl, acute kidney injury; hs-
CRR, high-sensitiity C-reactive protein; SLEDAY, systemic lupus erythematosus disease
activity index.
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January 2006 to December 2013
National Health Insurance Research Database
(n=23,000,000)
e J
\ 4
4 )
CKD patients with dialysis
(n=48,294)
A J
Exclusion conditions: \
1. Age <20 years old (n=394)
2. Malignancy 1-yr before entering dialysis (n = 2,038)
3. CABG 1-yr before entering dialysis (n=257) = p======19
4. The PD without technique failure (n = 4,969)
5. PD history is less than 3 months (n = 187)
6. Died after PD technique failure within one month (n = 341) /
Y
-
Patients with hemodialysis
(n=40,108)
N
\ 4 \ 4
2 ) 4 )
Those transitioned from PD HD-only
(n=1,100) (n =39,008)
- P, - /
4 )
1:4 matching ratio
by propensity score
\ P
v \ 4
o ) 4 )
Final case cohort Final control cohort
(n=1,100) (n = 4,400)
N P - P
Y
4 )

\

The outcomes were recorded till December 2017.

MACE (n = 1,142), all-cause hosptialization (» = 3,825 ), infection-related admission (rn = 1,541 ),

and all-cause death (n =1,695)

J
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Items

Hemoglobin (g/L)
Serum creatinine (wmol/L)
Serum albumin (g/L)
hs-CRP (/L)
ESR (mmvh)
Anti-ds DNA positive, n (%)
Anti-SSA positive, 1 (%)
Anti-SSB positive, n (%)
Low C3,n (%)
Urine protein (g/24 h)
Left kidney size (mm)
Length
Width
Right kidney size (mm)
Length
Width
AKI, 0 (%)
eGFR (ml/min/1.73 m?)

All

97.81 + 2401
87.0(63.0,147.0)
2753+ 7.44
2.52(0.84,7.15)
38.0(19.0,63.0)
941 (76.6)
536 (44.7)
241 (20.2)
994 (81.5)
1.63(0.72,3.34)

108.48 + 11.82
50.38 + 7.06

105.44 £ 16.14
4712 +£7.43
197 (16.9)
100.8 (54.37, 128.09)

Early-onset LN group

105.79  24.87
850 (62.0,138.0)
27.48+7.49
2.44(0.84,2.44)
38.0(20.0,62.0)
863 (76.5)
481 (43.7)
217 (19.9)
915 (81.6)
1.70 (0.74, 3.41)

108.85 £ 11.67
50.52 £ 7.21

105.67  16.33
4932801
173 (15.7)
104.9 (58.28, 129.24)

Late-onset LN group

96.98 + 25.79
1120 (79.0,242.2)
2828+ 6.98
3,05 (1.21, 10.90)
405 (16.0,73.0)
78(77.2)
55(56.7)
24(24.2)
79(79.8)
1.15 (0.67, 2.46)

101.38 £ 22.22
47.47 + 10.66

101.67 & 13.87
4681:£7.34
24(235)
5050 (25.17, 93.81)

0.002
<0.001
0.29
0.63
0.49
0.87
0.02
0.29
0.65
0.02

<0.001
<0.001

0.02

0.01

0.04
<0.001

ESR, erythrocyte sedimentation rate; hs-CRR, high-sensitivity C-reactive protein; ANA, anti-nuclear antibody; AKI, acute kidney injury; eGFR, estimated glomerular fitration rate.





OPS/images/fmed-09-882692/fmed-09-882692-t003.jpg
Presentations Al Early-onset  Late- P
LNgroup  onset LN
group

N 1,264 1,162 102

Glucocorticoid at induction 1,220(98.3) 1,126(98.5) 94(959) 0.06
treatment, n (%)

Dose of prednisone at 504+66 54158 40147 <0.001
induction (mg/c)
High-dose glucocorticoidat ~ 835(66.1)  784(67.5)  51(49.6) <0.001

first diagnosed, n (%)

Immunosuppression drugat  671(53.2)  629(54.3)  42(412)  0.01
induction treatment, n (%)

ACEI/ARB, n (%) 669(52.9) 607 (52.2) 62(60.7) 0.04

ACE], angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker.
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Items

Number of biopsy, n (%)
LN classffication, 1 (%)

Class Il

Class lll

Class IV

ClassV

Class VIl

Class V4V

Class VI
Glomerular sclerosis (%)
Crescents (%)
Endocapilary
hypercellularity, n (%)

None

(25-50%)

(>50%)

Glomerular leukocyte
infitration, n (%)

None
(<25%)
(25-50%)
(>50%)
Capilary tuft necrosis, n (%)
None
(<25%)
(25-50%)
(>50%)
Subendothelial hyaline
deposits, n (%)
None
Segmental
Diffuse

Interstitial leukocyte
infitration, n (%)

None
<25%
25-50%
50-75%
>75%
Interstitial fibrosis, 1 (%)
None
<25%
25-50%
50-75%
>75%
Tubular necrosis, n (%)
Tubular atrophy, 1 (%)
None
<25%
25-50%
50-75%
>75%
Artery wall thickening, n (%)

Al

784 (62.0)

71(9.6)
81(11.0
308 (41.8)
105 (14.9)
58(7.9)
98(13.9)
9(1.9)
0(09)
3(0,16)

207 (26.4)
360 (45.9)
217 27.7)

286 (36.5)

314 (40.1)

161 (20.5)
28(3.6)

704 (89.8)
710.1)
8(1.0
10.4)

333 (44.7)
194 (26.0)
218(20.3)

196 (25.0)

461 (68.9)
87(11.1)
3038
9(1.)

330 (42.1)
367 (46.9)
63(8.0)
172
6(08)
43(5.5)

326 (41.6)
360 (46.0)
7399
19(2.6)
3(0.4)
231 (29.5)

Early-onset
group

726 (62.4)

68 (10)
73(10.7)
287 (42.1)
96(14.1)
52(7.6)
93(13.7)
8(12)
0(0.7.4)
3(0,16)

194 (26.7)
325 (45.9)
207 (28.5)

263 (36.2)

284 (39.1)

156 (21.5)
28(3.8)

653 (89.9)
66(9.1)
7(1.0
0(0)

307 (44.5)
183 (26.5)
200 (29.0)

189 (26.0)

427 (58.8)

76(10.5)
26(3.6)
8(1.1)

315 (43.4)
336 (46.3)
56(7.7)
13(18)
6008
38(.2)

313 (43.1)
326 (44.9)
65(9.0)
19.2.6)
3(0.4)
203 (28.0)

Late-onset
group

58 (56.8)

3(65)
8(14.5)
21(382)
9(16.4)
6(109)
5©.1)
1(1.8)
107 (023.7)
0(0.28)

13 (22.4)
35 (60.3)
10(17.2)

23(39.7)
30(51.7)
586
0(0)

51(87.9)
586
1017
1017

26 (47.3)
11200
18(32.7)

7(123)

34(50.6)

11(19.9)
4(7.0)
1(18)

15(263)
31(54.4)
7(12.3)
470
00
588

13 (22.8)
34 (50.6)
8(14.0)
235)
0(0)
28 (48.3)

P

0.07

0274
0.383
0.567
0644
0.386
0.338
0.676
<0.001
0.72
0.058

0.037

0.137

0.559

0.052

0.023

0.260
0.036

0.001
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Model

Univariable Cox model
Model 1
Model 2
Model 3
Model 4

All-cause mortality

HR [CI (95%)]

1.72 (132, 2.24)
227 (2.10,5.08)
2.16(1.18,3.94)
263 (1.35,5.19)
3.03(1.39, 6.58)

P

<0.001
<0.001
0.012
<0.001
0.005

Kidney outcome

HR [CI (95%)]

1.66 (0.93, 2.97)
1.25 (0.69, 2.25)
1.17 (053, 2.57)
1.11(0.50, 2.46)
1.06 (0.41, 2.74)

Reference, LN onset age < 50; HR, hezard ratio; Cl, confidence interval.
Mode! 1: adjusted for sex, lfe expectancy.
Model 2: adjusted for Model 1 and creatinine, uric acid, rine protein, C3, SLEDAI score.
Model 3: adjusted for Model 2 steroid dose and immunosuppression rugs.
Model 4: adjusted for Model 3 and crescent, glomerular sclerosis, interstital fibrosis,

tubular atrophy.

P
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Items

N
Male/fernale
Age at diagnosis (years)
Duration before diagnosis (months)
Hypertension, n (%)
CVD history, n (%)
Diabetes history, n (%)
BMI (kg/m?)
Fever, n (%)
Edema, n (%)
Skin and mucous, n (%)
None
Rash
Aopecia
Mucous ulcer
Raynauds phenomenon
Photosensitivity
Musculoskeletal, n (%)
None
Athitis
Myalgia
Muscle weakness
Serositis, n (%)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Hepatomegaly, n (%)
Splenomegaly, n (%)
SDI score
SLEDAI score

All

1,264
15
3112+ 12.21
4(1,24)
35(2.7)
82(6.5)
18.(1.4)
21,09 +3.07
415 (32.8)
834 (65.9)

161(13.2)
568 (44.7)
249 (19.6)
121(9.5)
18 (1.4)
147 (11.6)

769 (60.8)
431 (34.1)
4032)
24(1.9)
755 (50.8)
127.7 £ 21.80
81.45 + 14.70
1108)
7008)
2119
14.74 £5.35

Early-onset LN group

1,162
15
2881 +£9.99
3(1,20)
21(1.8)
61(5.2)
18(1.1)
21.03+3.12
389 (33.4)
771(66.3)

123 (10.6)
527 (45.9)
238(20.5)
115(9.9)
18(1.6)
141 (12.1)

717 (61.7)
391 (33.6)
3429
20(1.7)
751 (64.7)
12653 % 21.40
81.45 + 14.76
10(09)
7086)
20+18
14.77 £ 56.33

Late-onset LN group

102
25
5813+ 6.80
3(1,12)
14(18.7)
21(2086)
5(4.9
2185 +2.31
26 (25.4)
63(61.7)

38(37.2)
41(40.2)
11(108)
6(5.9
0
6(5.9

52(51.0)
40(39.2)
6(59
439
53(51.2)
138.48 + 20.50
7981 & 13.50
109
0
23£19
14.35 + 560

CVD, cardiovascular disease; BR, blood pressure; SDI, systemic damage index; SLEDAI, systemic lupus erythematosus disease activity index.

0.001
<0.001
0.37
<0.001
<0.001
0.12
0.15
o1
045

0.01
0.34
0.01
0.19
0.20
0.06

007
0.23
0.09
0.11
0.04
<0.001
0.28
0.90
0.43
0.12
0.59
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Model

Risk of renal progression
Unadjusted

Adjusted for age and sex

Adjusted for age, sex, and baseline eGFR-EPT

Adjusted for age, sex, bascline cGFR-EPI, DM, SB, and DBP
Risk of cardiovascular disease

Unadjusted

Adjusted for age and sex

Adjusted for age, sex, BMI, SBP and DBP

Adjusted for age, sex, BMI, SBP, DBP and HB

Adjusted for age, sex, BMI, SBP, DB, HB, LVM and LVMI

HB, Hemoglobin; DM, di:

betes mellitus.

HR

2,998

2.886
267

1.739

5.898
4671
4.663
4236
4704

95% CI

1.309-6.866
1.246-6.683
1.128-6.321
0.686-4.408

1.693-20.542
1.330-16.401
1241-17.520
1.120-16.024
1253-17.658

P-value

0.009
0013
0.025
0243

0.005
0016
0023
0.033
0.022
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ACR outcomes

MCR outcomes

Training Testing Training Testing
(N =9,864) (N =2,466) (N =9,864) (N =2,466)

Age (y) 59.00 (52.00,67.00) 59.00 (53.00, 67.00) 0.199 61.00 (54.00, 68.00) 60.00 (54.00, 68.00) 0.147
TG (mmol/L) 1.63 (1.17,2.27) 1.69 (1.20, 2.34) 0.02 1.61 (115, 2.23) 1.66 (1.15, 2.34) 0.052
TC (mmol/L) 4.42 (3.78,5.08) 4.39(3.77,5.04) 0.273

FPG (mmol/L) 4.80 (4.30, 5.50) 4.80 (4.30, 5.60) 0.333 4.80 (4.30, 5.50) 4.80 (430, 5.50) 0.611
GHB (mmol/L) 5.40 (5.00, 5.90) 5.40 (5.00, 6.00) 0.17 5.40 (5.00, 6.00) 5.40 (5.10, 6.00) 0.749
SBP (mmHg) 137.50 (126.00, 152.00) 137.50 (125.00, 152.00) 0.948 137.00 (126.00, 151.00) 137.00 (125.00, 151.00) 0.813
DBP (mmHg) 83.00 (77.50, 91.00) 83.000 (77.50, 91.00) 0.529 82.00 (77.00, 90.00) 82.50 (77.50, 90.50) 0.113
Hey (mmol/L) 18.60 (13.60,27.90) 18.55 (13.60, 28.13) 0.611 19.30 (14.00, 29.60) 19.10 (13.80, 29.05) 0.087
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Variables Levels Men (N = 5,230) Women (N = 7,100)
Age Median (IQR) 59.0 (52.0, 67.0) 57.0 (51.0, 65.0)
Education levels <Primary 1,394 (26.7%) 2,632 (37.1%)
<Junior 2,811 (53.7%) 3,470 (48.9%)
<Senior 761 (14.6%) 703 (9.9%)
>Bachelor 264 (5%) 295 (4.2%)
Annual income <5K 1,563 (29.9%) 3,594 (50.6%)
5-10K 1,396 (26.7%) 1,745 (24.6%)
10-20K 641 (12.3%) 633 (8.9%)
>20K 1,630 (31.2%) 1,128 (15.9%)
TG (mmol/L) Median (IQR) 1.5(1.1,2.1) 1.6(1.1,2.2)
TC (mmol/L) Median (IQR) 4.0 (3.5, 4.6) 4.6 (4.0,5.2)
LDL (mmol/L) Median (IQR) 2.1(1.6,2.6) 2.4(1.9,3.0)
HDL (mmol/L) Median (IQR) 1.2 (1.0, 1.4) 1.3(1.1,1.5)
FPG (mmol/L) Median (IQR) 4.6 (4.1,5.1) 4.8 (4.4,5.4)
GHB (mmol/L) Median (IQR) 5.4 (5.0,5.8) 5.4(5.0,5.8)
SBP (mmHg) Median (IQR) 133.5(123.0, 146.0) 134.0 (122.0, 148.5)
DBP (mmHg) Median (IQR) 82.5(77.5,90.0) 81.0 (75.5, 88.5)
Hcy (mmol/L) Median (IQR) 21.7 (15.5, 34.0) 16.6 (12.5,23.7)
BMI Underweight 80 (1.5%) 124 (1.7%)
Normal 2,046 (39.1%) 2,828 (39.8%)
Overweight 2,231 (42.7%) 3,017 (42.5%)
Obesity 873 (16.7%) 1,131 (15.9%)
Smoking No 2,415 (46.2%) 6,977 (98.3%)
Yes 2,815 (53.8%) 123 (1.7%)
Alcohol consumption Rarely 3,421 (65.4%) 7,024 (98.9%)
Sometimes 1,549 (29.6%) 73 (1%)
Always 260 (5%) 3 (0%)
Exercise Regular 2,189 (41.9%) 2,952 (41.6%)
None or a little 3,041 (58.1%) 4,148 (58.4%)
Salt consumption Light 1,242 (23.7%) 2,002 (28.2%)
Moderate 3,157 (60.4%) 4,308 (60.7%)
Salty 831 (15.9%) 790 (11.1%)
Diet Vegetable 1,541 (29.5%) 2,590 (36.5%)
Balanced 3,322 (63.5%) 4,308 (60.7%)
Meat 367 (7%) 202 (2.8%)
ACR Normal 4,745 (90.7%) 5,998 (84.5%)
Increased 485 (9.3%) 1,102 (15.5%)
MCR Normal 4,473 (85.5%) 6,401 (90.2%)
Increased 757 (14.5%) 699 (9.8%)
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HCV screening
frequency

Atleast every 3
months

Twice per year
Once per year
Less than once
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Only upon entry to
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% of HD-tx HD-not tx CKD stage 3 CKD stage 4
patients waitlisted  waitlisted (% of n=39) (% of n = 39)
with biopsy (% ofn=39) (% of n =38)

0% 795 73.7 69.2 718
1-5% 26 10.5 128 103
6-10% 26 26 6.1 5.1

11-25% 00 26 26 26
26-50% 12.8 5.3 5.1 7.7

>50% 26 53 5.1 26
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Genotyping practice 9% of responses (n = 39)

% HCV-+ patients genotyped®

1-20% 846
21-40% 26

41-60% 26

61-80% 26

81-100% 77

Genotyping awareness

NS5A resistance associated polymorphisms® 128
NS3 Q80K mutation® 5.1

afither for new HCV cases or when the HCV genotype is unknown. ®Are you typicall
aware whether your HD facilty's HCV genotype 1 dialysis patients are tested for NS5A
resistance associated polymorphisms (e.g., amino acid substitutions at positions 28, 30,
31, 58, 9397 °Are you typically aware whether your HD faciity's HCV genotype 1a dialysis
patients are tested for the NS3 Q80K mutation?
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HD CKDstage3  CKD stage 4
Referred to specialist (% ofn=39) (% ofn=39) (% ofn=239)

Yes 84.6 87.2 87.2
No 15.4 128 12.8
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HCV medication
prescriber

Nephrologist
Liver or gastroenterology
specialist

Primary care physician
Infectious disease
specialist

Other

HCV+ patients not treated

HD
(% ofn =38)

105
289

0.0
424

79
10.5

CKD stage 3
(% of n = 38)

105
289

0.0
421

79
105

CKD stage 4
(% of n =37)

10.8
29.7

0.0
432

8.1
8.1
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Comfort level treating HCV

Very comfortable
Somewhat comfortable
Neutral

Somewhat uncomfortable
Very uncomfortable

% of respondents (n = 39)

5.1
103
436
231
17.9
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% of
patients
treated

0%
1-5%
6-10%
11-25%
26-50%
>50%

HD-tx
waitlisted
(% of n =39)

56.4
103
0.0
0.0
103
23.1

HD-not tx
waitlisted

(% of n =39)

46.2
205
5.1
26
7.7
17.9

CKD stage 3

(% of n =38)

44.7
184
79
26
26

237

CKD stage 4

(% of n =39)

487
15.4
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26
5.1
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HD-tx HD-nottx  CKDstage3 CKD stage 4
waitlisted  waitlisted (% of n =39) (% of n =38)

(% ofn=38) (% ofn=239)
Agree 9.1 84.6 949 86.8
Neutral 79 15.4 5.1 132

Disagree 00 00 00 00





OPS/images/fmed-09-910840/fmed-09-910840-t006.jpg
Medication (s)

Interferon and/or ribavirin
Interferon and/or ribavirin
Interferon and/or ribavirin
Interferon and/or ribavirin

HCV+ patients not accepted at facilty
Not currently any HCV+ patients at faciity
HCV treatment not administered at faciity

Epclusa

Epclusa
Epclusa

Epclusa
Epclusa

Harvoni
Harvoni

Sovalid

Viekira Pack

Viekira Pack

Vosevi

Zepatier
Zepatier

Frequency (n = 39)

4
1
1
1
1
3
1
1
2
3

21
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Facility HCV trend

monitoring
frequency

At least monthly

~3 times per year
~2 times per year
~1 time per year
Less than 1 time per
year

HD
(% of n =39)

30.8
103
53.8
5.1
0.0

CKD stage 3
(% of n =39)

615
26
128
179
5.1

CKD stage 4
(% of n =39)

59
5.1
10.3
205
5.1
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Model Accuracy (%) Specificity (%) Sensitivity (%) AUC

Bagging 78.30/80.37 74.05/82.36 82.56/78.77 0.87/0.88
RF 78.14/80.20 74.29/81.88 82.00/78.84 0.87/0.89
XGBoost 80.17/82.27 77.05/82.91 83.29/81.71 0.89/0.90
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Model Accuracy (%) Sensitivity (%) Specificity (%) AUC

Bagging 99.91/99.91 99.96/99.90 99.96/99.92 0.99/0.99
RF 99.90/99.89 99.96/99.90 99.84/99.88 0.99/0.99
XGBoost 99.89/99.59 99.96/99.82 99.82/99.38 0.99/0.99
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a g e g a g e q
0,864 4166 0,864 4166

Education

<Primary 3,591 (36.4) 860 (34.9) 0.093 3,749 (38.0) 924 (37.5) 0.554

<Junior 4,929 (50.0) 1,288 (52.2) 4,829 (49.0) 1,193 (48.4)

<Senior 969 (9.8) 243 (9.9) 974 (9.9) 262 (10.6)

>Bachelor 375(3.8) 75 (3.0) 312(3.2) 87 (3.5)

Exercise

Regular 4,215 (42.7) 1,026 (41.6) 0.312

None or a little 5,649 (57.3) 1,440 (58.4)

BMI

Underweight 158 (1.6) 34 (1.4) 0.784 165 (1.7) 41(1.7) 0.748

Normal 3,426 (34.7) 867 (35.2) 3,753 (38.0) 951 (38.6)

Overweight 4,225 (42.8) 1,041 (42.2) 4,220 (42.8) 1,026 (41.6)

Obesity 2,055 (20.8) 524 (21.2) 1,726 (17.5) 447 (18.1)

Alcohol

Rarely 8,677 (88.0) 2,129 (86.3) 0.05 8,329 (84.4) 2,095 (85.0) 0.09

Sometimes 1,009 (10.2) 294 (11.9) 1,327 (13.5) 304 (12.3)

Always 178 (1.8) 43(1.7) 208 (2.1) 66 (2.7)

Smoking

No 7,849 (79.6) 1,943 (78.8) 0.391 7,267 (73.7) 1,824 (74.0) 0.744

Yes 2,015 (20.4) 523 (21.2) 2,597 (26.3) 641 (26.0)

Diet

Vegetable 3,273 (33.2) 831(33.7) 0.798 3,448 (35.0) 835 (33.9) 0.569

Balanced 6,188 (62.7) 1,530 (62.0) 6,024 (61.1) 1,534 (62.2)

Meat 403 (4.1) 105 (4.3) 392 (4.0) 96 (3.9)

Salt consumption

Light 2,606 (26.4) 678 (27.5) 0.173

Moderate 6,065 (61.5) 1,467 (59.5)

Salty 1,193 (12.1) 321 (13.0)

Sex

Male 3,523 (35.7) 934 (37.9) 0.046 4,551 (46.1) 1,124 (45.6) 0.631

Female 6,341 (64.3) 1,532 (62.1) 5,313 (53.9) 1,341 (54.4)
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of FGF23

Model <2,235 pg/ml 2,235-4,791 pg/ml 4,791-8,508 pg/ml
No adjustment 1 (ref) 1.967 (1.324, 2.500) 1.073 (0519, 2.220)
Model 1 1 (ref) 1.153 (0.972, 1.365) 0.841(0.278, 2.546)
Model 2 1 (ref) 1.139 (0.992, 1.827) 0.943 (0,852, 1.034)

Mode! 1 was adjusted for age, gender, prior cardlovascular disease, dialysis vintage, hemoglobin, albumin, calcium, phosphate, and feritin.
Model 2 was adjusted for Model 1 plus dialysis modality.

>8,508 pg/mi

1.168 (0.544, 2.508)
1.087 (0.362, 8.267)
0913 (0.765, 1.042)
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Variables B SE P HR 95%Cl
Age 0.092 0.463 0.842 1.097 0.442,2.719
Dialysis vintage 0.079 0.040 0.047 1.082 1.001, 1.170
Hemoglobin -0.265 0.390 0.496 0.767 0.357, 1.647
Albumin —1.068 0.495 0.031 0.344 0.130, 0.906
Calcium 1.087 0.811 0.201 2.821 0.576, 13.838
Phosphate 0.645 0.366 0.001 2.304 1.842,3.632
iPTH 0.011 0325 0987 1.011 0535, 1.911
KTV -1.662 0.452 0.230 0.932 0.087, 1.614
LnFGF23 0.418 0.562 0.457 1519 0.505, 4.567
INHD -0.814 0.323 0.012 0.443 0.235,0.834

Take the variables which satisfied P < 0.3 in the univariate cox regressive and some other factors as adjustment factors, a multivariable Cox proportional hazerds regression has been
done. Multivariable Cox regression analyses were adfusted for age, gender dialysis vintage, hemoglobin, albumin, calcium, phosphate, KT/, InFGF23, ferritn. iPTH, intact parathyroid
hormone; KTV, urea clear index; FGF23, Fibroblast growth factor 23; INHD, In-center noctumal hemodialysis.

*p < 0.05.
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Item

LVMI (g/m?)
LAD (mm)
LVDD (mm)
LVPW (mm)
LVEF (%)
E/A

INHD (n = 40)

98.7 £ 32.1"
33.25 £5.57
45.63 & 4.37
9.84 £ 1.91
63.75 + 3.3
0.78 £0.28

CHD (n = 40)

1139 + 69.2
41.44 +8.40
5333 +6.78
11.53 + 1.65
52.44 £ 5.29
0.67 £0.13

LVMI, left ventricular mass index; LAD, left atrial dimension; LVDD, left ventricular
end diastolic dimension; LVPW, left ventricular posterior wall; LVEF, left ventricular

ejection fraction.
p < 0.05.
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Variables B

Calcium 0.354
Phosphate 0.429
iPTH 0235
KTV -0218
Calcium-phosphate product 0.600

SE

0.641
0.285
0310
0.232
0.104

P

0.001
<0.001
0.353
0.053
<0.001

Take the variables which satisfied P < 0.3 in the univariate correletion analysis as
candidates, multivariate regression analysis has been done. Then we adopt stepwise
regression, taking P < 0.05 as inclusion criteria and P > 0.10 as exclusion criteria.
Vihen calcium-phosphate product was taken into consideration, calcium and phosphate

s excluded. The other results are derived from the global entry method.

p < 0.05.
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Variables

Age
Dialysis vintage
Triglycerides

Cholesterol

LDL cholesterol

HDL cholesterol

Phosphate

Calcium
Calcium-phosphate product
Albumin

KTV

iPTH

25(0H)D

0.432
-0.182
0211
0.186
0.196
—0.001
0.480
0.413
0.593
0.073
-0.395
0.334
0.232

T

0.702
1.823
2.090
1.839
1.864
0.856
5.388
4.465
7.253
0.702
3.542
3.396
2.435

P

0.484
0.071
0.093
0.069
0.066
0.394
<0.001*
<0.001"
<0.001*
0.484
<0.001"
<0.001"
0.342

LDL, low-density lipoprotein; HDL, high-density lipoprotein; KT/, urea clear index; iPTH,

intact parathyroid hormone; 25-(OHID, 25-Hydroxy vitamin D.

p < 0.05.
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Parameters

iFGF23 (pg:mi")

LnFGF23

Pitch

Cholesterol (mmolL~")
Triglycerides (mmol-L~")

LDL cholesterol (mmolL~")
HDL cholesterol (mmol-L~")
Phosphate (mmol-L~")
Calcium (mmol-L~")
Galcium-phosphate product (mmof2-L=2)
Albumin (gL~")

KTV

25(0H)D (ng-mi~")
Hemoglobin (g-L~")

Fenritin (ug-L™")

$2-MG (mg-L~")
Medications

Kinds of antihypertensive drugs/pts number
EPO (UAweeky/pts number
CaCOs(g/d)pts number
Galcitriol (ug/cl/pts number
Iron sucrose (mg)/pts number
Iron dextran (mg)/pts number

INHD (1 = 90)

3,114.41 (1,028.23-0,582.05)
757 = 1.62"
306,02 + 142.08
382097
225+ 152
208+ 055
0.89+0.29
142 £0.41°
2444022
347 +1.02¢
4232+ 687
230071
276+93
117.98 % 13.76
195.58 + 159.28
16.7+33

1103768
5,280.0 + 3,120.0/63
1612751
0.23 £ 0.19/49
950 + 296/16
783 + 182/5

CHD (n = 90)

9,626.18 (4,258.63-10,123.23)
856+ 1.17
412.92 +212.10
3.73+£0.92
2244145
2,04 +0.60
0.87 £0.27
203 + 0.62
247 £0.33
5.00 + 1.52
4221 £4.38
1.63 £ 0.30
276+93
111.69 + 14.00
237.30 £ 173.21
17.4+47

1.8+ 0.5/74
6,841.0 £ 3,210.0/70
25+ 1.0/53
0.22 £ 0.14/52
964 + 286/18
800 + 167/6

IFGF23, intact Fibroblast growth factor 23; IPTH, intact parathyroid hormone; LDL, low-density lipoprotein; HDL, high-density lipoprotein; KT/V, urea clear index; 25-(OH)D, 25-Hydroxy

vitamin D; 2-MG, p2-Microglobulin.
“P < 0.05.
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Item

Sex
Male
Female
Age (year)
Dialysis vintages (year)
Primary disease
CGN
Hypertensive renal sclerosis
DN
Obstructive nephropathy
PKD
Others

INHD (n = 90)

42
48
53.23 + 10.26
8.32£5.25

56
12
15
1
4
2

CHD (n = 90)

43
a7
5332:£0.53
843:£5.12

57
13
14
2
3
1

CGN, chronic glomerulonephritis; DN, diabetic nephropathy; PKD, polycystic kidney

disease I,
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Practice Prevalence (%)

Staff HCV screening frequency®

Atleast 2 times per year 5.1
~1 time per year 923
Less often than 1 time per year 26
Staff HCV training frequency®
1 time per year 94.9
One time every 2 years 26
Less often than every 2 years. 26
Staff orientation includes HCV precaution instructions®
Yes 7.4
No 26

N = 39 responses. ®n = 39 responses; How often does your dialysis unit provide stalf
members with educational courses on prevention of transmission of blood bome viruses
(including HCV}? °n = 38 responses; Does your dialysis unit instruct new staff members
about HCV precautions as part of their orientation?





OPS/images/fmed-09-910840/fmed-09-910840-t016.jpg
Situation Yes (%) No (%) Not applicable (%) Responses (n)

Travel to a country 97.4 0.0 26 39
known to have high

HOV prevalence

Retum to faclity after 949 5.1 - 39
long-term

hospitalization
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Groups Model " HR P value C-index Model I° HR P value C-index Model IlI° HR P value C-index

Women with natural menopause

Natural menopause at age 245 Ref (1.00) Ref (1.00) Ref (1.00)
Early natural menopause 1.25(096-1.63) 0.095 0.64(0.58-0.65) 1.20(0.92-157) 0.177 0.69(0.66-0.72) 1.22(0.93-1.60) 0.158 0.73(0.70-0.76)
Women with surgical menopause

Surgical menopause at age 245 Ref (1.00) Ref (1.00) Ref (1.00)

Early surgical menopause 1.10(0.74-1.63) 0.640 0.62(0.56-0.68) 1.40 (0.94-2.08) 0.096 0.73(0.68-0.78) 1.25 (0.81-1.92) 0317 0.76 (0.71-081)
3Adjusted for eGFR and UACR.

bAdjusted for age, race/ethnicity, €GFR, and UACR.
CAdjusted for age, race/ethnicity, €GFR, UACR, marital status, smoke, alcohol use, obesity triglycerides (mg/d), total cholesterol (mg/d), HDL-cholesterol (mg/d), hypertension, diabetes,
coronary heart disease, congestive heart failure, stroke, cancer.
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Groups Model I HR P value C-index Model II° HR P value C-index Model Il HR P value C-index

Women with natural menopause

Natural menopause at age 245 Ref (1.00) Ref (1.00) Ref (1.00)
Early natural menopause 1.28(098-1.76) 0.123 065 (0.61-0.69) 1.22(0.89-1.68) 0226 0.72(0.69-0.76) 1.12 (0.801-1.55) 0.495 0.74(0.71-0.78)
Women with surgical menopause

Surgical menopause at age 245 Ref (1.00) Ref (1.00) Ref (1.00)

Early surgical menopause 1.44(095-2.17) 0.087 061 (0.54-0.69) 1.67 (1.10-258) 0015 0.73(0.67-0.79) 1.62(1.06-2.49) 0027 0.78(0.73-0.83)
4Adjusted for €GFR and UACR.

bAdjusted for age, race/ethnicity, éGFR, and UACR.
“Adjusted for age, race/ethnicity, €GFR, UACR, marital status, smoke, alcohol use, obesity triglycerides (mg/d), total cholesterol (mg/d), HDL-cholesterol (mg/d), hypertension, dlabetes,
coronary heart disease, congestive heart failure, stroke, cancer.
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Variable

Foliicle stimulating hormone (miU/ml)
luteinizing hormone (miU/mi)
Testosterone, total (ng/d)

Estradiiol (pg/mi)

SHBG (nmol/)

CKD group (n = 201)

34.44
22.66
1538.37
29.50
61.43

Non-CKD group (n = 1,553)

27.71
19.63
176.29
40.11
57.48

P value

0.029
0.029
0.033
0.001
0.782
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Characteristics Natural menopause  Natural menopause  Surgical menopause  Surgical menopause Pvalue

atage 245y atage <45y atage 245y atage <dSy

(n=3,038) (n =536) (n=516) (n=815)
Age,y 64.0 (58.0-72.0) 65.0 (68.0-74.0) 65.0 (69.0-73.0) 62.0(52.0-71.0) <0.001
Race/ethnicity, No. (%) <0.001
Non-hispanic white 1,603 (52.8) 258 (48.1) 307 (59.5) 488 (59.9)
Non-hispanic black 492 (16.2) 90(16.8) 98(19.0) 169 (20.7)
Other 943 (31.0) 188 (35.1) 111(215) 158 (19.4)
Mearital status, No. (%) <0.001
Married/ cohabitating 1,544 (50.8) 226 (42.2) 296 (57.4) 434(63.2)
Widowed/seperated/divorced 1,311 (432) 269 (50.2) 199 (38.6) 339 (41.6)
Never married 183 (6.0) 41(7.6) 21(a.1) 4262
Alcohol use, No. (%) 0.001
Never 751 (24.7) 158 (29.5) 98(19.0) 182 (22.3)
Ever 642 (21.1) 115 (21.5) 134.(26.0) 196 (24.3)
Current 1,645 (54.2) 263 (49.1) 284 (55.0) 435 (63.4)
Smoke, No. (%) <0.001
Never 1,879 (61.9) 307 (67.3) 320 (62.0) 431(52.8)
Ever 820 (27.0) 135 (25.2) 151(29.3) 223 (27.4)
Current 339 (11.2) 94(17.5) 45(8.7) 161(19.8)
Hypertension, No. (%) 1,836 (60.4) 341(63.6) 356 (69.0) 520 (63.8) 0001
Diabetes, No. (%) 621 (20.4) 123 (23.0) 106 (20.5) 175 (215) 0583
Body mass index (kg/m?), No. (%) 0.023
<25 885 (29.1) 140 (26.1) 130 (25.2) 191(23.4)
25-<30 946 (31.1) 177 (33.0) 164 (31.8) 257 (31.5)
230 1,207 (39.7) 219(40.9) 222(43.0) 367 (45.0)
Triglycerides (mg/d) 125.5 (88.0-184.0) 126.0 (86.3-179.3) 136.0 (93.0-194.0) 132.0 (92.0-198.0) 0008
Total cholesterol (mg/di) 2090 (183.0-237.0) 207.0(177.3-233.0) 2105 (181.0-236.0) 207.0(181.0-237.0) 0215
HDL-cholesterol (mg/di) 57.0 (47.0-68.0) 56.0 (46.0-68.0) 57.0 (48.0-69.8) 56.0 (46.0-68.0) 0360
Congestive heart failure, No. (%) 109 (3.6) 36(6.7) 23(45) 45(5.5) 0003
Coronary heart disease, No. (%) 127 (4.2) 31(5.8) 25(4.8) 416.0) 0340
Stroke, No. (%) 133 (4.4) 32(6.0) 24.(4.7) 68(8.3) <0.001
Cancer, No. (%) 368 (12.1) 65 (12.1) 104 (20.2) 160 (19.6) <0.001
Ovary cancer, No. (%) 1(0.0) 000 3(0.0) 15(0.0) /
©GFR, ml/min/1.73 m? 817 (66.8-94.7) 78.8 (62.4-93.2) 80.9 (66.4-95.9) 82.2 (66.4-100.5) <0.001
UACR, mg/g 9.1(58-18.4) 9.8(6.3-235) 8.1(5.4-158) 8.4(5.4-183) <0.001
GKD, No. (%) 829 (27.3) 180 (33.3) 140 (27.1) 237 (29.1) 0023

Death, No. (%) 485 (16.0) 116 (21.6) 73(14.1) 129 (15.8) 0.004
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Groups Model I OR
Women with natural menopause
Natural menopause at age 245 Ref (1.00)

Early natural menopause 1.35(1.11-1.64)
Women with surgical menopause
Surgical menopause at age 245 Ref (1.00)

Early surgical menopause 1.10(0.86-1.41)

Unadjusted model.
bAdjusted for age and race/ethnicity.

P value

0.003

0.442

Model II° OR

Ref (1.00)
1.26 (1.02-1.55)

Ref (1.00)
1.41(1.08-1.89)

P value

0034

0.011

Model IlI° OR

Ref (1.00)
1.25 (1.00-1.55)

Ref (1.00)
1.83 (1.01-1.76)

Pvalue P value of Hosmer/Lemeshow
0.046 0.209
0.041 0.554

<Adjusted for age, race/ethnicity, marital status, smoke, alcohol use, obesity, triglycerides (mg/d), total cholesterol (mg/dj), HDL-cholesterol (mg/d)), hypertension, and diabetes.
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Groups Model I’ HR P value C-index Model I° HR P value C-index Model IlI° HR P value C-index

Women with natural menopause

Natural menopause at age 245 Ref (1.00) Ref (1.00) Ref (1.00)
Early natural menopause 1.26(1.03-1.55) 0.025 0.75(0.72-0.77) 1.19(0.97-1.45) 0.101 0.76 (0.74-0.78) 1.23(1.00-1.51) 0.048 0.79 (0.78-0.80)
Women with surgical menopause

Surgical menopause atage =45 Ref (1.00) Ref (1.00) Ref (1.00)

Early surgical menopause 1.14(086-1.52) 0.379 0.73(0.69-0.78) 1.51(1.13-2.01) 0.005 0.78(0.75-0.82) 146 (1.09-1.97) 0012 081(0.78-084)
Adjusted for CKD stage.

bAdjusted for age, race/ethnicity, and CKD stage.
“Adjusted for age, race/ethnicity, CKD stage, marital status, smoke, alcohol use, obesity, triglycerides (mg/d), total cholesterol (mg/d), HDL-cholesterol (mg/d), hypertension, diabetes,
coronary heart disease, congestive heart failure, stroke, cancer.





OPS/images/fmed-09-828189/fmed-09-828189-g009.gif
poren e b e 0
e t P
S owomow  aom o %
P —— amoram o m
S — ameman o w m
P — amusminom  wx
oy T faawsm o m m
S — -
P —— omumam  an e e
owsne v

ooy ey [RC
omves — vesmsm  om o w
Somos e ramne ms o
omes —— supmim  es e w
cor

P e wsemuwm 2 e w
Somee —— cupmen  owm e 7
[t

Soms L R I






OPS/images/fmed-09-828189/fmed-09-828189-t001.jpg
Study, year,
country

Chaochao Wang
(16); China

Charytan et al.
(17); America

Feniman (23);
Brazil

Flevari et al. (9);
Grace

Gross etal. (11);
America

Hammer et al.
(18); Grace

Ito et al. (19);
Japan

Lin etal. (10);
China

Matsumoto et al.
(20); Japan

Nietal. (15); China

Taheri et al. (21);
Iran
Taheri et al. (22);
Iran

Vukusich et al.
(24); Chile

Population characteristics

N = 96; Age (years) = 52.92  6.91; Male (%) = 58.33
LVEF (%) = 39.78  5.11; Dialysis vintage (months) =
32.32 + 12.44

N = 102; Age (years) = 55.50 + 12.00; Male (%) =
68,63

Hypertension (%) = 93.00; LVEF (%) = 68.11  6.44
Dialysis vintage (years) = 3.4 (1.9-6.1)

N = 17; Age (years) = 54.12  12.00; Male (%) = 52.94
LVEF (%) = 69.56 -+ 4.06; Dialysis vintage (months) =
37.99 + 58.26

N = 14; Age (years) = 59.5 = 11.60; male (%) = 64.29
Hypertension (%) = 100%

Dialysis vintage (years) = 2.4 % 0.75

N = 8; Age (years) = 53.00 & 10.00; Male (%) = 37.50
Hypertension (%) = 37.50%

N = 97; Age (years) = 60.30  13.20; Male (%) = 77.32
Hypertension (%) = 87.60; LVEF (%) = 59.76 + 11.76
Dialysis vintage (months) = 42 (15.7-74.5)

N = 158; Age (years) = 56.49 = 13.36; Male (%)
7152

LVEF (%) = 66.20 + 10.31

N = 258; Age (years) = 70.45  9.70; Male (%) = 60.47
LVEF (%) = 57.75  9.28; Dialysis vintage (months) =
42.70 + 18.27

N = 309; Age (years) = 67.55 & 11.75; Male (%) =
65.70

Hypertension (%) = 5.26; Dialysis vintage (months) =
113.68 + 89.26

N = 76; Age (years)
Hypertension (%) =
56.74 £ 12.47

N = 16; Age (years) = 58.15 < 7.88; Male (%) = 68.75
Hypertension (%) = 87.5; LVEF (%) = 32.5 + 8.75

N = 18; Age (years) = 53.95  15.31; Male (%) = 65.56
Hypertension (%) = 22.22; Dialysis vintage (months) =
44.05 + 23.42

N = 53; Age (years) = 58.15 = 5.06; Male (%) = 64.15
Hypertension (%) = 58.49; Dialysis vintage (years) =
829+ 1.32

5.32 £ 13.15; Male (%) = 59.21
00; Dialysis vintage (months) =

Spironolactone
dosage

20mg dally

25mg; 50mg daily

25mg dally

25mg three times
aweek

50mg twice a

‘week
50mg daily

25mg Daily

25mg dally

25mg Daily

25mg Daily

25mg three times
aweek
25mg once every
2days

50mg three times
aweek

Dialysis

PD

HD

HD

HD

HD

HD

PD

HD/PD

HD

HD/PD

HD

PD

HD

Duration

1 year

9 months

6 months

4 months

2 weeks

10 months

2years

2 years

3years

3 months

6 months

6 months

2 years

‘Outcomes

LVMI; LVEF

Serum potassium; BP;
LVMI; LVEF; ACM;
COV: side effects

Serum potassium; BP;
LVMi; LVEF

Serum potassium; BP;
ACM; side effects

Serum potassium; BP

BP; LVMI; LVEF; ACM;
side effects

serum potassium; BP;
LVMI; LVEF; ACM;
CCV; side effects

Serum potassium;
LVMI; LVEF; ACM;
CCV, side effects

ACM; CCV; side effects

Serum potassium; BP;
side effects

LVMI; LVEF; ACM; side

effects
LVEF; ACM

BP; ACM

ACM, all-cause mortality; BF, blood pressure; CCV, cardiocerebrovascular diseases; HD, hemodialysis; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; PD,

peritoneal dialyss.
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References No. of
patients
(exercise/control)

Toussaint et al. 19.(9/10)
(25)
Koh et al. (26) 46
(30/16)
Mustata et al. (19) 20
(10/10)
Kosmadakis et al. 32
(20) (18/14)
Riess et al. (34) 31
(16/15)
Headley etal. (21) 46
(@5/21)
Greenwood et al. 18 (8/10)
(22)
Greenwood et al. 46
17 (26/20)
Van Craenenbroek 40(19/21)
etal. (29)
Cooke et al. (27) 20(10/10)
Megregor et al. 34(18/16)
©8)
Kirkman et al. (24) 31(16/15)
Sliva et al. (29) 30
(15/15)
Jeong etal. (30) 67
(29/38)
Assawasaksakul 12 (6/6)
etal. (31)
Graham-Brown et 130(65/65)
al. (33)
Greenwood et al. 156
82) (78/78)
NCT03197038 39022/17)

CKD, Chronic kidney disease.

Type
of
patient

Dialysis

Dialysis

CKD3-4

CKD4-5

Kidney
transplant

CKD3

CKD3-4

Kidney
transplant

CKD3-4

Dialysis

Dialysis

CKD3-5

Dialysis

Dialysis

Dialysis
Dialysis
Dialysis

CKD

Intervention

Exercise

Bicycling for a minimum of 30 min in each
hemodialysis session

Intradialytic-exercise: Oycling from 15 to 45 min
during each dilysis three times per week on
the Borg RPE of 12-13. Home-based-exercise:
Walking from 15 to 45 min three times per
week at Borg RPE of 12-13.

Supervised training included the choice of
treadmil, stationary, cycle and elliptical trainer
twice per week throughout the study. Home
training (walking) was initiated in the 2nd month
and progressed over 8 months to a frequency
of 3 days/week. Exercise was started at an
intensity of 40-60% of peak VO and duration
was up to 60 min at Borg RPE of 12-15

Walking for at least 30 min, five times per week
atan RPE of 12-14 and/or achieving the heart
rate elicited by this effort level during the tread

mill exercise test.

Endurance training was performed on a cycle
ergometer and treadmill at 60-80% peak VO
for 30-60 min/session (3 days/week). Strength
training was performed at 50% 1RM for 2 sets
of 10-15 repetitions (2 days/week)
Participants worked at 50-60% peak oxygen
uptake using a variety of apparati three times
per week.

Aerobic exercise was performed on recumbent
stationary exercise cycles at about RPE of 11
for 40 min three times per week. Resistance
training include lfe or press for upper- and
lower- body, starting point of 1-2 sets x 10
repetitions with the aim to increase to 3 sets
and 8-10 repetitions three times per week

Aerobic exercise was performed on recumbent
stationary exercise cycles, a treadmill, and
ellptical trainer at PRE of 13-15 for 60min
three times per week.

Resistance include lft or press for the upper
and lower body muscle groups, starting with
1-2 sets of 10 repetitions with the aim of 3 sets.
of 810 repetitions.

Four daily cycling sessions of 10min at a target
heat rate caloulated as 90% of the heart rate
achieved at the anaerobic threshold on
baseline testing

Pedaling exercise to reach 12-16 of RPE for
Three times per week.

Cycling was performed for up to 1 h per
session to achieve 40-60% oxygen uptake
reserve three times per week

Aerobic exercise (cycling, walking/jogging,
eliptical) at 60-85% heart rate reserve for

45 min (three times per week)

The aerobic training using a cycloergometer
lasted 30min at between 65 and 75% of the
maximal heart rate with a Borg scale score
around 13 (3 times a week).

Cycling 45 min during each dialysis session,
and recelving protein supplement.

Cycling for 60min during each dialysis session
with Borg scale score of 13

Cycling for 30min with 12-14 of RPE three
times per week during dialysis.

Cycling start from 21 min and progressing to
40min per dialysis session

Participants exercised (a brisk walk) at home,
for 30-60min, 3 times per week

Control

Usual care

Usual care

Usual care

Usual
physical
activity

Usual

Usual care

Usual care

Usual care

Usual care

Usual care

Usual care

Usual care

Usual care

Usual care
and protein
supplement
Usual care
Usual care

Usual care

Usual care

Duration
(months)

25
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The clinical and pathological factors with a p-value <0.1 on univariate analysis were included in the multivariable model "p < 0.05.
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The clinical and pathological factors with a p-value <0.1 on univariate analysis were included in the multivariable model. MAR, mean arterial pressure; Cr, creatinine
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“p < 0.001.
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“*p < 0.001.

were expressed as frequency (oercentage) and compared using the chi-square fest.
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The results of IgA, IgG, IgM, and C3 were manifestations of immunofluorescence. Cellular/fibrous/fibrocellular crescents were calculated according to the relative ratio.
®Non-parametric variables were expressed as medians (interquartile ranges) and compared using the Mann-Whitney U test. ®Categorical variables were expressed as

frequency (percentage) and compared using the chi-square test 'p < 0.05; **p < 0.001.
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Gross hematuria, n (%)° 75(33.9) 79(29.0) 29(36.3) 8(36.4) 0.432
Urinary RBC, n (%)° <0001
14+ 36(16.3) 41(15.1) 911.3) 1(4.5)
2+ 63(28.5) 76(27.9) 15(18.8) 5(2.7)
3+ 91(41.2) 147(54.0) 53(66.3) 11(50.0)
24h urinary protein, g/24h° 1.28 1.59 255 359 <0001
(0.35-2.04) (1.00-3.10) (1.60-4.16) (0.64-2.32)
Serum C3, g/L® 1.08 +£0.25 1.11£037 1.05 +0.26 114 £0.44 0.41
Serum C4, g/L® 027 +0.09 0.27 0,09 028 £0.11 028 +0.10 0.795
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Serum IgA, g1 303+ 1.15 3.02+1.22 295 + 1.41 2.35+1.02 0.166
AKI, n (%)° 62.7) 4(1.5) 6(7.5) 6(27.3) <0001
CKD, n (%)° <0001
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CKD4 7(3.2) 17(6.3) 10(12.5) 1(4.5)
CKD5 8(3.6) 82.9) 5(6.3) 3(13.6)

MAR mean arterial pressure; Hb, hemoglobin; Cr, creatinine; €GFR, estimated glomerular fitration rate; UA, uric acid; BUN, blood urea nitrogen; Alb, albumin; AKI, acute
Kidney injury; CKD, chronic kicney disease. *Normal distribution was expressed as mean = standard deviation and compared using the t-test. ®Non-parametric variables
were expressed as medans (interquartile ranges) and compared using the Mann-Whitney U test. °Categorical variables were expressed as frequency (percentage) and
compared using the chi-square test o < 0.05; *p < 0.001.
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late-onset
late-onset
late-onset
late-onset
late-onset
late-onset

Race

Asian
Asian
Asian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
African
NA
Asian
Caucasian
Mix
Caucasian
Caucasian
African
Asian
Asian
Asian
Asian
Caucasian
Caucasian
Mix
African
Caucasian
Caucasian
Caucasian
Mix
Asian

No. of case
/control

20/50
25/35
145/100
36/300
59/15
1397227
22/100
214/308
47/70
40/95
34/14
22/30
319/320
190/80
120/100
31/100
22/53
21/21
61/100
25/35
48/100
50/300
59/15
371/2596
247/634
129/271
63/54
33/124
91/257
204/100

Genotype frequencies (GG/GA/AA)

case

14/6/0
25/0/0
143/0/2
32/4/0
48/11/0
126/12/1
20/2/0
179/32/3
31/16/0
35/3/2
31/3/0
22/0/0
294/18/7
1771172
110/7/3
28/3/0
7/15/0
20/0/1
61/0/0
25/0/0
47/01
44/6/0
48/11/0
330/40/1
242/5/0
117/12/0
58/5/0
30/3/0
NA
204/0/0

control

37/13/0
35/0/0
99/1/0

270/29/1
13/2/0

218/9/0

97/3/0
292/16/0
69/1/0
88/7/0
14/0/0
30/0/0
308/12/0
71/9/0
95/5/0
94/6/0
51/2/0
21/0/0

100/0/0
35/0/0
99/1/0

270/29/1
13/2/0
2420/169/7
618/16/0
250/21/0
51/3/0
117/7/0
NA
100/0/0

P (HWE)

0.29
1.00
0.00
0.81
0.78
0.76
0.88
0.64
0.95
0.71
1.00
1.00
0.73
0.59
0.80
0.76
0.27
0.00
1.00
1.00
0.96
0.81
0.78
0.03
0.75
0.51
0.83
0.75
NA
1.00
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Number of R229Q

case

Author In case e in control
Asian

Mishra, O. P. 6 40 13
Abid, A. 4 290 1
Zaki, M 15 44 2
Baylarov, R. 4 42 0
Fotouhi, N. 0 50 0
Mao, J 0 44 0
Our study 0 70 0
Subtotal (l-squared = 68.4%, p = 0.024)
Caucasian

Reiterova, J 6 100 3
Tsygin, A 11 118 2
Santin S 14 278 9
Megremis, S 2 44 3
Machuca, E 8 428 16
Machuca, E 16 94 1
McKenzie, L 12 258 21
He, N 5 126 3
Aucella, F. 3 66 F 4
Weber, S 3 638 12
Caridi, G 13 240 5
Karle, S. M. 3 62 6
Subtotal (I-squared =20.4%, p = 0.243)
African

Machuca, E 7 80 7
McKenzie, L 5 494 16

Subtotal (I-squared = 51.9%, p = 0.149)

Overall (I-squared = 39.8%, p = 0.029)

control

100
200
106
42
70
60
100

600
30

454
200
616
140
542
108
248
640
200
200

190
1268

%

b

4

i

w

i

=i

=

OR (95% Cl)

1.15 (0.41, 3.25)

2.76 (0.31, 24.86)
18.07 (3.96, 82.34)
9.00 (0.47, 172.39)

4.28 (0.89, 20.44)

1.16 (0.47, 2.85)
1.40 (0.29, 6.65)
2.54 (1.09, 5.95)

3.03 (0.49, 18.68)

3.42 (1.88, 6.21)

23.83 (3.11, 182.74)

1.20 (0.58, 2.48)
1.43 (0.33,6.12)
1.61 (0.41, 6.40)
2.68 (1.37, 5.24)
2.17 (0.76, 6.18)
1.61 (0.39, 6.64)
2.14 (1.54, 2.98)

2.38 (0.81, 6.99)
0.80 (0.29, 2.20)
1.36 (0.47, 3.94)

1.90 (1.44, 2.52)

%
Weight

4.80
1.45
2.74
0.85
0.00
0.00
0.00
9.84

5.71
2.62
6.09
2.03
8.51
1.67
7.20
2.93
3.18
S
4.72
3.06
55.41

4.53
4.95
9.49

100.00

—X
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Variable Crude model (8, 95%Cl, P) Model | (8, 95% Cl, P)

UPCR(baseline) —1.653 (~2.010, ~1.296) <0.001 —1.028 (~1.405, ~0.641) <0.001
UPCR x6th month ~0.487 (~0.641, ~0.333) <0.001 ~0.489 (~0.643, ~0.335) <0.001
UPCR x 12th month ~0.982 (~1.106, ~0.757) <0.001 ~0.936 (~1.110, ~0.762) <0.001
UPCR x18th month —1.200 (~1.386, —1.014) <0.001 ~1.208 (~1.393, —1.028) <0.001
UPGR x24th month 1189 (~1.382, ~0.996) <0.001 —1.199 (~1.391, ~1.006) <0.001
UPCR x30th month —1.621 (-1.735, :307) <0.001 —1.633 (-1.747, —1.319) <0.001
UPCR x36th month —1.441 (~1.667, —1.214) <0.001 —1.452 (~1.678, ~1.226) <0.001

Cl, Confidence interval.
We adjusted age, gender, BMI, SBP. hypertension, diabetes, history of CVD, efiology of CKD, HB, eGFR, ALB, urinery occult blood, use of RAAS inhibitor, use of calcium channel blocker
S e Bl RSECE.
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Number of R229Q o
(o]

Author in case c;?re in control C%?]trrd OR (95% Cl) Weight
Early-onset | |
Mishra, O. P. 6 40 13 100 - 1.15(0.41,3.25) 4.80
Abid, A. 4 290 1 200 S o 2.76 (0.31,24.86) 1.45
Tsygin, A 11 118 2 30 —_—— 1.40 (0.29, 6.65) 2.62
Megremis, S 2 44 3 200 -|—-4— 3.03 (0.49, 18.68) 2.03
Weber, S 32 638 12 640 R— 268 (1.37,5.24) 7.71
Ruf, R. G. 15 380 9 160 — 0.70(0.30,1.64) 6.12
Caridi, G 13 240 5 200 +=— 2.17 (0.76,6.18) 4.72
Karle, S. M. 3 62 6 200 —— 1.61(0.39,6.64) 3.06
Zaki, M 15 44 2 106 | = 18.07 (3.96, 82.34)2.74
Baylarov, R. 4 42 0 42 T 9.00 (0.47, 172.39)0.85
Mao, J 0 44 0 60 - 0.00
Subtotal (l-squared = 48.9%, p = 0.040) #} 213 (1.21,3.76) 36.09
Late-onset |
Reiterova, J 6 100 31 600 —— 1.16 (0.47,2.85) 5.71
McKenzie, L 5 494 16 1268 — 0.80 (0.29,2.20) 4.95
McKenzie, L 12 258 21 542 — 1.20(0.58,2.48) 7.20
He, N 5 126 3 108 —— 1.43(0.33,6.12) 293
Aucella, F. 3 66 7 248 —ho— 1.61(0.41,6.40) 3.18
Tsukaguchi, H 11 182 19 514 —te- 1.64 (0.76, 3.50) 6.85
Fotouhi, N. 0 50 0 70 ' . 0.00
Our study 0 70 0 100 | - 0.00
Subtotal (l-squared = 0.0%, p = 0.922) 1.26 (0.86, 1.85) 30.82
SRNS |
Mishra, O. P. 6 40 13 100 . 1.15(0.41,3.25) 4.80
Abid, A. 4 290 1 200 ——— 2.76 (0.31,24.86) 145
Santin S 14 278 9 454 iy 2.54 (1.09,5.95) 6.09
Megremis, S 2 44 3 200 ——— 3.03 (0.49, 18.68) 2.03
Machuca, E 8 428 16 616 —— 3.42(1.88,6.21) 8.51
Machuca, E 16 94 1 140 [ - » 23.83 (3.11, 182.74)1.67
Machuca, E 7 80 7 190 1—— 2.38 (0.81,6.99) 4.53
Machuca, E 3 68 0 28 - 291 (0.15, 58.22) 0.82
Weber, S 32 638 12 640 T 268 (1.37,5.24) 7.7
Ruf, R. G. 15 380 9 160 . 0.70 (0.30,1.64) 6.12
Caridi, G 13 240 5 200 +—— 2.17 (0.76,6.18) 4.72
Karle, S. M. 3 62 6 200 —r+— 1.61(0.39,6.64) 3.06
Zaki, M 15 44 2 106 ——  18.07 (3.96, 82.34) 2.74
Baylarov, R. 4 42 0 42 g 9.00 (0.47, 172.39) 0.85
Mao, J 0 44 0 60 - 0.00
Subtotal (l-squared = 47.7%, p = 0.024) 2.60(1.68,4.03) 55.09
FSGS
Reiterova, J 6 100 31 600 1.16 (0.47,2.85) S5.71
Tsygin, A 11 118 2 30 1.40 (0.29,6.65) 2.62

Tonna, S 42 742 183 5192
McKenzie, L 5 494 16 1268 0.80(0.29,2.20) 4.95
McKenzie, L 12 258 21 542 1.20 (0.58,2.48) 7.20

1.61(1.14,2.27) 11.47

Aucella, F. 3 66 7 248 1.61(0.41,6.40) 3.18

Tsukaguchi, H 11 182 19 514 1.64 (0.76,3.50) 6.85
Fotouhi, N. 0 50 0 70 - 0.00
Our study 0 70 0 100 0.00

Subtotal (I-squared = 0.0%, p = 0.943) 1.44 (1.12,1.85) 44.91

bverall (I-squared = 39.8%, p = 0.029) 1.90 (1.44,2.52) 100.00

]
|
Y
|
. m
—ﬁ_—
=y
=
He, N 5 126 3 108 :F-‘JI: 1.43(0.33,6.12) 293
—_——
|
|
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|
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Author

Mishra, O. P.

Abid, A.
Reiterova, J
Tsygin, A
Santin S
Megremis, S
Machuca, E
Machuca, E
Machuca, E
Machuca, E
Tonna, S
McKenzie, L
McKenzie, L
He, N
Aucella, F.
Weber, S
Ruf, R. G.
Caridi, G
Karle, S. M.

Tsukaguchi, H

Zaki, M
Baylarov, R.
Fotouhi, N.
Mao, J

Our study

In case

(O) I S @)

—k
A

Number of R229Q

case
chr

40
290
100
118
278
44
428
94
80
68
742
494
258
126
66
638
380
240
62
182
44
42
50
44
70

in control

13
1
31
2
9
3
16
1
r
0
183
16
2

w

O O OMN

0

Overall (l-squared = 39.8%, p = 0.029)

control

100
200
600
30
454
200
616
140
190
28
5192
1268
942
108
248
640
160
200
200
514
106
42
70
60
100

:

*

OR (95% Cl)

1.15 (0.41, 3.25)
2.76 (0.31, 24.86)
1.16 (0.47, 2.85)
1.40 (0.29, 6.65)
2.54 (1.09, 5.95)
3.03 (0.49, 18.68)
3.42 (1.88, 6.21)
23.83 (3.11, 182.74)
2.38 (0.81, 6.99)
2.91 (0.15, 58.22)
1.61 (1.14, 2.27)
0.80 (0.29, 2.20)
1.20 (0.58, 2.48)
1.43 (0.33, 6.12)
1.61 (0.41, 6.40)
2.68 (1.37, 5.24)
0.70 (0.30, 1.64)
2.17 (0.76, 6.18)
1.61 (0.39, 6.64)
1.64 (0.76, 3.50)
18.07 (3.96, 82.34)
9.00 (0.47, 172.39)

1.90 (1.44, 2.52)

%
Weight

4.80
1.45
5.71
2.62
6.09
2.03
8.51
104
4.53
0.82
11.47
4.95
7.20
2.93
3.18
7.71
6.12
4.72
3.06
6.85
2.74
0.85
0.00
0.00
0.00
100.00
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ARNI use in patients with hypoproteinemia
Hypoalbuminemia is common in patients with CKD. The pharmacokinetic
characteristics and ARNI administration approaches in patients with
hypoalbuminemia require further nvestigation.

Safety and efficacy of ARNI combined with ARB
There is no clinical research on the combination of ARNI and ARB. Whether
the combination of ARNI and ARB can elicit stronger long-term
cardiovascular protection and further enhance the urine protein-reducing
effect requires further investigation.

ARNI combined with SGLT2i for non-heart failure patients

SGLT2i can reduce the risk of heart failure and renal failure as well as
cardiovascular and all-cause death. In non-heart failure patients, whether
combining ARNI with SGLT2i can have greater clinical benefits requires
further investigation.

Do hypertensive patients with moderate and severe renal impairment require
alower loading dose?

In patients with moderate and severe renal impaimment, the exposure to
LBQBS7 s significantly increased (by 2-3 times). Whether the loading dose
of ARNI should be reduced for these patients requires further investigation.

What is the efficacy and safety of twice-daily ARNI administration in patients
with CKD exhibiting hypertension?

The incidence of nocturnal hypertension is higher in patients with CKD than
in the general population. For patients with CKD and hypertension, the
safety and efficacy of twice-daily ARNI administration should be further
studied.

What are the application results of ARNI in patients undergoing maintenance
dialysis with hypertension?

Whether ARNI exhibits better antihypertensive and target organ protective
effects than other antihypertension drugs in patients with hypertension
undergoing maintenance dialysis requires further investigation.
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Conditions treated with ARNI

Patients with Heart failure ©GFR>60 mL/min/1.73 m?
non-dalysis CKD 6GFR<60 mUmin/1.73 m?
Hypertension ©GFR=60 mUmin/1.73 m?

©GFR 15-60 mU/min/1.78 m?

Patients with CKD undergoing maintenance dialysis: heart failure or hypertension

ARNI, angiotensin receptor-neprilysin inhibitor; €GFR, estimated glomerular fitration rate; QD, once-daily; BID, twice-daiy.

Initial doses

50mg BID
25-50mg BID

200mg QD or
100mg BID

100mg QD or
50mg BID

25-50mg QD

Target doses

200mg BID

400mg QD o
200mg BID

100-150mg QD
to BID
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Conditions and reasons not treated with ARNI

Concomitant use with ACEI: may increase the risk of angioedema

In patients with a previous history of angioederna: may increase the risk of
angioedema

Concomitant use with aliskiren: may increase the risk of adverse events.
In pregnant women: may cause fetal injury

ARNI, angiotensin receptor-neprilysin inhibitor.
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Model 1 Model 2 Model 3 Model 4
Klotho/FGF23 ratio HR (95% CI) P-value HR (95% Cl) P-value HR (95% CI) P-value HR (95% Cl) P-value
Categorical variable
1st quartile 1.44(1.03, 2.01) 0.034 1,07 (0.76,1.51) 0691 092 (064, 1.33) 0.668 093 (0.65, 1.34) 0.694
2nd quartie 1.34(0.96, 1.88) 0.085 1.09(0.78, 1.53) 0613 1.01(0.71,1.42) 0972 1.08(0.73, 1.46) 0.879
3rd quartie 098 (069, 1.41) 0.932 0.91(0.64,1.31) 0619 0.89 (062, 1.28) 0525 091(0.63, 1.32) 0629
4th quartile Reference - Reference - Reference - Reference -
Continuous variable
Klotho/FGF23 ratio* 072(060,0.87) <0001  086(0.72,1.04) 0.117 095 (0.78, 1.15) 0614 095(0.78, 1.15) 0.605

Mode! 1: Unadjusted.
Model 2: Adjusted for age, sex, HTN, DM, preexisting CVD, systolic blood pressure, BMI.
Model 3: Model 2 + eGFR, phosphorous, corrected calcium, hemoglobin, log PTH.

Model 4: Model 3 + ACEi or ARB use, diuretics, Ca-baseline phosphorus binder, and active vitamin D use.

FGF23, fibroblast growth factor 23; HR, hazerd ratio; Cl, confidence interval; DM, diabetes melltus; HTN, hypertension; CVD, cardiovasculer disease; BV, body mass index; eGFR,
estimated glomeruler firation rate by CKD-EPI creatinine equation; PTH, parathyroid hormone; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin Il receptor blocker;

Ca, calcium.
*Data for Klotho/FGF23 ratio was log transformed.
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Model 1 Model 2 Model 3 Model 4
Klotho/FGF23 ratio HR (95% CI) P-value HR (95% Cl) P-value HR (95% CI) P-value HR (95% Cl) P-value
Categorical variable
1st quartile 352(282,439) <0001  292(233,365) <0001  1.37(1.08,1.73) 0.008 1.36(1.08, 1.72) 0010
2nd quartie 2.31(184,290) <0001  212(1.69,266) <0001  1.44(1.14,1.81) 0002 1.45(1.15,1.83) 0.002
3rd quartie 1.43(1.12,1.83) 0.004 1.35(1.05,1.72) 0017 1.25(0.98, 1.60) 0079 1.26(0.98, 1.62) 0.068
4th quartile Reference - Reference - Reference - Reference -
Continuous variable
Klotho/FGF23 ratio* 0.47(042,053) <0001  052(0.46,058) <0001  0.84(0.75,0.95) 0.007 0.85(0.75, 0.96) 0.008

Model 1: Unadjusted.

Model 2: Adjusted for age, sex, HTN, DM, preexisting CVD, systolic blood pressure, BMI.
Model 3: Model 2 + eGFR, phosphorous, corrected calcium, hemoglobin, log PTH.

Model 4: Model 3 + ACEi or ARB use, diuretics, Ca-baseline phosphorus binder, and active vitamin D use.

FGF23, fibroblast growth factor 23; HR, hazard ratio; Cl, confidence interval; DM, diabetes melitus; HTN, hypertension; CVD, cardiovascular disease; BMI, body mass index; eGFR,
estimated glomerular fittration rate by CKD-EPI creatinine equation; PTH, parathyroid hormone; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin Il receptor blocker;

Ca, calcium.
*Data for Klotho/FGF23 ratio was log transformed.





OPS/images/fmed-09-904963/fmed-09-904963-t001.jpg
Characteristics

Age (mean + SD)

Sex, male, n (%)

BMI (kg/m?)

SBP (mmHg)

DM, n (%)

HTN, 0 (%)

Preexisting OV disease, n (%)
CAD, n (%)
Cerebrovascular ds, n (%)
HF, n (%)

Arthythmia, (%)
PVD, n (%)

Cause of CKD

DN, n (%)
Hypertension, n (%)
GN,n (%)

PKD, n (%)
Others, n (%)

Smoking status, 1 (%)
Never
Current or former

Kiotho (Q1, Q3) (pg/mL)

FGF23 (Q1, G3) (RU/mL)

€GFR (mL/min/1.73 m?)

Hemogiobin (g/dL)

Uric acid (mg/dL)

Albumin (g/dL)

Total cholesterol (mg/dL)

CRP, median, (Q1, Q3) (mg/L)

Phosphorus (mg/dL)

Corrected Ca (mg/dlL)"

PTH, median (1, 8) (pg/mL)

UPCR (@1, Q3) (g/a)

Urine calcium (mg/day)

Urine phosphorus (mg/day)
Medications
ACEi or ARB, n (%)
Diuretics, n (%)
Cacbased phosphorus binder, n (%)
Active viarrin D, n (%)
LV mass index (g/m®)
LVH, n (%)
LV ejection fraction (%)
EE
AAC = 1,0 (%)
cAcs (@1, Q3)
CACS >100,n (%)
Ankle-brachial index
Binge drinker” , n (%)

Health-enhancing physical activity’ ", n (%)

Frequency of MVPA per week (Q1, Q)

“Corrected Ca (mg/dL) = measured total Ca (mg/dL) + 0.8 x [4 - measured serum albumin (g/dL)].

Total
(N =2,099)

536+ 12.2
1,280 (61.0)
20634
1278 +£16.2
711 (339)
2,013 (95.9)
334 (15.9)
129 (6.1)
131(62)
30(1.4)
54(2.6)
7787)

490 (23.3)
383(18.5)
746 (35.5)
346 (16.5)
129(6.1)

1,417 (53.3)
979 (46.7)
586 (419, 666)
19.6 (1.7, 34.6)
53.0+30.7
12.8+20
70+19
42£04
1743+39.4
06(02,1.7)
37£07
90£0.4
51.5(33.3,84.0)
0.49(0.14, 151)
45(21.6,95.8)

571 (400, 737)

1,797 85.7)
670 (32.0)
1838.7)
50 (2.4)
9.1+245
512(25.0)
64.0%63
99+39
704 (35.1)
1(0,82)
454 (23.0)
1.1£01
318(16.7)
774 (42.4)
1(0,4)

1st quartile
(n=524)

5444120
304 (68.0)
245+35

131.4 £ 19.0
228 (43.5)
510(97.3)
104 (19.8)

42(8.0)
38(7.8)
1223
22(4.2)
24.(4.6)

171 (32.6)
84(16.0)
155 (29.6)
81(15.5)
33(6.3)

269 (51.9)
255 (48.7)
444 (335, 565)
51.6(363,76.7)
412+29.4
119+20
74%20
41£05
1728+ 42.4
07 (08,20
40£08
89+05
709 (41.3, 122.5)
0.73(0.24, 2.30)
33.0(16.2, 69.4)

500 (400, 700)

450 (85.9)
225 (42.9)
69(13.2)
21 (4.0)
9994287
179 (35.1)
64.1£7.1
10.6+49
227 (45.4)
5(0, 140)
133 (27.5)
12£0.1
80(168)
170 (37.6)
00.4)

“LVH was defined as LV mass index > 115 g/m® in men and > 95 g/m® in women.
*Binge drinker was defined as the consumption of & standard drinks per occasion o the presence of an alcohol-refated problem within the past year:
1 Health-enhancing physical activity was defined as achieving at least 150 min/week of moderate-intensity physical activity, 75 min/week of vigorous-intensity physical activity, or an

equivalent combination of MVPA

Klotho/FGF23 ratio

2nd quartile
(n=525)

544+ 122
342 (65.1)
248+35

1267 £ 150
188 (35.9)
508 (96.8)

90 (17.1)
38(7.2)
35(6.7)
408
13 25)
24(4.6)

131 (25.0)
101 (19.2)
183 (34.9)
80(15.2)
30(6.7)

256 (49.0)
266 (51.0)
547 (451, 644)
262(21.2,32.5)
485+ 269
129420
72+£18
42204
17224382
07(03,16)
37+06
9.0£05
53.1(36.0,81.7)
057 (0.17, 1.66)
39.1(19.5,84.2)

588 (400, 770)

449 (85.9)
168 (32.1)
39(7.5)
9(1.7)
28228
123 (24.0)
63959
100 £8.4
175 (35.3)
10,94
123(24.7)
1101
73 (16.4)
200 (45.4)
10,5

3rd quartile 4th quartile
(n = 525) (n =525)
527 12,0 528+ 12.6
315 (60.0) 319 (60.8)
246+33 24432
126.6 + 15.1 126.4 £ 14.7
155 (29.5) 140 (26.8)
506 (96.4) 489 (98.1)
70(13.3) 70(13.3)
24(4.6) 25(4.8)
31(5.9) 27(6.1)
7(13) 7(13)
1@.1) 8(15)
142.7) 15(2.9)
109 (20.8) 79(15.0)
92 (17.5) 11 21.9)
202 (38.5) 206 (39.2)
91(17.9) 94 (17.9)
31659 35(6.7)
304 (57.9) 288(54.9)
221 (42.1) 237 (45.1)
591 (462, 739) 566 (429, 718)
97 (48,17.8) 0.04(0.0,05)
5954302 62.8+31.3
13.2£19 134£18
69:£19 67%19
42£04 4204
1756+ 365 1766+ 382
05(02,1.4) 07(02,1.5)
36+06 35+06
90:£04 9.0+04
455(310,740) 447 (29.1,69.1)
040(0.12,1.12)  0.33(0.09,097)
50.0 (23.0, 65.0(29.6, 122.6)
1105)

600 (400, 780) 600 (400, 793)
464 (88.4) 434 (82.7)
129 (24.6) 148 (28.2)

40(7.6) 35(6.7)
10(1.9) 10(1.9)
907 £22.0 892224
108 (20.2) 107 20.7)
64.36.1 638+ 6.1
9.7+84 9.4+36
160 (32.1) 142 (27.9)
0(0,62) 0(0,42)
107 (21.4) 91(185)
1.1£01 11£0.1
75 (15.89) 90(189)
212 (46.2) 183 (40.1)

10,4) 0(0,4.7)

P-value

0.020
0.113
0.374
<0.001
<0.001
0.003
0.008
0.077
0.520
0214
0.068
0.178
<0.001

0.022

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.199

0.018
<0.001
<0.001
<0.001
<0.001
<0.001

0.036

0.071
<0.001
0.001
0.047
<0.001
<0.001
0.542
<0.001
<0.001
<0.001
0.005
0.080
0.083
0.022
0.034

FGF23, fibroblast growth factor 23; SD, standard deviation; BMI, body mass index; SBR systolic blood pressure; DM, diabetes melitus; HTN, hypertension; CV; cardiovascular; CAD,
coronary artery disease; HF, heart failure; PVD, peripheral vascular disease; CKD, chronic kidney disease; DN, diabetic nephropathy; GN, glomerulonephritis; PKD, polycystic kidney
disease; eGFR, estimated glomerular firation rate as determined by the CKD-EP creatinine equation; CRP, C-reactive protein; Ce, calcium; PTH, parathyroid hormone; UPCR, urine
protein creatiine ratio; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin Il receptor blocker; LV, left ventriculer; LVH, left ventricular hypertrophy; EF, ejection fraction;
E/E, ratio of mitrel peak velocity of early filing (E) to early diastolic mitral annular velocity (E); AAC, Abdominal aorta calcification; CACS, coronary artery calcium score; MVPA,

Moderate-vigorous physical activity.
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References Sample size

ey
Chen, (33)  90/90
Dong, (29)  26/23
Guo,(32)  47/47
Han, (24) 4038
He, (35) 50/46
Huang, (30)  45/45
Huang, (27)  63/63
Ji, (28) 54/40
Song, (31)  39/39
Tang,(25)  30/80
Wu,(87)  28/28
Yang, (34)  80/78
Zhao, (26)  56/56
Zhao, (33)  66/66
Zhaoy], (36)  45/45

54/36

1917

33/14

26/14

40/10

41/22

36/18

26/13

18/12

16/8

51/29

31/25

23/22

Sex M/F

51/39

17/6

34/13

22/16

38/8

54/36 (no details)

40/23

2317

25/14

16/14

50/28

32/24

76/56 (no details)

22/23

Age (years)

T c

43264961 42.67 £9.72

6532 643:£45

576+£93 57891

572435 57833
74.2 (mean)

62.25 % 8,52 (no details)

5836+ 6.87 57.93+6.97

563 (mean)  54.6 (mean)
56.87 + 565.26 % 10.47
11.55

67.10£9.94 62.96 +9.54

54+8

56+9

no mentioned

62179

61.6+82

57.33 + 10.29 (no details)

67.6+8.2 68.4+8.7

Diagnosis
standards

CGMH (2008)

Diagnosis and
Treatment of
Nephropathy (Ye
Rengzo)
Essential
hypertension with
proteinuria

CGMH (2009)

Essential
hypertension with
proteinuria

CGMH (2005)

Diagnosis and
Treatment of
Nephropathy (Ye
Rengao)

CGMH (2000)
Nephrology (Wang
Haiyan)

Nephrology (Wang
Haiyan)

CGMH (1999)

CGMH (2014)

Essential
hypertension with
renal damage

Internal Medicine
(Lu Zaiying)

CGMH (2008)

Treatment

Hal B0mL ivgtt
ad) +control

Hal (20mL vgtt
) +control

HQl B0 mL ivgtt
ad) +control

Hal (40 mL vgtt
ad) +control

HQl (40 mL ivgtt
ad) -+control
(without PGE1
injection)

Hal B0 mL ivgtt
ad) -+ontrol

HQI B0 mL vgtt
ad) +control

Hal @5 mL vgtt
ad) +eontrol
HQl (B0mL vgtt
ad) +control
HQI (60 mL ivgtt
d) +control

Hal (50mL ivgtt
qd) +control

HQI (0mL ivgtt
qd) +control

HQl (30mL ivgtt
qd) +control

HQl (20mL ivgtt
ad) +control

Hal (4oL ivgtt
qd) +control

Control Duration of

treatment

Antihypertension
therapy (no details)
+Low protein, low
salt and low fat
diet (no details)
Fosinopril Sodium
(10-20 mg/c)

30 days

30 days

Low protein, low 4 weeks
salt and low fat
diet (no detals)
+Irbesartan (150
mg/d)

Irbesartan (150
mg/d)

30 days

Low protein, low
saltand low fat
diet (no detals)
+PGET injection
200mg ivgtt qd
Irbesartan (150
mg/d)

Irbesartan
(150mg/d)

45 days

4 weeks

4 weeks

Antihypertension
therapy (no details)
Irbesartan (150
mg/d)
Antihypertension
therapy (no details)
++Low protein, low
salt and low fat
diet (no detals)
Antihypertension
therapy (no details)
+Low protein, low
saltand low fat
diet (no details)
Losartan
Potassium (50
mg/d)
+Hydrochlorothiazide
(12,5 mg/d)
Captopri (25
mg/d) + Low
protein, low salt
and low fat diet
(no details)

Irbesartan (150
mg/d) + Low
protein, low salt
and low fat diet
(no details)
Antihypertension
therapy (no details)
+Low protein, low
salt and low fat
diet (no details)
+Quitting
cigarettes and
alcohol

30 days

28 days

4 weeks

4 weeks

4 weeks

30 days

4 weeks

4 weeks

Outcomes

SBP, DBP, Scr,
24h UTP, MDA,
SOD, NO, NOS,
Ep, PWVB, AC

BUN, Scr

SBP, DBP, BUN,
Scr, Gys-c, 24h
UTP, NAG, a1-MG

SBP, DBP,
hs-CRP, UAER,
2-MG, BUN, Cer,
TC, TG, HDL-C,
LDL-C

BUN, Scr, Cor

Oys-c, mALB,
$2-MG, NAG
BUN, Scr, 24h
UTP, mALB,
Cysc, LP

mALB, B2-MG

SBP, DBP, 24h
UTP, Scr, BUN

NAG, 24h UTP,
ET-1

24h UTP

SBP, DBP, 24h
UTP, UAER

Scr, BUN, Cys-c,
24h UTP, NAG,
a1-MG

SBP, DBP, Scr,
BUN, 24h UTP,
mAIB

SBP, DBP, UAER,
p2-MG, TC, TG,
HDL-C, LDL-C

Adverse events

no mentioned

no mentioned

no mentioned

no mentioned

no mentioned

no mentioned

Treatment group
2, Control group 4

no mentioned

no mentioned

no mentioned

no mentioned

No adverse events

no mentioned

no mentioned

No adverse events

T, treatment group; C, control group; CGMH, Chinese guidelines for the management of hypertension; 24 h TP, 24-h urinary total protein; AC, arterial compliance; BUN, blood urea nitrogen; Cor, creatinine clearance rate; Cys-c,
cystatin C; DBR diastolic blood pressure; Ep, pressure-strain elasticty modulus; ET-1, endothelin-1; HDL-C, high density lipoprotein cholesterol; hs-CRR. high-sensitivity C-reactive protein; LDL-C, low density lpoprotein cholesterol; LR
lpoprotein; mAIB, microalbumin; MDA, malondialdehyde; NAG, N-acetyl-beta-D-glucosaminidase; NO, nitric oxide; NOS, nitric Oxide Synthase; PYWB, puise wave velocity B; SBR. systolic blood pressure; Scr, serum creatinine; SOD,
superoxide dismutase; TC, total cholesterol: TG, triglycerides; UAER, urinary protein excretion rate; o1-MG, alpha-1- macroglobulin; B2-MG, beta-2-microglobulin.





OPS/images/fmed-09-838256/fmed-09-838256-g009.gif
. mowier v
P T
amiom o
ton, Prmneri
e Pbei—-
i P
o Toenam e
ey e
A smim o






OPS/images/fmed-09-838256/fmed-09-838256-g010.gif
s
Pouep——






OPS/images/fmed-09-838256/fmed-09-838256-g011.gif
oy
- JR——

e i

et i

e i

o e

e =

Baov @015 R —
ot et gy >

wwoess

Py
sean 4
amamom
-
amas.om
rsncr30.320

g

2

o H 3





OPS/images/fmed-09-949108/fmed-09-949108-g001.jpg
| Ethical approval

‘ Screened patients =146 ‘

Excluded =85
for meeting the exclusion criteria

y
I Patients included in study =60 ‘

Lost to follow-up =3
N= 2 for Epidemic and traffic,
N=1 for myocardial infarction,

Included =1

I Patients finished the study =58 ‘

——_—

I LPD+KA group =30 I I LPD group =28 ‘

\

e

I Baseline characteristics measurement I

| Site follow up every 3 months ‘

I Comparing outcome parameters (month =12) ‘

]

Biochemical data
Hemoglobin, Cystatin C, Creatinine, BUN, Albumin,
Pre- Albumin, Glycerin Trilaurate, Cholesterol

|

Body composition analysis

BMI, BF%, ASMI, SMMI, TBWI
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Pathologic diagnosis
LM

Major lesion patterns
IF

Heavy chains

Light chains

EM

Powdery electron dense deposits

Microtubular deposits

Patient 1

HCDD + ITG

MNS, MsHP

a++, GBM/TBM
(linear), MG (coarse
granular)

Neg

GBM, TBM
MG, Sub-Endo

Patient 2

LCDD +ITG

MNS, MPGN

y1++, MG (coarse
granular)

K+, GBM/TBM
(linear), MG (coarse
granular)

GBM, TBM
MG

Patient 3

LCDD +ITG + ATIN

MsHP, MPGN

a++, MG (coarse
granular)

k++, GBM/TBM
(linear), MG (coarse
granular)

GBM, TBM
MG

Patient 4

LCDD +ITG

MNS, MsHP

a++, MG (coarse
granular)

A++, GBM/TBM
(linear), MG (coarse
granular)

GBM, TBM
MG

Patient 5

LCDD +ITG

MNS, MsHP

y2++, MG (coarse
granular)

K++, GBM/TBM
(linear), MG (coarse
granular)

GBM, TBM
MG, Sub-Endo

HCDD, heavy chain deposition disease; LCDD, light chain deposition disease; ITG, immunotactoid glomerulopathy; ATIN, acute tubular-interstitial nephropathy; LM, light microscopy; MsHP,
mesangial hyperplasia; MPGN, membranoproliferative glomerulonephritis; MNS, mesangial nodular sclerosis; IF, immunofluorescence; EM, electron microscopy; GBM, glomerular basement

membrane; TBM, tubular basement membrane; MG, mesangium; Sub-Endo, subendothelial.
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Patient 1

Gender/age F/68
Initial symptoms Weight loss

Time from initial symptom to kidney biopsy (months)

Hypertension N
Edema N
Hepatosplenomegaly Y
Other manifestation N
Hb (g/L) 87
Urine RBC/pl 38
Proteinuria (g/d) 0.53
Alb (g/L) 434
Scr (pumol/L) 142
SIFE/UIFE IgAk
Serum FLC ratio (k/\) NA
Hematologic condition MM

Patient 2

F/61
Fatigue
24

N

N

N

N

86

70

0.93
343
101
Neg
322.5/38.3 (8.39)
MGRS

Patient 3

M/58
Foamy urine

18

80

27
1.28
34.6
206

K

NA
MGRS

Patient 4

M/56

Foamy urine

656

IgA
52.2/179.25 (0.29)
MGRS

Patient 5

M/62
Dark urine
6

Y

N

N
Osteolysis
92

43

3.38

29.6

137

IgGk
136/13.5 (10.07)
MM

SIFE, serum immunofixation electrophoresis; UIFE, urine immunofixation electrophoresis; FLC, free light chain; NA, not applicable; MM, multiple myeloma; MGRS, monoclonal gammopathy of

renal significance; N, no; Y, yes.
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Model 1

HR(95%CI)
All-cause mortality
Alb(g/L) 0.93(0.89,0.97)
TA-ALB(g/L) 0.87(0.83,0.92)
A3 Reference
A2 2.06(1.09,3.89)
Al 3.79(2.10,6.82)
SR
S4 Reference
3 2.47(1.16,5.26)
S2 2.88(1.30,6.42)
S1 4.64(2.31,9.34)
Cardiovascular mortality
Alb(g/L) 0.91(0.86,0.97)
TA-ALB(g/L) 0.87(0.81,0.93)
A3 Reference
A2 2.71(1.11,6.59)
Al 5.14(2.24,11.80)
SR
S4 Reference
3 1.92(0.70,5.28)
S2 2.56(0.89,7.39)
S1 5.30(2.18,12.89)

0.002
<0.001

0.026
<0.001

0.019
0.009
<0.001

0.001
<0.001

0.028
<0.001

0.208
0.081
<0.001

Model 2

HR(95%CI)

0.99(0.93,1.05)
0.94(0.88,1.00)
Reference
1.52(0.78,2.94)
2.20(1.13,4.30)

Reference
2.07(0.96,4.48)
2.17(0.94,4.97)
2.78(1.29,6.00)

0.97(0.90,1.06)
0.97(0.89,1.06)
Reference
1.80(0.71,4.56)
2.38(0.93,6.08)

Reference
1.50(0.53,4.23)
1.78(0.58,5.41)
2.56(0.96,6.84)

0.700
0.046

0.217
0.020

0.064
0.068
0.009

0.508
0.465

0.217
0.071

0.448
0.311
0.062

Model 3

HR(95%CI)

0.99(0.93,1.06)
0.93(0.87,1.00)
Reference
1.51(0.77,2.94)
229(1.15,4.58)

Reference
1.91(0.88,4.18)
2.25(0.97,5.25)
2.72(1.24,5.96)

0.97(0.89,1.06)
0.97(0.88,1.06)
Reference
1.76(0.68,4.55)
2.35(0.89,6.21)

Reference
1.43(0.50,4.08)
1.62(0.51,5.15)
2.56(0.92,7.07)

0.830
0.043

0.223
0.019

0.103
0.059
0.013

0.494
0.480

0.243
0.086

0.508
0.416
0.071

Univariate and multivariate Cox proportional hazard regression models. Model 1: unadjusted.Model 2: adjusted for demographic variables including age, sex, diabetes mellitus and laboratory

variables including White blood cell, hemoglobin, platelet, M/L, neutrophil, blood calcium, blood phosphorus, blood potassium, blood sodium, blood magnesium, urea nitrogen, creatinine, uric
acid, C-reactive protein, iPTH.Model 3: adjusted for all demographic and laboratory variables including Total KT/V, Total CCR, eGFR, ACEI, B-blockers, CCB, diuretics and peritonitis. HR,
hazard ratio, CI, confidence interval.
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Characteristic LPD + KAs group

Gender (male%) 21/30
Ages 56.16 &+ 12.39
Cause of chronic kidney

disease

Hypertension 1/30
Glomerular disease 1/30
Presumed chronic 20/30
glomerular disease

IgA Nephrology 1/30
Others 7/30
Complication and medical

history

Hypertension 18/30
Coronary artery disease 5/30
Hyperuricemia 10/30

KAs, ketoacids; LPD, low-protein diet.

LPD group

18/28
54.39 +8.18

1/28
0/28
20/28

0/28
7/28

20/28
4/28
10/28
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Age(year)
Gender(male)
Primary disease
Glomerulonephritis
Diabetic nephropathy
Hypertensive nephropathy
Medication

ACEI

B-blockers

CCB

Diuretics
Complications
Cardiovascular disease
Diabetes mellitus
Outcomes

Peritonitis

All-cause mortality
Cardiovascular death
Hemodialysis
Laboratory findings
White blood cell (10*9/L)
Hemoglobin (g/L)
Platelets (10°9/L)
Neutrophils (10"9/L)
M/L

Urea nitrogen (mmol/L)
Creatinine (umol/L)
Uric acid (umol/L)
Calcium (mmol/L)
Phosphorus (mmol/L)
Sodium(mmol/L)
Potassium (mmol/L)
Magnesium (mmol/L)
Albumin (g/L)

Total protein (g/L)

CRP (mg/dL)

iPTH (mg/dL)

BMI (kg/m?)

Total Kt/v

Total Cer

eGFR (mL/min/1.73 m?)

Al (N =196)
TA-ALB < 33 g/L

53.8 & 14.0
113 (57.7%)

99 (50.5%)
32 (16.3%)
36 (18.4%)

73 (37.2%)
91 (46.4%)
173 (88.3%)
45 (23.0%)

43 (21.9%)
47 (24.0%)

49 (25.0%)
44 (22.4%)
28 (14.3%)
39 (19.9%)

6.0(4.8,7.4)
95419
196(154,243)
39(3.1,5.3)
0.25(0.19,0.34)
19.0(15.2,23.3)
730(567,974)
411£958
2.00(1.86,2.09)
1.49(1.28,1.83)
141(139,143)
4.09(3.60,4.57)
0.89(0.79,0.98)
30.9 £ 4.04
58.5 +6.76
3.25(1.41,8.15)
269(17.5,38.6)
21.6(19.6,23.8)
1.8(1.5,2.2)
59.9(47.3,80.2)
3.1(1.5,5.1)

A2 (N =187)
TA-ALB 33-36 g/L

50.1 & 12.5*
81 (43.3%)*

102 (54.5%)
19 (10.2%)
26 (13.9%)

55 (29.4%)
79 (42.2%)
170 (90.9%)
24 (12.8%)*

25 (13.4%)
23 (12.3%)*

44 (23.5%)
26 (13.9%)
16 (8.56%)
31 (16.6%)

6.0(5.0,7.5)
98 £ 17
191(151,246)
4.0(3.3,5.3)
0.23(0.18,0.30)*
19.7(16.6,26.3)
777(653,986)
442 + 99.9*
2.10(1.95,2.19)*
1.60(1.37,1.92)*
140(139,142)
4.05(3.67,4.62)
0.95(0.88,1.05)*
35.1 +3.38*
64.0 +7.20*
2.16(0.92,6.28) *
29.1(15.6,43 4)
21.8(19.8,24.0)
1.8(1.6,2.3)
60.6(49.2,77.7)
3.1(1.7,4.9)

A3 (N =203)
TA-ALB > 36 g/L

454+ 12.1%
88 (43.3%)*

146 (71.9%)* A
8 (3.94%)* A
22 (10.8%)

48 (23.6%)*
85 (41.9%)
168 (83.2%)
25 (12.3%)*

15 (7.39%)*
14 (6.90%)*

49 (24.1%)
15 (7.39%)*
7 (3.45%)*
30 (14.8%)

6.1(5.1,7.4)
104 & 18*A
195(162,250)
41(33,5.1)
0.21(0.17,0.28)*
20.0(16.2,25.3)
749(624,974)
455 +103*
2.11(1.97,2.25)*
1.60(1.34,1.94)*
141(139,142)
4.00(3.60,4.52)
0.99(0.88,1.08)*
38.0 + 3.49*
66.7 +6.97*
1.81(0.68,3.94) *A
28.7(16.8,45.1)
21.3(19.1,23.5)
1.9(1.5,2.4)
64.1(49.8,77.2)
3.7(2.3,5.4)*A

<0.001
0.005

<0.001
<0.001
0.098

0.012
0.600
0.064
0.005

<0.001
<0.001

0.944
<0.001
0.001
0.388

0.748
<0.001
0.771
0.658
0.001
0.064
0.186
<0.001
<0.001
0.029
0.518
0.409
<0.001
<0.001
<0.001
<0.001
0.824
0.651
0.095
0.712
0.015

BMI, body mass index; Total Kt/V, total urea clearance index; Total Ccr, total creatinine clearance rate; eGFR, glomerular filtration rate; ACEIL angiotensin enzyme inhibitor; CCB, calcium channel

blocker; M/L, monocytes/lymphocytes; CRP, C-reactive protein; iPTH, ionization parathyroid hormone; *, compared to group Al, P < 0.05; A, compared to group A2, P < 0.05.
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Model Accuracy(%) Sensitivity(%) Specificity(%)

RF 78.14/80.49 82.00/84.60 74.29/76.09
NB 65.17/65.68 52.23/53.34 78.10/78.86
LR 66.87/67.51 64.23/66.06 69.51/69.04
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CKD progression
(HR, 95%ClI, P)

Fitting model by standard linear regression 1.148 (1.099, 1.199) <0.0001
Fitting model by two-piecewise linear regression

Inflection point of UPCR 1.607

<1.699 5.466 (3.031, 9.856) <0.0001
>1.699 1.101 (1.050, 1.155) <0.0001
P for log-likelihood ratio test <0.001

Cl, Confidence interval.

We adjusted age, gender, BMI, SBF, hypertension, diabetes, history of CVD, etiology of
CKD, HB, eGFR, ALB, urinary occult blood, use of RAAS inhibitor, use of calcium channel
blocker and use of diuretics.
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Model Accuracy (%) Sensitivity (%) Specificity (%)

RF 99.90/99.92 99.96/99.94 99.84/99.90
NB 65.39/67.06 52.08/54.26 78.71/79.65
LR 66.40/68.52 64.90/66.94 67.90/70.08
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Variables

Education
<Primary
<Junior
<Senior
>Bachelor
Salt consumption
Light
Moderate
Salty
Exercise
Regular

None or a little

Percentage (%)

32.7
50.9
11.9
4.5

26.3
60.5
13.1

41.7
58.3

Variables

BMI
Underweight
Normal
Overweight
Obesity
Alcohol
Rarely
Sometimes
Always
Smoking
No
Yes

Percentage (%)

1.7
39.5
42.6
16.3

84.7
13.2
2.1

76.2
23.8

Variables

Income (Yuan)
<5k
5k-10k
10k-20k
>20k
Diet
Vegetable
Balanced
Meat
Sex
Male

Female

Percentage (%)

41.8
25.5
10.3
22.4

33.5
61.9
4.6

42.4
57.6
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Variables

Age(y)

LDL (mmol/L)
HDL (mmol/L)
FPG (mmol/L)
GHb (mmol/L)

xts

58.75 £ 9.49
2.354+0.84
1.30 +0.37
497 £1.36
5.54 £ 1.09

Variables

TC (mmol/L)
TG (mmol/L)
Hcy (mmol/L)
SBP (mmHg)

DBP (mmHg)

xts

4.4340.95
1.73 £ 0.82
22.98 £ 14.26
136.10 £ 18.39
82.84 £ 10.76
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UPCR

Participants (1)

896
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progression
event ()

234
7
42

185

Incident rate
(Per 100 person-year)

11.814
0.957
5.776
35.423





OPS/images/fmed-09-917603/fmed-09-917603-t002.jpg
Variable Univariate Cox regression analysis

HR 95%CI p
Age (year) 1.06 1.04-1.07 <0.001
Primary disease
Glomerulonephritis 0.58 0.31-1.11 0.101
Diabetic nephropathy 2.07 1.00-4.26 0.049
Hypertensive nephropathy 1.82 0.92-3.60 0.085
Other 1
Uric acid (umol/L) 0.99 0.99-1.00 0.005
Albumin (g/L) 0.93 0.89-0.97 0.002
TA-ALB(g/L) Potassium(mmol/L) 0.87 0.68 0.83-0.92 0.49-0.95 <0.001 0.022
Cardiovascular disease 2.44 1.55-3.85 <0.001

TA-ALB: Time averaged albumin; HR: hazard ratio, CI: confidence interval.

Multivariate Cox regression analysis

HR 95%CI p

1.03 1.00-1.05 0.012
0.92 0.85-0.99 0.028
1.80 1.07-3.03 0.028





OPS/images/fmed-09-854300/fmed-09-854300-t003.jpg
Statistics Effect size HR (95% CI) P-value

Age 67.19 + 13.41 0.99(0.98, 1.00) 0.1350
Gender
Male 629 (70.20%) Ref.
Female 267 (29.80%) 1.05(0.79, 1.38) 0.7405
Etiology of CKD
Diabetic nephropathy, 232 (25.89%) Ref.
Nephrosclerosis, 357 (39.84%) 0.17(0.13,0.24) <0.0001
Glomerulonephitis 163 (18.19%) 027 (0.19,0.39) <0.0001
Other 144 (16.07%) 0.16(0.10,0.26) <0.0001
HB 12,09 %220 0.70 0.66, 0.74) <0.0001
GFR 3318+ 17.97 092(0.91,0.93) <0.0001
Urinary occult blood
No 604 (67.56%) Ref.
Yes 290 (32.44%) 1.72(1.32,2.22) <0.0001
UPCR 200822 1.21(1.18,1.24) <0.0001
Hypertension
No 90 (10.04%) Ref.
Yes 806 (89.96%) 5.44 (2.24, 13.19) 0.0002
History of CVD
No 655 (73.10%) Ref.
Yes 241 (26.90%) 1.25 (0.94, 1.66) 01211
Diabetes
No 551 (61.50%) Ref.
Yes 345 (38.50%) 2.87(2.21,3.72) <0.0001
Use of RAAS inhibitor

310 (34.60%) Ref.

586 (65.40%) 1.75(1.30, 2.37) 0.0003

im channel blocker

No 465 (51.90%) Ref.
Yes 431 (48.10%) 1.7 (1.36, 2.30) <0.0001
Use of diuretics
No 605 (67.52%) Ref.
Yes 201 (32.48%) 2.29(1.77,2.96) <0.0001
sBP 189.88  22.00 1.02 (1,01, 1.02) <0.0001
BMI 23.87 +3.80 1.03 (099, 1.07) 00073

ALB 3.88£0.61 0.35 (0.30, 0.41) <0.0001
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Variable Crude model (HR, 95% Cl, P) Model | (HR, 95% Cl, P) Model Il (HR, 95% Cl, P)

UPCR 1.210 (1.184, 1.236) <0.00001 1.180 (1.146, 1.215) <0.00001 1.164 (1.116, 1.215) <0.00001
UPCR(Tertile)

T Ref. Ref. Ref.

2 6.007 (2,699, 13.372) 0.00001 5544 (2.474, 12.423) 0.00003 2,673 (1.180, 6.057) 0.01846
T3 39.760 (18,678, 84.639) <0.00001 27.965 (12.772, 61.228) <0.00001 9.618 (4.272, 21.652) <0.00001
P for trend <0.00001 <0.00001 <0.00001

Crude model: we did not adjust other covariants.

Model I: we adjust age, gender, BMI, SB, hypertension, diabetes, history of GVD, etiology of CKD.

ModelI: we adjust age, gender, BMI, SBR. hypertension, diabetes, history of CVD, etiology of CKD, HB, eGFR, ALB, urinary occult blood, use of RAAS inhibitor, use of calcium channel
blocker, use of diurefics.

Cl, confidence; Ref, reference.
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CKD progression
(HR, 95% CI, P)

Fitting model by standard linear regression 1.164 (1.116, 1.215) <0.0001
Fitting model by two-piecewise linear regression

Inflection point of UPCR 1.699

<1699 4377 (2.956, 6.483) <0.0001
>1.699 1.100 (1.049, 1.153) <0.0001
P for log-likelihood ratio test <0001

Cl, Confidence interval,
We adjusted age, gender, BMI, SBR, hypertension, diabetes, history of CVD, etiology of
CKD, HB, eGFR, ALB, urinary occult blood, use of RAAS inhibitor, use of calcium channel
blocker and use of diuretics.
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UPCR T4 (<0.224) T2(0.224-1.648) T3 (21.648) P-value

Participants 299 208 209
Age (years) 68.44 £ 13.10 67.67 + 13,64 65.46 + 13.35 0019
HB (g/dl) 12,91+ 197 12,05 +£2.28 11.81 £2.06 <0.001
Sor (mg/dL) 1.29 (1.08-1.72) 1.70 (1.20-2.50) 2.40 (1.68-3.45) <0.001
eGFR (ml/min per 1.73 m?) 4156 + 15.50 3331+ 1823 24.69 + 15.98 <0.001
UPCR (g/gCr) 0.07 (0.03-0.13) 0.70 (0.40-1.04) 4,22 (2.63-6.90) <0.001
SBP(mmHg) 132,63 % 19.30 138.19 % 21.15 148.83 % 22.62 <0001
BMikg/m?) 23.59 3,39 23.70+368 2432 £4.26 0039
ALB(g/dL) 4204043 399+ 0.47 344068 <0001
Gender 0.439
Male 216 (72.24%) 211 (70.81%) 202 (67.56%)

Female 83 (27.76%) 87 (29.19%) 97 (32.44%)

Etiology of CKD <0001
Diabetic nephropathy, n (%) 24 (8.08%) 48 (16.11%) 160 (53.51%)

Nephroscerosis, n (%) 177 (69.20%) 121 (40.60%) 59 (19.73%)

Glomerulonephritis, n (%) 23 (7.69%) 80 (26.85%) 60 (20.07%)

Other, n (%) 75 (25.08%) 49 (16.44%) 20 (6.69%)

Urinary occult blood, n (%) 50 (16.72%) 98(33.11%) 142 (47.49%) <0.001
Hypertension, n (%) 242 (80.94%) 272 (91.28%) 292 (97.66%) <0.001
History of CVD, n (%) 65 (21.74%) 75(25.17%) 101 (33.78%) 0.003
Diabetes, n (%) 78 (26.09%) 89 (20.87%) 178 (59.53%) <0001
Use of RAAS inhibitor, n (%) 173 (57.86%) 187 (62.75%) 226 (75.59%) <0.001
Use of calcium channel blocker, n (%) 100 (33.44%) 150 (50.34%) 181 (60.54%) <0001
Use of diuretics, n (%) 69 (23.08%) 84 (28.19%) 138 (46.15%) <0001

Continuous variables are presented as mean = standard deviation and median with interquartile ranges. Categorical data are presented as numbers and percentages.
BMI, body mass index; SBF. Systolic blood pressure; Scr, Serum creatinine; ALB, Serum albumin; HB, Hemoglobin; CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR,
estimated glomerular filtration rate; UPCR, urinary protein/creatinine ratio; g/gCr, gram per gram creatinine; RAAS, renin-angiotensin aldosterone system.
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