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Objective: Early identification of autogenous arteriovenous fistula (AVF) maturation failure in patients with end-stage renal disease (ESRD) is crucial, as it enables early interventions that can enhance AVF maturation rates and reduce the duration of catheter use. This study aimed to identify factors that may predict arteriovenous fistula maturation in patients undergoing maintenance hemodialysis.

Methods: This retrospective study included a cohort of 532 ESRD patients who underwent AVF creation and routine follow-up at the Beijing Haidian Hospital (Haidian Section of Pecking University Third Hospital) from August 2018 to March 2022. A total of 532 patients were randomly divided into a training cohort (389 cases) and a validation cohort (143 cases). Patients in each cohort were categorized into mature and non-mature groups based on whether they met clinical or ultrasound criteria 3 months after AVF creation. The timing of early intervention for non-maturation AVF was preliminarily discussed after a risk prediction nomogram for non-maturation in newly AVF creation was constructed.

Results: Of the 532 patients, 379 (73.24%) achieved fistula maturation at 3 months postoperatively. We randomly divided the total study population using computer-generated randomization into a training cohort (n = 389) and a validation cohort (n = 143) in an approximately 7:3 ratio. Analysis of the training cohort revealed that the anastomotic diameter (anas1), the internal diameter of the anastomotic vein (V1), brachial artery blood flow (F1) at 1 month, and brachial artery blood flow (F3) at 3 months postoperatively were associated with AVF maturation. A maturation nomogram was developed for the training cohort, yielding an area under the curve (AUC) of 0.938 (95% confidence interval [CI], 0.908–0.967), with a sensitivity of 0.911 and a specificity of 0.856. The model was validated in the validation cohort, showing an AUC of 0.927 (95% CI, 0.879–0.975), with a sensitivity of 0.870 and specificity of 0.886. The calibration curve showed strong agreement between nomogram predictions and actual observations.

Conclusion: The anastomotic diameter (anas1), the internal diameter of the anastomotic vein (V1), brachial artery blood flow (F1) at 1 month, and brachial artery blood flow (F3) at 3 months postoperatively can predict the unassisted maturation of AVF.
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Introduction

The incidence and prevalence of end-stage renal disease (ESRD) are increasing globally (1, 2). Clinical practice guidelines recommend autogenous arteriovenous fistula (AVF) as the preferred vascular access for hemodialysis, as it is associated with fewer complications, longer access patency, and a lower risk of mortality (3–5). However, a major drawback of AVF is the risk of maturation failure, with approximately 20 to 60% of AVFs failing to mature adequately for effective dialysis (6–8). This high rate of AVF maturation failure often results in the prolonged use of central venous catheters (CVCs), which are associated with complications such as infection, thrombosis, and central vein stenosis (4, 9).

This situation highlights the importance of early identification of ESRD patients at risk for AVF maturation failure and the timely implementation of effective interventions to promote AVF maturity. Vascular remodeling and the establishment of rapid blood flow are the key factors determining AVF maturation (10–12). Many studies have shown that significant vascular remodeling often occurs within the first 4 weeks after AVF creation (5, 13, 14). However, the utility of postoperative ultrasound measurements at 4 weeks to assess AVF immaturity and guide intervention strategies remains unclear in the existing literature. This gap indicates the need for reliable diagnostic tests and predictive models to stratify the risk of AVF maturation failure. It is widely recognized that predictive models can be used to predict outcomes in patient cohorts. Particularly, in the context of vascular access, the ability to predict AVF maturation may allow for more personalized clinical practices, enhance treatment planning, and ultimately improve the rate of maturation. Thus, this study aimed to further investigate whether the postoperative ultrasound measurement of the blood flow and fistula diameter at 4 weeks is useful in predicting the likelihood of AVF maturity. Additionally, we generated a nomogram to help clinicians to decide whether and when to perform an assisted maturation intervention.



Methods

This retrospective, single-center cohort study was conducted at the Beijing Haidian Hospital (Haidian Section of Pecking University Third Hospital) and adhered to the ethical principles outlined in the Declaration of Helsinki. This study was also approved by the Hospital Ethics Committee before patient recruitment (BHHMEC-XM-2022-18).


Study design and patient population

A total of 532 patients who underwent initial AVF surgery between August 2018 and March 2022 were retrospectively included. All patients received monthly supervision and follow-up for at least 3 months using color Doppler ultrasound and telephone interviews. No additional surgical interventions were performed during this period. The potential clinical and laboratory potential predictors were collected from electronic medical records (EMRs) and previous paper records at the Beijing Haidian Hospital (Haidian Section of Pecking University Third Hospital). The inclusion criteria were as follows: (i) stage 5 or 5D chronic kidney disease (CKD); (ii) fistula with a cephalic vein and a radial artery; (iii) sessions of ultrasound monitoring at least twice during the 3 months after AVF placement; (iv) no previous AVF; and (v) standardized ultrasound examinations before surgery. The minimum vessel criteria for AVF creation were an arterial diameter > 1.5 mm and a vein diameter > 2.0 mm. The exclusion criteria were as follows: (i) patients under the age of 18 years old; (ii) Patients receiving both peritoneal dialysis and hemodialysis; and (iii) AVF in the upper arm.



Candidate predictive factors for AVF maturation

Demographics included sex, age, comorbidities (diabetes, hypertension, and vascular disease), smoking status (ever vs. never), and dialysis duration.

Laboratory examinations involved hemoglobin (Hb), albumin (ALB), serum calcium, and serum phosphorus, which were collected within 1 week before surgery.

Vascular characteristics included the type of fistula (forearm or upper arm), its location (right or left), and the position of the catheter.

Postoperative ultrasound data (1-month post-surgery) were collected at 1 month and included measurements of the brachial artery diameter (B1), brachial artery blood flow (F1), anastomotic diameter (anas1), internal diameter of anastomotic vein (V1), and internal diameter of anastomotic artery (A1).



Standards and definitions

Two standard definitions were used to describe AVF outcomes (15, 16). A “mature AVF” was defined as having a flow rate of 500 mL/min, a main body diameter of at least 5 mm, and a depth of no more than 0.6 cm from the skin, with successful two-needle cannulation and the ability to provide dialysis at least three times a week (15). An “immature AVF” was defined as failing to meet the standards of a mature AVF after 12 weeks. The main clinical performance parameters of an immature AVF included insufficient blood flow (below 200 mL/min) and difficulty in achieving access by a nurse specialist.

Duplex ultrasound surveillance was conducted by a skilled nephrologist on the brachial artery, the radial artery, the anastomosis site, and the cephalic vein. The cephalic vein was measured 5 cm from the anastomosis, the radial artery was measured 1 cm from the anastomosis, and the brachial artery diameter and blood flow were measured 5 cm above the elbow. To prevent measurement biases, the same nephrologist, trained in vascular ultrasound, conducted all examinations, and each patient underwent three successive measurements, which were averaged.



Statistical analysis

Categorical variables were presented as frequencies and percentages, and a chi-squared test was performed to assess significance. Continuous variables were expressed as mean ± SD, and a T-test was conducted to determine. A p-value of <0.05 was considered statistically significant. We used a computer-based randomization method to divide the total study population into a training cohort (consisting of 389 participants) and a validation cohort (consisting of 143 participants) in an approximate 7:3 ratio.

To identify the combination of variables that would provide the highest predictive efficiency for constructing binary logistic regression, we first conducted univariate logistic regression analysis. Variables with p < 0.05 in univariate regression were then included in a multivariate binary logistic regression model, and a nomogram was developed based on these significant parameters. The performance of the nomograms was evaluated using the area under the receiver operating characteristic curve (AUC) and calibration, assessed through calibration plots and the Hosmer–Lemeshow calibration test, all conducted in R (version 4.2.1). The statistical analysis involved using packages such as rms, Resource Section, PredictABEL, nricens, pROC, regplot, and survivalROC.




Results


Study flow and patient characteristics

We initially examined 702 patients who underwent AVF procedures at our institution between August 2018 and March 2022. Of these, 170 patients were excluded for the following reasons: 132 patients had AVF resections or reconstructions, 8 patients received both peritoneal dialysis and hemodialysis, 22 patients lacked follow-up postoperative information, 2 patients were cognitively impaired investigations, and 6 patients were lost to follow-up due to renal transplantation or death. Ultimately, 532 patients met the eligibility criteria and were enrolled in the study (Figure 1).

[image: Figure 1]

FIGURE 1
 Flowchart of study participants in the training and validation cohorts.


Three months post-AVF creation, patients were categorized into maturation and non-mature groups based on whether they met the clinical criteria for AVF maturity. Of the 532 patients, 389 were randomly assigned to the training cohort and the remaining 143 to the validation cohort. We first compared the baseline characteristics of the training and validation cohorts (Table 1). Compared to the validation cohort, the training cohort showed no significant differences in several factors, including age, history of antiplatelet aggregation drugs, history of CCB use, history of ACE inhibitors/angiotensin receptor blockers ACEI/ARB, smoking history, average blood pressure, and various ultrasound-measured vascular parameters including anastomotic diameter, venous diameter, arterial diameter, and brachial artery blood flow at 1 and 3 months post-surgery (p > 0.1). There were no significant differences between the two groups regarding red blood cells, blood creatinine, blood urea nitrogen, blood phosphorus, blood albumin, blood hemoglobin, total cholesterol, total protein, activated partial thromboplastin time (APTT), and fibrinogen levels (p > 0.1). However, the validation cohort had a higher proportion of individuals with diabetes (p < 0.05), a lower proportion of forearm fistula surgeries, and a greater proportion of male participants (p < 0.1).



TABLE 1 Baseline characteristics of the study cohort.
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Factors associated with AVF maturation and development of a predictive model

We performed a univariable logistic regression analysis to assess factors associated with AVF maturation (Table 2). The analysis revealed significant differences (p < 0.1) in vascular measurements, including mean diastolic blood pressure, anastomotic diameter at 1 month (anas1), arterial diameter at 1 month (A1), venous diameter at 1 month (V1), brachial artery blood flow at 1 month (B1), brachial artery blood flow at 1 month (F1), anastomotic diameter at 3 months (anas3), arterial diameter at 3 months (A3), venous diameter at 3 months (V3), brachial artery diameter at 3 months (B3), and blood flow at 3 months (F3).



TABLE 2 Univariate binary logistic regression in the training cohort.
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Significant factors (p < 0.1) from the univariable analysis were included in the multivariable logistic regression. The multivariate analysis identified anastomotic diameter at 1 month (anas1), the internal diameter of the anastomotic vein at 1 month (V1), brachial artery blood flow at 1 month (F1), and brachial artery blood flow at 3 months (F3) as independent predictors of AVF maturation (p < 0.05) (Table 3).



TABLE 3 Multivariate binary logistic regression in the training cohort.
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Nomogram construction

To visualize the above results, nomograms were plotted using anas1, V1, F1, and F3 (Figure 2). After obtaining the four indicators of each patient, a vertical line was drawn on the coordinate axis of each risk indicator to get the corresponding score. These score were then summed to obtain the total score. To obtain the risk percentage of each individual, the total score can be set corresponding to the non-maturation risk on the last coordinate axis.

[image: Figure 2]

FIGURE 2
 Nomogram for risk prediction of the non-maturation logistic model.




Validation of the predictive accuracy of nomogram

We used receiver operating characteristic (ROC) analysis to determine the area under the curve (AUC) values for our models. In the training cohort, the nomogram had a significantly high AUC of 0.937 (95% confidence interval, 0.908–0.967), effectively discriminating individuals with non-maturation at 1 month after surgery, with a sensitivity of 0.911 and a specificity of 0.856 (Figure 3A). In the validation cohort, the AUC was 0.927 (95% confidence interval, 0.879–0.975) for patients with non-maturation, with a sensitivity of 0.870 and a specificity of 0.886 (Figure 3B).
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FIGURE 3
 Receiver operating characteristic curve (ROC) and Calibration curve for performance to distinguish individuals with non-maturation (B = 1,000 repetitions). AUC, area under the receiver operating characteristic curve.


The calibration curve illustrates the discrepancy between the real value and the predicted value (Figure 3C). The calibration curve for the validation cohort (Figure 3D) indicates that the predicted value aligns closely with the actual value when the nomogram’s prediction probability exceeds 0.7. However, when the prediction probability of the nomogram falls between 0.4 and 0.6, there is a potential risk of underestimating AVF non-maturation.




Discussion

In our study, we identified four predictive factors associated with successful AVF maturation: anastomotic diameter at 1 month, internal diameter of anastomotic vein at 1 month, brachial artery blood flow at 1 month, and brachial artery blood flow at 3 months (F3). To the best of our knowledge, insufficient arterial or venous dilation and inadequate vascular remodeling can lead to the failure of an AVF. It should be emphasized that the outward remodeling of the artery plays a crucial role in determining the blood flow in AVFs.

Preexisting arterial intimal hyperplasia may directly affect arterial elastance, potentially limiting blood flow. Concurrently, as the blood flow increases, the diameter of the veins also enlarges, thereby accelerating the maturation process. In our nomogram, we utilized postoperative ultrasound parameters for the first time and confirmed that the artery diameter and the venous diameter at 4 weeks were strongly correlated with AVF maturation. We further developed an effective predictive nomogram, which showed significantly high sensitivity and specificity for distinguishing individuals with and without AVF maturation. This tool might make it easier for clinical staff to assess the risk of AVF maturation better and make informed decisions regarding the appropriate course of action. Currently, Doppler ultrasound is an effective technique in monitoring fistula maturation and is commonly used in clinical practice (17, 18). Access criteria for maturation or intervention in AVF have not yet been clearly defined. The Kidney Disease Outcomes Quality Initiative (KDOQI) Guidelines suggest (14) that fistulas should be evaluated to determine their suitability at 4–6 weeks after creation (15, 19, 20). This raises the question: Can we estimate AVF maturation based on ultrasound parameters at 4 weeks?

The answer seems to be positive. As is well known, a fistula has to be the right size and have sufficient blood flow to enable successful dialysis (21, 22). Indeed, acute revascular remodeling may follow arteriovenous fistula creation (23, 24), as suggested by other studies (25, 26). The majority of the vascular remodeling occurred rapidly, reaching its maximum within 4 weeks after AVF creation, particularly in the diameter of the cephalic vein and the blood flow occurred (8, 27). Additionally, according to certain clinical trials (28), fistula diameters and blood flow rates did not significantly alter in the second, third, or fourth postoperative months. These findings might explain better why we can predict AVF maturation based on ultrasound parameters at 4 weeks. In our study, we compared two contrasting states of maturation. We showed that anastomotic diameter at 1 month, internal diameter of anastomotic vein at 1 month, brachial artery blood flow at 1 month, and brachial artery blood flow at 3 months were significantly different between the two groups (p < 0.01). Additionally, the postoperative ultrasound parameters assessed at 4 weeks were found to be highly correlated with AVF maturation. Meanwhile, we established a nomogram model with a predictive efficiency of 0.938, and it was shown that the nomogram model had better congruence and discrimination. This enables us to identify immature AVF early and provide timely interventions, thereby improving outcomes for patients.

The main innovation of this study is as follows: (1) our nomogram included two parameters from internationally accepted standards of the rule of 6 s characteristic for the first time (15, 29), which was different from other prediction models. Lok et al. (28) developed a nomogram that included age over 65 years, female gender, non-white race, and coronary and peripheral arterial disease as the main predictors. Since these factors are distinct from clinical features and are influenced by ethnicity and race, the predictive value for AVF maturation is limited. Twine et al. published a “DISTAL” scoring system for predicting AVF maturation, which combines six predictors: diabetes, ischemic cardiomyopathy, stroke, previous history of AVF surgery, age > 70 years old, and intravenous vessel diameter of <2.0 mm. However, the scoring system mainly targets the internal nasopharyngeal fistula. It has not been further verified in external systems, so it has not been well applied in clinical practice. Bosanquet et al. published the “CAVeA2T2” scoring model to assess the patency of the internal forearm fistula. The model included seven factors, including ipsilateral central vein access, age > 73 years old, anastomosis vein <2.2 mm, previous access history, and intraoperative tremor, for a total of 7 points. AVF with scores >2 was associated with significantly lower patency rates at 6 weeks and 1 year. This score was also not performed in clinical practice due to limitations in statistical methods and not well validated internally. Our predictive models are clearer and more precise in their predictions. (2) Our nomogram enables individualized decision-making for each patient, rather than applying a simple risk stratification to all patients.

As compared to previous studies, which mostly analyzed each parameter separately, using a single predictor is often insufficient, reliable, and scientific. (3) Although the European vascular clinical guidelines considers a diameter of <4 mm and a fistula flow of <500 mL/min to indicate that AVF is unlikely to mature (20, 27, 30). There are still no established criteria for the optimum intervention time among Chinese patients. Our nomogram allows us to quantify and visualize individual patient maturation rates based on fistula diameter and blood flow, helping us determine the best time for intervention. Therefore, our study is unique in that it performed multivariable logistic regression to assess the interaction between the ultrasound measurements and whether to proceed with intervention. This insight may help clinicians make well-informed decisions. In our nomogram, anastomotic length is included as a predictive factor for the maturation of AVF. The major reason for this may be that the larger anastomotic will bring more blood flow and favor adequate dilation of the outflow vein (20, 31). Considering that previous studies on predicting the early maturity of AVF mostly focused on the identification of preoperative relevant clinical features and comorbidities of patients, the results may be more of a prediction of the risk level of AVF surgery itself. Since the imbalance of external and internal vascular remodeling after the establishment of AVF is the main cause of poor maturation, we speculated that postoperative vascular remodeling ability may be a more direct predictor of AVF maturation. Robbin et al.’s study also confirmed that ultrasound variables such as blood flow, diameter, and depth were sufficient for maturation prediction at 6 weeks without considering previous trajectories.

Our study also has several limitations. First, although the data were collected prospectively, the AVF outcomes were analyzed retrospectively, possibly leading to selection bias. Second, as this study reflects the experience of a single center, the findings may not be generalizable to all hemodialysis populations. Third, no analyses of “deep vein,” another important parameter of “6s” for evaluating AVF maturation, were performed in this study. Therefore, further research involving sizable cohorts is needed.

In summary, our nomogram, which integrates anastomotic diameter at 1 month, internal diameter of the anastomotic vein at 1 month, brachial artery blood flow at 1 month, and brachial artery blood flow at 3 months, provides valuable insights for accurately and individually assessing the risk of AVF maturation failure. This tool can help clinicians in implementing timely and targeted intervention measures. However, these preliminary findings require validation through future multi-center prospective studies due to the limitations of the current prediction model.
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