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Background: The association of high-sensitivity C-reactive protein (hsCRP) and
anemia with postoperative acute kidney injury (AKI) in neonates with congenital
heart disease (CHD) is still unclear. The purpose of this study was to examine
whether anemia-associated AKl is modulated by hsCRP in neonates.
Methods: This study included 253 consecutive neonatal patients who
underwent CHD surgery in a national tertiary hospital. We investigated the
association between postoperative AKI with baseline hsCRP, anemia, and
their interaction by multivariable logistic regression analyses.

Results: The incidence of AKI was 24.1% in the entire cohort. After being
adjusted for covariates, hsCRP level was negatively correlated with AKI (P <
0.01 for 1 mg/L threshold), whereas anemia emerged as an independent risk
factor of AKI (P=0.02). In addition, there was a significant interaction
between anemia and hsCRP level (P =0.01). In neonates with hsCRP <1 mg/
L, anemia was positively associated with AKI (P=0.03). However, no
significant association was found between anemia and AKI in the context of
hsCRP>1mg/L. Combination of anemia and hsCRP<1mg/L was
independently correlated with the risk of AKI (P<0.01), while concomitant
anemia and hsCRP >1mg/L or hsCRP <1 mg/L combined with non-anemia
was not.

Conclusions: In neonates with CHD, the risk of anemia-associated AKI may be
modulated by hsCRP level. Attention should be paid to neonates with
preoperative anemia and baseline hsCRP<1mg/L to reduce the risk of
postoperative AKI.

KEYWORDS

neonates, acute kidney injury, high-sensitivity C-reactive protein, anemia, congenital
heart disease

Introduction

Early repair in the neonatal period or young infancy has become the treatment target
of most patients with biventricular congenital heart disease (CHD) (1). Despite advances
in neonatal CHD surgery, postoperative acute kidney injury (AKI) remains one of the
leading complications that is independently correlated with morbidity and mortality
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(2, 3). Considerable risks despite symptomatic therapies have
generated efforts to identify modifiable indicators and
therapeutic measures for neonatal AKI (4, 5). Anemia is one
putative target for mitigating the burden of AKI, according to
authoritative data in adult cardiac surgery (6-8). However, the
correlation between preoperative anemia and postoperative
AKI has not been investigated in neonates, and it remains
unclear which group of neonates would benefit the most from
the elimination of anemia.

Systemic inflammation, which is caused by cardiovascular
has
emerged as another potential pathogenesis exacerbating renal
(9-13).  The
inflammatory response and anemia may have a sophisticated

malformations and hypoperfusion of vital organs,

impairment interrelationship ~ between

effect on postoperative AKI. Among all inflammatory
mediators, high-sensitivity C-reactive protein (hsCRP) has
been demonstrated incontrovertibly as the most extensive
predictive value for postoperative AKI in the context of adult
cardiac surgery or cardiovascular intervention therapy (9-11,
14). Yet the consistency of its predictive role in adults and
neonates is disputable (15). This study aimed to explore the
hypothesis that a synergism between anemia and hsCRP on
AKI in neonates undergoing CHD surgery, and whether
anemia-associated AKI would be modulated by the degree of

hsCRP, relying on the large-scale national tertiary hospital.

Materials and methods
Study population and data collection

We conducted a single-center retrospective study on
neonatal patients (<28 days) who underwent pump CHD
primary repair from 1 November 2012 to 28 February 2021 at
Fuwai Hospital, Chinese Academy of Medical Sciences.
Preterm infants and neonates with preoperative extracorporeal
membrane oxygenation support or emergency operation were
excluded. This study was approved by the Institutional Review
Board of Fuwai Hospital and performed with a waiver of
informed consent from guardians in view of the retrospective
nature.

Demographic characteristics, echocardiographic exam-
ination, predominant diagnosis, laboratory tests, intraoperative
management, and postoperative information were collected.
Based on the definition that concentration of hemoglobin
(Hb) >2 standard deviations (SD) below the average of
postnatal age (16) and the threshold of consideration for
blood transfusion for neonates in our center, neonatal
clinically relevant anemia was defined as Hb <120 g/L. Serum
hsCRP was routinely examined 1 day before operation by the
clinical laboratory on Cobas ¢501 (Roche Diagnostics GmbH,

Mannheim, Germany).
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Intraoperative management

The (CPB)
established following systemic heparinization and median

standard cardiopulmonary bypass was
sternotomy. Red blood cell was generally not transfused
before surgery. CPB circuit was primed with Plasmalyte A
40 ml, albumin 30 ml, packed red blood cell 80 ml, and
10 ml
ketoglutarate cardioplegia was perfused as body temperature
cooled down to 27-30 °C. Hematocrit (Hct) was targeted at

sodium bicarbonate Cold histidine-tryptophan-

0.24-0.27 during bypass. After lesions are repaired,
neonates would be weaned from CPB only when
hemodynamic state and body temperature reached

satisfactory levels as sinus rhythm returned to normal. a-
stat management was adopted during CPB. Hct was
maintained at 0.35-0.40 by modified ultrafiltration. All
neonates were transferred to the pediatric intensive care
unit (PICU) after the procedure.

AKI assessment

The primary outcome of this study was AKI. Neonates
developing AKI at PODI1 and still diagnosed with AKI 1
week after the operation were defined as having AKI within
1 week of surgery (17). AKI was determined by neonatal
modified-Kidney Disease: Improving Global Outcomes
(nKDIGO) criteria regardless of perioperative urine volume
(18). AKI was detailed as follows: serum creatinine (SCr)
increases of >26.5 umol/L within 48 h or >1.5 times the
baseline value within 1 week or need for renal replacement
therapy. Preoperative SCr rather than estimated glomerular
filtration rate was employed in AKI diagnosis because the
reliability of its formula has not been proven in neonates.
Secondary outcomes included prolonged postoperative
hospital stay (>21 days), prolonged PICU stay (>7 days),
and delayed extubation (>72h). We also investigated the
dysfunction and hsCRP

level to explore the underlying cause of neonatal stress

relationship between hepatic

disorder. Hepatic dysfunction was defined as a total
bilirubin level >2.5 mg/dl or >2-fold increase of alanine
aminotransferase or aspartate aminotransferase from the
baseline level (19).

Statistical analysis

Continuous variables were presented as mean+SD for
normal distribution and median [interquartile range (IQR)]
for non-normal distribution and were compared using
independent-sample Student’s t-test or Mann-Whitney U test,
respectively. Categorical variables were reported as frequency
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TABLE 1 Patient characteristics and perioperative information.
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Variables Overall (n=253) AKI within 1 week of surgery P-value
Non-AKI (n=192) AKI (n=61)
Baseline characteristics
Male sex, n (%) 166 (65.6) 123 (64.1) 43 (70.5) 0.36
Age, day 15 (10, 21) 15 (9, 21) 16 (11, 23) 0.24
Weight, kg 3.60 (3.20, 3.90) 3.60 (3.20, 3.88) 3.60 (3.30, 3.90) 0.50
Body length, cm 50.00 (49.00, 52.00) 50.00 (49.00, 52.00) 51.00 (48.00, 53.00) 0.56
BSA, m® 0.22 (0.21, 0.23) 0.22 (0.20, 0.23) 0.22 (0.21, 0.23) 0.52
STAT score 3(3,4) 3(3,3) 3 (3,4) 0.05
LVEF, % 65.00 (63.00, 70.00) 65.00 (63.00, 70.00) 65.00 (60.00, 70.00) 0.26
Anemia, n (%) 53 (20.9) 34 (17.7) 19 (31.1) 0.03
Predominant diagnosis
TGA, n (%) 163 (64.4) 126 (65.6) 37 (60.7) 0.48
APVD, n (%) 49 (19.4) 39 (20.3) 10 (16.4) 0.66
CoA, n (%) 14 (5.5) 9 (4.7) 5(8.2) 0.30
Other CHD, n (%) 27 (10.7) 18 (9.4) 9 (14.8) 0.24
Preoperative laboratory test
Hemoglobin, g/L 142.82+23.13 144.76 +23.24 136.74 +21.87 0.02
Hematocrit, % 42.68 £7.69 4323 +£8.12 40.93 £5.84 0.04
Albumin, g/L 34.55 (31.40, 37.73) 34.55 (31.38, 37.93) 34.75 (31.63, 37.33) 0.82
Creatinine, umol/L 34.38 (25.04, 43.75) 35.81 (28.94, 46.62) 25.26 (19.53, 44.63) <0.01
hsCRP, mg/L 0.84 (0.20, 1.95) 0.98 (0.29, 2.28) 0.38 (0.12, 0.99) <0.01
Glucose, mmol/L 5.39 (4.34, 6.61) 5.56 (4.34, 6.64) 521 (4.26, 6.46) 0.48
Lactate, mmol/L 1.20 (0.90, 1.50) 1.20 (0.90, 1.50) 1.10 (0.90, 1.30) 0.02
Intraoperative variables
CPB time, min 124.50 (104.00, 150.75) 123.00 (104.00, 148.00) 130.00 (103.50, 153.50) 0.49
ACC time, min 82.00 (63.00, 104.50) 82.00 (63.00, 102.00) 83.00 (63.25, 106.75) 0.58
MAP, mmHg 39.00 (34.00, 46.00) 38.00 (33.00, 46.00) 40.00 (35.00, 45.00) 0.15
Postoperative outcomes
Prolonged postoperative hospital stay (>21 days), n (%) 118 (46.6) 90 (46.9) 28 (45.9) 0.98
Prolonged PICU stay (> 7 days), n (%) 104 (41.1) 71 (37.0) 33 (54.1) 0.01
Delayed extubation (>72 h), n (%) 107 (42.2) 75 (39.1) 32 (54.5) 0.07

AKI, acute kidney injury; BSA, body surface area; CHD, congenital heart disease; STAT score, Society of Thoracic Surgeons-European Association for Cardio-Thoracic
Surgery (STS-EACTS) mortality score; LVEF, left ventricular ejection fraction; TGA, transposition of the great arteries; APVD, anomalous pulmonary venous drainage;
CoA, coarctation of aorta; hsCRP, high-sensitivity C-reactive protein; CPB, cardiopulmonary bypass; ACC, aortic cross-clamping; MAP, mean arterial pressure; PICU,
pediatric intensive care unit. Other CHD includes single atrial septal defect, atrial septal defect and ventricular septal defect, and interruption of the aortic arch.

(percentage) and were compared by Pearson y* test or Fisher’s
exact test when appropriate. Logistic regression models were
generated to evaluate the association between preoperative
hsCRP, anemia, and AKI, as well as interaction test, by
adjusting for demographic characteristics, baseline laboratory
tests, and intraoperative variables. The risk of AKI was
compared between different combinations of hsCRP level and
anemia. Two-tailed P<0.05 was considered statistically
significant. Statistical analysis was performed using SPSS 25.0
software (SPSS Inc., Chicago, IL, United States), and the
figure was processed by GraphPad prism 8.0 (GraphPad
Software Inc., San Diego, CA, United States).
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Results

Baseline characteristics and perioperative
information

A total of 262 consecutive neonates were identified, and 253
patients with complete medical records were finally included in
this analysis. Baseline characteristics of the study population
were classified by the presence (n=61) or absence (n=192)
of AKI within 1 week of surgery (Table 1). Of the 253
neonates, 65.6% were male. The mean value of Hb and
median of hsCRP were 142.82 g/L and 0.84 mg/L respectively.
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Neonates with AKI had a higher prevalence of anemia,
compared with those without AKI (P =0.03). Baseline hsCRP
concentration was significantly lower in patients with AKI
than those without (P<0.01). For postoperative outcomes,
there was a remarkably higher prevalence of prolonged PICU
stay (=7 days) among neonates with AKI (P=0.01).

As Figure 1 illustrates, neonates with postoperative AKI had
significantly lower Hb and Hct before the operation and during
bypass hypothermia compared with those without AKI
(P<0.05).

Association of hsCRP and anemia with AKI

Table 2 depicts the crude and multivariable-adjusted
association between AKI and hsCRP or anemia. Baseline and
intraoperative variables in Table 1 were submitted into
multivariable analysis (forward stepwise regression). HsCRP
elevation was defined as >1 mg/L in line with the cut-off value
(hsCRP =1.09 mg/L) of the receiver operating characteristic
curve for AKI in this population (Supplementary Figure SI).
As Table 2 presents, AKI was negatively associated with
hsCRP assessed by threshold of 1 mg/L (odds ratio (OR): 0.34,
95% CI: 0.17-0.68, P<0.01), and anemia was an independent
risk factor for AKI after adjustment for cofounders (OR: 2.89,
95% CI: 1.23-6.79, P=0.02).

—=— non-AKI (n=192)
—e— AKI (n=61)
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FIGURE 1
Perioperative hemoglobin and hematocrit of the two groups at
different time points. TO, before surgery; T1, bypass hypothermia;
T2, bypass rewarming; T3, weaning of bypass. *P < 0.05.
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Association between AK| and anemia
according to hsCRP threshold

As is revealed in Table 3, we stratified the entire cohort
according to hsCRP threshold of 1mg/L and found that
anemia was correlated with a remarkably greater risk of AKI
when hsCRP < 1 mg/L (OR: 2.67, 95% CI: 1.11-6.38, P=0.03).
Whereas in the setting of hsCRP > 1 mg/L, anemia was not
significantly associated with AKI. In addition, there was a
significant interaction for AKI between anemia and hsCRP
divided by the 1 mg/L threshold (P=0.01).

Risk of AKI in different combination
groups of anemia and hsCRP

Table 4 indicates the results of the fully adjusted association
between the risk of AKI and neonates classified by different
combinations of anemia and hsCRP. Neither anemia
combined with hsCRP>1 nor hsCRP <1 mg/L without
anemia was associated with a higher risk of AKI, compared
with the reference group (non-anemia and hsCRP > 1 mg/L).
However, the combination of anemia and hsCRP <1 mg/L

TABLE 2 Association of hsCRP and anemia with AKI.

Variables OR (95% CI) P-value
Anemia vs. non-anemia
Crude 2.10 (1.09-4.05) 0.03
Adjusted® 2.89 (1.23-6.79) 0.02
hsCRP > 1 mg/L vs. hsCRP < 1 mg/L
Crude 0.30 (0.15-0.58) <0.01
Adjusted” 0.34 (0.17-0.68) <0.01

hsCRP, high-sensitivity C-reactive protein; AKI, acute kidney injury.

°Adjusted for gender, age, weight, body length, STAT score, baseline
hematocrit, albumin, serum creatinine elevation (>40 umol/L), hyperglycemia
(>7 mmol/L), hyperlactacidemia (>2 mmol/L), and aortic cross-clamping time
by forward: conditional.

TABLE 3 Risk of anemia-associated AKI according to hsCRP threshold.

Groups OR (95% CI) P- P-value for
value interaction”

hsCRP > 1 mg/L

Non- 1.00 (reference) NA
anemia

Anemia 1.47 (0.37-5.92) 0.59 0.01
hsCRP < 1 mg/L

Non- 1.00 (reference) NA
anemia

Anemia 2.67 (1.11-6.38) 0.03*

hsCRP, high-sensitivity C-reactive protein; AKI, acute kidney injury.
“The same adjustment strategy as in Table 2.
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TABLE 4 Risk of AKI stratified by anemia and hsCRP.

Groups OR (95%CI) P-value®
Non-anemia and hsCRP > 1 mg/L 1.00 (reference) NA
Anemia and hsCRP > 1 mg/L 1.34 (0.32-5.63) 0.69
Non-anemia and hsCRP < 1 mg/L 2.25 (0.99-5.12) 0.06
Anemia and hsCRP <1 mg/L 5.06 (1.85-13.82) <0.01

hsCRP, high-sensitivity C-reactive protein; AKI, acute kidney injury.
“The same adjustment strategy as in Table 2.

TABLE 5 Association of hsCRP with hepatic dysfunction.

Hepatic dysfunction OR (95% CI) P-value
hsCRP > 1 mg/L vs. hsCRP < 1 mg/L
Crude 0.49 (0.28-0.83) 0.01
Adjusted® 0.55 (0.30-0.99) 0.05

hsCRP, high-sensitivity C-reactive protein.
“The same adjustment strategy as in Table 2.

significantly raised the risk of AKI (OR: 5.06, 95% CI: 1.85-
13.82, P<0.01).

Association between hsCRP and hepatic
dysfunction

Table 5 shows that hsCRP<1mg/L was positively
associated with postoperative hepatic dysfunction after being
adjusted for cofounders (OR: 0.55, 95% CI: 0.30-0.99, P =0.05).

Discussion

The core finding of this study was that the risk of anemia-
associated AKI could be affected by the level of hsCRP in
neonates undergoing CHD surgery. This is the first study, to
our knowledge, that investigated the correlation of hsCRP
level and anemia with adverse outcomes among neonates.
Based on a relatively large neonatal cohort, we demonstrated
that anemia was positively associated with AKI. Interestingly,
neonates with concomitant existence of anemia and lower
hsCRP level (<1 mg/L) had a higher risk of AKI, whereas
neonates with concomitant anemia and hsCRP > 1 or hsCRP
< 1 mg/L combined with non-anemia did not, compared with
those who had elevated hsCRP without anemia.

Given the prevalence of transient AKI in pediatric CHD
surgery, AKI within 1 week of surgery was adopted as the
primary endpoint of observation to avoid overdiagnosis. A
recent study found that persistent AKI was strongly correlated
with poorer in-hospital prognosis after CHD surgery (17).
The remarkable risk of postoperative AKI remains despite
advancement in the perioperative management of neonates (2,
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4), constituting an impetus to the efforts for exploring
modifiable risk factors. In the present study, we identified a
24.1% incidence of AKI consistent with previous studies (20,
21). As was reported in several infant studies (15, 22-25),
lower preoperative SCr was the independent risk factor of
cardiovascular surgery-associated AKI, especially for neonates.
It corresponds with the results of this study. One possible
explanation is that lower SCr in neonates may indicate less
muscle mass and inferior nutritional status (15, 22-24), which
may add to the risk of AKIL In addition, preoperative fluid
overload may render a decrease in preoperative SCr level,
which is also related to the higher risk of AKI (15). By
adjusting for the factor of baseline SCr>40umol/L in
multivariate logistic regression analyses, we eliminated the
interference of latent renal insufficiency.

Compelling evidence in adults suggested that preoperative
anemia was an independent predictor of AKI (6-8, 26). The
major mechanisms underlying anemia-associated AKI involve
(16),
oxidative stress (6), and hemostasis imbalance (7). This study

renal oxygen supply impairment exacerbation of
provided consistent results that anemia was an independent
risk factor for AKI in neonates undergoing cardiovascular
surgery. However, we have noticed in clinical practice that
postoperative AKI remained common in neonates even after
anemia was corrected. Therefore, with the promotion of
blood-saving strategy in infant CHD surgery (27) and the
recognition of intraoperative blood transfusion-related risks
(7), identifying the high-risk population of anemia-related
AKI according to novel indicators is of vital importance to
improve the prognosis of neonates as well as optimize the
rational use of blood products.

The predictive value of baseline hsCRP for AKI has also
been widely proposed in adult populations (9-12, 28).
identified hsCRP elevation as an

independent biomarker of AKI in settings of percutaneous

Previous adult studies

coronary intervention (10, 11) and coronary artery bypass
grafting (9). Interestingly, the present study indicated a
contrary to these results in adult studies, that in neonates
undergoing CHD surgery, hsCRP elevation was negatively
correlated with postoperative AKI.

In the context of hypoxic stress, CRP, which is also known as
acute phase protein, was secreted by hepatocytes. CRP plays a
critical role in preventing the generation of superoxide by
neutrophils and stimulating the synthesis of interleukin-1
receptor antagonists, thus exerting a net anti-inflammatory effect
(29). However, in vivo study indicated that CRP acts as a
mediator in the pathogenesis of AKI and that overexpression of
CRP inhibits the regeneration of G1/S-dependent tubular
epithelial cells (30). Therefore, excessively high or low expression
of CRP in stress response may both have a detrimental impact.

Generally, neonates with CHD bear extensive stress
response due to hypoxia and hypoperfusion of vital organs.
Immature organ development is the most distinguished
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characteristic of neonates that differs from patients of other
Our that hsCRP <1 mg/L was
significantly ~ correlated with hepatic An
adaptive
Also, it
a more

ages. results  showed
dysfunction.
underdeveloped hepatic function may weaken the
acute phase response of neonates to hypoxic stress.
was demonstrated that younger patients may have
pronounced systemic inflammatory response to critical
diseases (31), and those preoperative CRP concentrations were
inversely associated with the age of infants (1). Accordingly,
we assumed that in the acute phase response, neonates with
stress disorder characterized by limited elevation of hsCRP
may have a higher risk of adverse events. Additionally,
children suffering from CHD may commonly have chronic
sympathetic activation and increased release of angiotensin
(32).  These synergistically ~ prompt  the

redistribution of blood flow from the kidneys to the brain and/

mechanisms

or heart, which may lead to simulated preoperative renal
ischemia preconditioning. The elevation of hsCRP (>1 mg/L)
may be a reflection of the activation of the inflammatory
pathway induced by renal ischemic preconditioning (33). A
period of nonfatal ischemic preconditioning has been
tentatively conceptualized as protection against ischemic AKI
(34). Furthermore, CRP has been reported to exert some anti-
inflammatory effects by stimulating the release of anti-
inflammatory factors including IL-10 and IL-lra (35). CRP
could

activating the complement system (36). Consequently, the net

also recruit several complement inhibitors when
effect of CRP in vivo tends to be weak anti-inflammation (37),
which may be another underlying explanation for the negative
association between hsCRP elevation and AKI in this study.
The interaction between inflammation and anemia has not
been investigated in neonates. In adult cohorts with chronic
kidney disease, scholars have found that CRP exacerbated
anemia by inhibiting endogenous/exogenous erythropoietin (38,
39), which may contribute to a synergic effect between
inflammation and anemia on unfavorable events (39). However,
data in this study indicated a different pattern between the
interaction of hsCRP and anemia in neonates, that anemia was
correlated with AKI only when hsCRP <1 mg/L while this
correlation was not valid in neonates with hsCRP >1 mg/L.
Briefly, the risk of anemia-associated AKI in neonates could be
mediated by hsCRP threshold. Therefore, what this study
offered was the potential for refining the risk of AKI by
identifying neonates with concomitant existence of hsCRP <

1 mg/L (may represent underlying stress disorder) and anemia.

Limitations

There were certain limitations in this study. First, this study
had all the inherent limitations of a retrospective study. Second,
the single-center design limited the intensity of evidence though
the sample size was relatively large as a neonate cohort. Third,
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the existing data could not confirm the causal relationship
between hsCRP or anemia and adverse outcomes. Next, there
was a lack of other inflammatory mediators in this study,
the degree of
inflammation indicated by hsCRP. Furthermore, the incidence

which may otherwise help determine
of AKI may be underestimated because we did not define AKI
in terms of urine output. In addition, although preterm
infants were excluded from the population in this study,
gestational age may affect SCr and Hb. However, because our
hospital is a specialized cardiovascular center and the neonatal
patients were transported from other hospitals after birth, the
data on gestational age in our database is incomplete to
determine the effect of gestational age on the results. As there
was a lack of SCr examination records more than 1 week after
surgery for many neonates, we were unable to explore the
AKIT recovery since then retrospectively, which may exaggerate
the correlation between hsCRP, anemia and AKI in this study.
Therefore, corroboration of our conclusion needs to be
verified in well-designed randomized controlled trials.

Conclusions

Anemia-related AKI may be mediated by hsCRP level in the
context of neonatal CHD surgery. This study offered a potential
perspective that rectification of anemia in neonates, especially
those combined with hsCRP <1 mg/L may be beneficial for
the improvement of clinical prognosis. Although the results of
this study are interesting, it is only a preliminary study. The
value of this study lies mainly in the use of limited data from
the the
pathophysiology between neonates and older patients with

a single center to emphasize differences in
CHD. We hope that this study could function as a starting
point for multicenter studies to explore AKI prevention

strategies or targets for the neonatal population specifically.
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