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Abstract

Background Serum chloride derangements are associated with poor clinical outcomes, including acute kidney injury (AKI) and
mortality. We sought to determine the association between persistent hyperchloremia and renal recovery in critically ill children
with AKI.

Methods We performed a retrospective cohort study of all patients with day 2 AKI admitted to a large academic pediatric
intensive care unit from January 2014 to December 2015. After applying exclusion criteria, 348 patients were categorized as
(1) hyperchloremia on both day 2 and day 7 (PersistentCl), (2) hyperchloremia on day 2 with normochloremia on day 7
(RecoveredCl), (3) normochloremia on day 2 with hyperchloremia on day 7 (DelayedCl), and (4) no hyperchloremia on day 2
nor day 7 (NormalCl). Hyperchloremia was defined as > 110 mEq/L. The primary outcome was renal recovery on day 7, defined
as the absence of AKI criteria. Secondary outcomes included discharge renal recovery, mortality, duration of mechanical
ventilation, and hospital length of stay.

Results Day 7 renal recovery rates for PersistentCl, RecoveredCl, DelayedCl, and NormalCl were 37%, 66%, 71%, and 52%
respectively. PersistentCl had lower odds of day 7 renal recovery (aOR = 0.29; 95% CI, 0.14 to 0.60; p = 0.0009), lower odds of
discharge renal recovery (aOR =0.22; 95% CI, 0.11 to 0.48; p = 0.0001), and higher odds of mortality (aOR =3.50; 95% CI, 1.11
to 11.10; p = 0.03) when compared with RecoveredCl after adjusting for confounders.

Conclusions Persistent hyperchloremia is independently associated with impaired renal recovery as well as higher mortality.
Prospective studies are indicated to determine if serum chloride represents a modifiable risk factor for poor outcomes.
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Introduction

Acute kidney injury (AKI) is common in critically ill children
with roughly 25% of all patients admitted to the pediatric
intensive care unit (PICU) being affected [1]. It is well
established that AKI is associated with poor in-hospital clini-
cal outcomes, including a higher mortality rate [1]. Beyond
the in-hospital risks, there is growing evidence that AKI is
associated with worse long-term outcomes, including the de-
velopment of chronic kidney disease (CKD) [2—4]. To better
define the AKI to CKD transition, the term acute kidney dis-
ease (AKD) was recently introduced and includes patients
with persistent kidney dysfunction between 7 days and
3 months post AKI [5]. AKD has been shown to be associated
with worse clinical outcomes compared to patients with re-
covery of renal function within 7 days of the development of
AKI, including higher rates of CKD [2—4], increased infection
risk [6], and higher mortality rates [7]. In one study, patients
were stratified by their renal recovery pattern. Those with
renal recovery within 7 days had a 1-year mortality of 9.8%,
those with recovery by hospital discharge had a 29% 1-year
mortality, and those without recovery had a 59.8% 1-year
mortality [7]. Given these risks, renal recovery and AKD are
outcomes of growing clinical interest.

Serum chloride derangements have been increasingly
shown to be associated with poor outcomes, including higher
rates of AKI and mortality in both pediatric and adult popula-
tions [8—15]. The proposed mechanism for this effect is
thought to be related to the impact of hyperchloremia on renal
afferent arteriolar vasoconstriction [16—18]. It is physiologi-
cally plausible that if patients with hyperchloremia have
higher levels of renal afferent arteriolar vasoconstriction, they
may be predisposed to impaired renal recovery and higher
rates of AKD.

The purpose of this study was to determine if persistent
hyperchloremia is associated with impaired renal recovery in
critically ill children with AKI. We hypothesized that among
patients with AKI, those with persistent hyperchloremia in the
first week of their PICU course would be associated with
worse rates of renal recovery after accounting for other clinical
measures known to be associated with AKI.

Methods

We performed a single-center retrospective cohort study of all
patients with AKI on day 2 of admission to the PICU at
Children’s Hospital Colorado from January 2014 to
December 2015. The University of Colorado Multiple
Institutional Review Board approved the study with a waiver
of informed consent. Patients were excluded for the following
reasons: (1) age <90 days or > 18 years, (2) admission to the
separate cardiac intensive care unit for children with primary
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cardiac disease and/or following cardiac surgery, (3) no PICU
admission laboratory values, (4) history of end-stage renal
disease (need for maintenance dialysis or receipt of a renal
transplant), (5) a disorder of chloride transport, and (6) admis-
sion for diabetic ketoacidosis (DKA). DKA was excluded be-
cause of the electrolyte derangements due to hyperglycemia
and its management. Patient demographics, comorbidities,
pertinent laboratory tests, and outcomes were extracted from
the electronic health record (EHR). All laboratory tests were
performed in the clinical laboratory and assessed in calendar
days from the day of PICU admission. Pediatric Risk of
Mortality (PRISM) III score was determined on admission
[19].

Outcomes

The primary outcome was day 7 renal recovery. Secondary
outcomes included day 50 or discharge renal recovery, mor-
tality, duration of mechanical ventilation among survivors,
and hospital length of stay among survivors.

Definitions

For the inclusion criteria, AKI was defined using the Kidney
Disease Improving Global Outcomes (KDIGO) serum creati-
nine criteria [20]. Baseline creatinine was defined as the low-
est serum creatinine in the 3 months prior to admission. If no
baseline creatinine was available, one was calculated using the
bedside Schwartz equation assuming a glomerular filtration
rate (GFR) of 120 mL/min per 1.73 m? as previously de-
scribed and validated [1, 21, 22].

For the outcome of interest, renal recovery was defined as
the absence of AKI serum creatinine criteria on the day of
interest [5, 23]. Specifically, renal recovery was defined as a
normalization of creatinine to a level < 150% of the baseline
creatinine.

Hyperchloremia was defined as a maximum serum chlo-
ride level > 110 mEq/L on the day of interest. Patients were
categorized by derangements in serum chloride concentrations
into four phenotypes: (1) persistent hyperchloremia
(PersistentCl), (2) recovery of chloride derangement
(RecoveredCl), (3) delayed hyperchloremia (DelayedCl),
and (4) no derangements in chloride (NormalCl), based upon
their day 2 and day 7 levels. Hyperchloremia on day 2 and
persistent hyperchloremia on day 7 defined PersistentCl.
Hyperchloremia on day 2 with a return to normochloremia
on day 7 defined RecoveredCl. Normochloremia on day 2,
but with hyperchloremia on day 7 defined DelayedCl.
Normochloremia on day 2 and on day 7 defined NormalCl.
Patients who developed hyperchloremia after day 2 but recov-
ered by day 7 were included in the NormalCl group.

Increase in sodium (1Na) was the difference between the
peak in the first 24 h of the PICU admission and the admission
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sodium level. Percent fluid overload was calculated as: ([total
PICU intake — total PICU output] / PICU admission weight in
kg) x 100 [24]. All diagnosis categories (sepsis, traumatic
brain injury (TBI), respiratory failure, history of oncologic
diagnosis, history of organ or bone marrow transplant) were
based upon International Classification of Diseases 9 (ICD-9)
and ICD-10 diagnosis codes. Diagnosis codes for respiratory
failure for non-pulmonary reasons were included.

Statistical analysis

Clinical and demographic information were summarized and
compared between groups. Non-normally distributed contin-
uous variables were reported as median with interquartile
range and compared using Wilcoxon rank sum and Kruskal-
Wallis tests as appropriate. Categorical variables were sum-
marized as number and percent, and were compared using the
Fisher exact test, Cochran-Mantel-Haenszel (CMH) test, or
chi-square analysis as appropriate. Bonferroni corrected p-
values were calculated to control for multiple pairwise com-
parisons on the outcomes of day 7 renal recovery, discharge
renal recovery, and mortality.

Three multivariable logistic regression models were used
to test for an association between (1) hyperchloremia pheno-
type and day 7 renal recovery, (2) hyperchloremia phenotype
and discharge renal recovery, and (3) hyperchloremia pheno-
type and mortality after adjusting for potential confounders.
The RecoveredCl phenotype was chosen as the reference to
highlight the effect of serum chloride on the outcomes of
interest. Covariates for adjustment were identified via a step-
wise model selection algorithm at an entry level cutoff of 0.35
and a final inclusion cutoff of 0.30. Final covariates included
peak stage of AKI in the first 7 days of the PICU admission,
PRISM III score, age, TNa, history of oncologic diagnosis,
history of organ or bone marrow transplant, and respiratory
failure and diagnoses of sepsis. Although the lowest serum
bicarbonate level in the first 24 h and percent fluid overload
on PICU day 2 were not selected as covariates in the stepwise
selection, we felt that given their importance in relation to
chloride, we included these covariates in the model.
Bicarbonate was chosen as a reflection of the acidosis of the
patient. Fluid overload was chosen as a reflection of the fluid
given to the patient as well as a potential surrogate for the
chloride load, given our hospital’s consistent use of 0.9% sa-
line for both resuscitation and maintenance. Thus, the final list
of covariates used in the models included PRISM III score,
age, TNa, stage of AKI, history of oncologic diagnosis, history
of organ or bone marrow transplant, respiratory failure, diag-
noses of sepsis, lowest serum bicarbonate level in the first
24 h, and percent fluid overload on PICU day 2. Interactive
effects of 1Na and chloride phenotypes were assessed in mul-
tiple logistic regression models. We tested the two-way inter-
actions to evaluate if there was improvement in the model fit.

No interactions were indicated. The statistical significance
level was set at alpha < 0.05. For multiple group comparisons,
p values were Bonferroni corrected. Data analysis was per-
formed using SAS software 9.4, Cary, NC, USA, and JMP
(copyright © 2002-2012 SAS Institute Inc).

Results

A total of 348 children with AKI were included in the study.
Four chloride phenotypes were identified: 20% (n = 68) in the
PersistentCl group, 26% (n=91) in the RecoveredCl group,
4% (n = 14) in the DelayedCl group, and 50% (n = 175) in the
NormalCl group. One hundred twenty-eight patients (37%)
had baseline creatinine in the medical record and 220 patients
(63%) had baseline creatinine calculated based on their height.
The number of patients with baseline creatinine from the med-
ical record for each chloride phenotype was 40% (n = 36) for
RecoveredCl, 24% (n=16) for PersistentCl, 21% (n=23) for
DelayedCl, and 42% (n = 73) for NormalCl. All patients with
calculated baseline creatinine had heights.

For the entire study cohort, renal recovery on day 7 of the
PICU stay was 53% (n = 184), renal recovery at discharge was
58% (n=202), and mortality was 13% (n =45). Thirteen pa-
tients died after day 7 in their PICU stay. Sixty-nine percent
(n=9/13) of them lacked renal recovery on day 7. Table 1
summarizes the patient demographics and clinical character-
istics among the different chloride phenotypes.

In univariate analyses, the PersistentCl phenotype was as-
sociated with the highest proportion of patients with tNa >
5 mEq/L, 50% (n=34), and the lowest serum bicarbonate in
the first 24 h, 17 mEq/L (IQR, 15-21 mEq/L). Other demo-
graphic and clinical differences are summarized in Table 1.
The PersistentCl phenotype had a lower proportion of patients
with renal recovery at day 7 (37%) compared with the
RecoveredCl group (66%, p = 0.002). There was no difference
between the PersistentCl phenotype and either of the
NormalCl (51%) or DelayedCl (71%) phenotypes (Fig. 1).
The PersistentCl phenotype had a lower proportion of patients
with renal recovery at discharge (41%) compared with
RecoveredCl (75%, p =0.0001) and NormalCl (51%, p =
0.009). There was no difference between PersistentCl and
DelayedCl (Fig. 1) phenotypes.

The PersistentCl phenotype was associated with a higher
mortality rate (29%) compared with RecoveredCl (8%, p =
0.002) and NormalCl (8%, p =0.009) (Fig. 2). There was no
difference between PersistentCl and the DelayedCl (29%)
phenotypes. There was no difference in the duration of hospi-
tal length of stay among survivors (p = 0.06). The DelayedCl
had significantly longer duration of mechanical ventilation
among survivors (19.5 days; IQR, 7.5-27; p=0.04).

In a multivariable analysis, the PersistentCl phenotype was
associated with lower odds of day 7 renal recovery (aOR =
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Table 1 Critically ill children with day 2 acute kidney injury demographics and outcomes
Total Overall (N=348) PersistentCl RecoveredCl DelayedCl (N=14)  NormalCl p value
(N=68) (N=91) (N=175)

Age (year) 12.8 (4.1-16.2) 12.6 (2.4-16.3) 9.3 (2.2-15.3) 17 (13.1-18.4) 13.5 (5.1-16.4) 0.003
Weight (kg) 38 (16.4-60.7) 35.5(13.1-57.8) 29 (11.8-54) 57.2 (34.9-71.4) 41.4 (19.5-65) 0.007
Height (cm) 143 (97.5-165.1) 140 (84-165) 123.5 (84.5-162.5) 164.6 (140.9-172.7) 147 (108-167.6) 0.03
Gender (female) 60% (210) 56% (38) 60% (55) 71% (10) 61% (107) 0.74
PRISM III 6 (2-13) 9(3.3-17.8) 9 (3-13) 3.5 (0-16) 5(2-11) 0.001
Day 2% fluid overload 102% (6.1-21.4)  11.1% (4.6-23) 11.3% (7.7-25.6) 6.1 (3.5-15.5) 9.9 (5.8-17.1) 0.05
1 Na>5 mEq/L 37% (128) 50% (34) 32% (29) 36% (5) 35% (61) 0.04
Lowest serum bicarbonate 21 (17-23) 17 (15-22) 19 (17-22) 24.5 (19.3-27.5) 22 (20-25) <0.0001

(mEg/L)
Peak stage AKI 0.03

1 34% (120) 19% (13) 31% (28) 29% (4) 43% (75)

2 36% (127) 43% (29) 42% (38) 43% (6) 31% (54)

3 29% (101) 38% (26) 27% (25) 29% (4) 27% (46)
Renal recovery

On day 7 53% (184) 37% (25) 66% (60) 71% (10) 51% (89) 0.001

At discharge 58% (202) 41% (28) 75% (68) 71% (10) 55% (96) 0.0001
Mortality 13% (45) 29% (20) 8% (7) 29% (4) 8% (14) <0.0001

Continuous variables are presented as median with interquartile range. Categorical variables are presented as percent with number

PersistentCl, hyperchloremia on day 2 and day 7; RecoveredCl, hyperchloremia on day 2 with normochloremia on day 7; DelayedCl, normochloremia
on day 2 and hyperchloremia on day 7; NormalCl, no hyperchloremia on day 2 or day 7. kg kilograms, cm centimeters, PRISM Pediatric Risk of
Mortality score, Na sodium, mEq/L milliequivalents per liter, AK7 acute kidney injury, 7B/ traumatic brain injury. Peak AKI stage refers to the maximal

stage of AKI during the first 7 days of the PICU admission

0.29; 95% CI, 0.14 to 0.60; p =0.009). Unadjusted and ad-
justed odds ratios of day 7 renal recovery are summarized in
Table 2. In a second multivariable analysis, the PersistentCl
phenotype was associated with a lower odds of discharge renal

p =0.002
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recovery (aOR =0.22; 95% CI, 0.11 to 0.48; p=0.0001). In
this analysis, the NormalCl phenotype was significantly dif-
ferent from the RecoveredCl phenotype (aOR =0.39; 95% CI,
0.20 to 0.74; p=0.004), and the DelayedCl group was not

p = 0.009

Day 7 Renal Recovery

Il PersistentCl
[ RecoveredCl

Fig. 1 Day 7 and discharge renal recovery rates by chloride phenotypes.
Patients with PersistentCl had a significantly lower rate of day 7 renal
recovery compared with RecoveredCl (p =0.002), and significantly
lower rate of discharge renal recovery compared with RecoveredCl
(p=0.0001) and NormalCl (p = 0.009). PersistentCl, hyperchloremia on
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day 2 and day 7; RecoveredCl, hyperchloremia on day 2 with
normochloremia on day 7; DelayedCl, no hyperchloremia on day 2, but
with hyperchloremia on day 7; and NormalCl, no hyperchloremia on day
2 nor day 7. p values are Bonferroni corrected for multiple comparisons
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Fig. 2 Mortality rates by chloride phenotypes. Patients with PersistentCl
had a significantly higher rate of mortality compared with those with
RecoveredCl (p =0.002) and NormalCl (p =0.009). PersistentCl,
hyperchloremia on day 2 and day 7; RecoveredCl, hyperchloremia on

significantly different from the RecoveredCl group (aOR =
0.85; 95% CI, 0.20 to 3.64; p = 0.82). Unadjusted and adjust-
ed odds ratios of renal recovery at discharge are summarized
in Table 3.

In a third multivariable analysis, there was a 3.5 times
increase in odds of mortality in those with PersistentCl

|
RecoveredCl

T
DelayedCl NormalCl

day 2 with normochloremia on day 7; DelayedCl, no hyperchloremia
on day 2, but with hyperchloremia on day 7; and NormalCl, no
hyperchloremia on day 2 nor day 7. p values are Bonferroni corrected
for multiple comparisons

(@OR =3.5;95% CI, 1.11 to 11.10; p =0.03) (Table 4) when
compared with those with RecoveredCl. The NormalCl group
was not significantly different from the RecoveredCl group
(aOR=1.81; 95% CI, 0.57 to 5.76; p=0.32). The
DelayedCl group was significantly different from the
RecoveredCl group (aOR =11.35; 95% CI, 1.78 to 72.21;

Table 2 Logistic regression

model parameters and the Covariate Unadjusted 95% CI (p value) Adjusted 95% CI (p value)
association with renal recovery on OR OR
day 7
RecoveredCl Ref Ref Ref Ref
DelayedCl 1.29 0.37 to 4.45 (0.69) 1.66 0.38 to 7.31 (0.50)
NormalCl 0.54 0.32 t0 0.90 (0.02) 0.51 0.28 to 0.94 (0.03)
PersistentCl 0.30 0.16 to 0.58 (0.0003) 0.29 0.14 to 0.60 (0.0009)
Age (years)* 0.97 0.94 to 1.00 (0.05) 0.95 0.90 to 1.00 (0.05)
PRISM IIT* 1.00 0.97 to 1.02 (0.81) 1.04 1.01 to 1.07 (0.02)
Day 2 percent fluid 1.01 1.00 to 1.03 (0.19) 0.99 0.97 to 1.02 (0.50)
overload*
tNa>5 mEqg/L 1.37 0.88 t0 2.13 (0.16) 1.45 0.86 t0 2.43 (0.16)
Sepsis diagnosis 1.38 0.80 to 2.40 (0.25) 1.22 0.63 to 2.36 (0.56)
Respiratory failure 1.09 0.70 to 1.70 (0.72) 1.09 0.64 to 1.86 (0.75)
Oncologic diagnosis 1.5 0.88 t0 2.57 (0.14) 1.43 0.70 to 2.90 (0.33)
History transplant 2.83 1.44 to 5.54 (0.003) 22 0.94 t0 5.13 (0.07)
Lowest bicarbonate 0.99 0.98 to 1.01 (0.57) 0.99 0.95 to 1.04 (0.73)
(mEq/L)*
Peak AKI stage
1 Ref Ref Ref Ref
2 0.52 0.31 to 0.88 (0.01) 0.39 0.22 t0 0.71 (0.002)
3 0.14 0.08 to 0.25 0.08 0.04 t0 0.17
(<0.0001) (<0.0001)

*Identifies the confounders that are continuous variables, odds ratio (OR) is for each unit listed in parentheses.
PersistentCl, hyperchloremia on day 2 and day 7; RecoveredCl, hyperchloremia on day 2 with normochloremia
on day 7; DelayedCl, normochloremia on day 2 and hyperchloremia on day 7; NormalCl, no hyperchloremia on
day 2 or day 7. CI confidence interval, kg kilograms, cm centimeters, PRISM Pediatric Risk of Mortality score, Na
sodium, mEq/L milliequivalents per liter, AKI acute kidney injury, 7B/ traumatic brain injury. Peak AKI stage
refers to the maximal stage of AKI during the first 7 days of the PICU admission
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Table 3 Logistic regression

model parameters and the Covariate Unadjusted 95% CI (p value) Adjusted 95% CI (p value)
association with renal recovery at OR OR
discharge
RecoveredCl Ref Ref Ref Ref
DelayedCl 0.85 0.24 t0 2.96 (0.79) 0.85 0.20 to 3.64 (0.82)
NormalCl 0.41 0.24 to 0.72 (0.002) 0.39 0.20 to 0.74 (0.004)
PersistentCl 0.24 0.12 t0 0.47 0.22 0.11 to 0.48 (0.0001)
(<0.0001)
Age (years)* 0.96 0.93 to 0.99 (0.009) 0.94 0.90 to 0.99 (0.02)
PRISM III* 0.99 0.97 to 1.02 (0.63) 1.02 0.99 to 1.05 (0.24)
Day 2 percent fluid 1.02 1.00 to 1.03 (0.04) 1.00 0.97 to 1.02 (0.78)
overload*
tNa>5 mEqg/L 1.41 0.90 to 2.21 (0.13) 1.49 0.88 to 2.53 (0.14)
Sepsis diagnosis 1.61 0.91 to 2.85 (0.10) 1.49 0.75 t0 2.96 (0.25)
Respiratory failure 1.42 0.90 to 2.23 (0.14) 1.54 0.89 to 2.65 (0.12)
Oncologic diagnosis 1.58 0.91 to0 2.74 (0.11) 1.45 0.71t0 2.95 (0.31)
History of transplant 3.25 1.57 to 6.76 (0.002) 2.62 1.08 to 6.39 (0.03)
Lowest bicarbonate 0.99 0.97to 1.01 (0.51) 1.00 0.96 to 1.03 (0.76)
(mEg/Ly*
Peak AKI stage
1 Ref Ref Ref Ref
2 0.51 0.30 to 0.89 (0.017) 0.37 0.20 to 0.68 (0.0013)
3 0.18 0.10t0 0.32 0.11 0.05t0 0.22
(<0.0001) (<0.0001)

*Identifies the confounders that are continuous variables, odds ratio (OR) is for each unit listed in parentheses.
PersistentCl, hyperchloremia on day 2 and day 7; RecoveredCl, hyperchloremia on day 2 with normochloremia
on day 7; DelayedCl, normochloremia on day 2 and hyperchloremia on day 7; NormalCl, no hyperchloremia on
day 2 or day 7. CI confidence interval, kg kilograms, cm centimeters, PRISM Pediatric Risk of Mortality score, Na
sodium, mEg/L milliequivalents per liter, AKI acute kidney injury, 7B/ traumatic brain injury. Peak AKI stage
refers to the maximal stage of AKI during the first 7 days of the PICU admission

p=0.01). Additionally, 1Na >5 mEq/L had a 3.1 increased
adjusted odds of mortality (aOR =2.77;95% CI, 1.23 t0 6.21;
p=0.01).

When comparing the effects of PersistentCl in reference
to the NormalCl group, the direction of the estimates indi-
cating PersistentCl decreased the odds of recovery at both
day 7 and day 50. The odds of mortality increased with
PersistentCl. Adjusted odds estimates did not reach statis-
tical significance, yet were consistent in direction with the
initial inference. We also performed two post hoc sensitiv-
ity regression analyses on specific subgroups of patients.
The first included only the PersistentCl group and the
RecoveredCl with a total of 159 patients. The inference
was consistent with the initial analysis, with significant
differences observed between the two groups in the same
direction for all three outcomes (data not shown). When
analyzing only the PersistentCl and NormalCl phenotypes
(n=243), the direction of the estimated difference in odds
was consistent with the original inference; however, the
difference only attained statistical significance in the uni-
variate analysis with a decrease in the odds of renal recov-
ery at both day 7 and day 50 and an increase in the odds of
mortality with PersistentCI.
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Discussion

To our knowledge, this is the first pediatric study to evaluate
the effects of chloride on AKI recovery and death in patients
with known AKI. In this study, we demonstrate that persistent
hyperchloremia is a common finding among critically ill chil-
dren with AKI (20%) and that it is associated with impaired
renal recovery and increased mortality. These findings
persisted after adjustment of confounding variables, including
severity of illness, degree of acidosis, and severity of AKI.
Interestingly, the baseline mortality rate was high among the
patients (13%) in our study. This rate was similar to that of
those who developed AKI in a previously reported multi-
national study [1]. Despite the high overall mortality rate in
this population, patients with persistent hyperchloremia still
had a 3.5 greater odds of dying compared with those with a
return to normochloremia.

These effects of hyperchloremia on outcomes in this study
are consistent with prior studies in both adult and pediatric
populations irrespective of AKI diagnosis. We previously
demonstrated that all critically ill children with perturbations
in chloride homeostasis had worse clinical outcomes, includ-
ing mortality [9]. Similarly, Stenson et al. demonstrated that in
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Table 4 Logistic regression
model parameters and the Covariate Unadjusted 95% CI (p value) Adjusted 95% CI (p value)
association with mortality OR OR
RecoveredCl Ref Ref Ref Ref
DelayedCl 4.8 1.19 to 19.32 (0.03) 11.35 1.78 to 72.21 (0.01)
NormalCl 1.04 0.41 to 2.68 (0.93) 1.81 0.57 to 5.76 (0.32)
PersistentCl 5.0 1.97 t0 12.69 (0.0007) 35 1.11 to 11.10 (0.03)
Age (years)* 0.98 0.94 to 1.03 (0.43) 1.00 0.92 to 1.08 (0.96)
PRISM 1IIT* 1.14 1.10to 1.18 1.11 1.06 to 1.16
(<0.0001) (<0.0001)
Day 2 percent fluid 1.02 1.00 to 1.04 (0.08) 1.01 0.97 to 1.04 (0.64)
overload*
tNa>5 mEqg/L 3.34 1.75 to 6.40 (0.0003) 2.77 1.23 t0 6.21 (0.01)
Sepsis diagnosis 0.95 0.42 t0 2.16 (0.91) 0.58 0.20 to 1.67 (0.31)
Respiratory failure 2.82 1.49 to 5.34 (0.001) 1.7 0.75 t0 3.86 (0.21)
Oncologic diagnosis 1.79 0.88 t0 3.63 (0.11) 4.16 1.49 to 11.57 (0.006)
History transplant 0.56 0.19 to 1.64 (0.29) 0.29 0.07 to 1.21 (0.09)
Lowest bicarbonate 0.86 0.81 t0 0.93 0.95 0.87 to 1.04 (0.30)
(mEq/L)* (<0.0001)
Peak AKI stage
1 Ref Ref Ref Ref
2 3.08 1.08 to 8.76 (0.04) 2.15 0.63 to 7.26 (0.22)
3 7.57 2.78 t0 20.63 2.78 0.84 to 9.18 (0.09)
(<0.0001)

*Identifies the confounders that are continuous variables, odds ratio (OR) is for each unit listed in parentheses.
PersistentCl, hyperchloremia on day 2 and day 7; RecoveredCl, hyperchloremia on day 2 with normochloremia
on day 7; DelayedCl, normochloremia on day 2 and hyperchloremia on day 7; NormalCl, no hyperchloremia on
day 2 or day 7. CI confidence interval, kg kilograms, cm centimeters, PRISM Pediatric Risk of Mortality score, Na
sodium, mEg/L milliequivalents per liter, AK7 acute kidney injury, 7B/ traumatic brain injury. Peak AKI stage
refers to the maximal stage of AKI during the first 7 days of the PICU admission

pediatric patients with septic shock, hyperchloremia was in-
dependently associated with a complicated course and in-
creased mortality [10]. Moreover, the subpopulation in the
study by Stenson et al. who had the worst odds for both a
complicated course and mortality, was those with a minimum
chloride level > 110 mEqg/L during the first 7 days of their
PICU stay [10]. This subpopulation of septic patients would
meet our definition of persistent hyperchloremia.

The proposed mechanism for this association with worse
clinical outcomes is the possible effect of hyperchloremia
on glomerular filtration rate (GFR). Increases in the extra-
cellular chloride levels have been shown to lead to vasocon-
striction of the afferent arteriole and decreased GFR in an-
imal models [16]. This vasoconstriction was further illus-
trated by Chowdhury et al. in their experiment with healthy
volunteers in which an infusion of 0.9% saline led to de-
creased renal blood flow and cortical tissue perfusion [18].
It is therefore plausible that hyperchloremia may cause de-
creases in renal perfusion which may lead to new AKI, in-
creased AKI severity, or impaired renal recovery. The etiol-
ogy of the hyperchloremia is unclear. Our working hypoth-
esis is that there is a phenotype of AKI in which the kidneys
are unable to maintain chloride homeostasis and when those

patients are given a large chloride load, they develop
hyperchloremia.

The high frequency of impaired renal recovery in the pa-
tients with persistent hyperchloremia—only 41% having re-
covered upon discharge—is very concerning. It has previous-
ly been shown that a lack of renal recovery increases a pa-
tient’s risk for developing CKD [2] or dying by the 1-year
follow-up [7]. With such significant risks, every effort to pro-
mote renal recovery and prevent potential on-going harm
should be pursued. Therefore, further evaluation of whether
serum chloride is a potential modifiable risk factor is warrant-
ed. Critically ill children may benefit from a decreased chlo-
ride load with the use of balanced fluids for both resuscitation
and maintenance. Research into this approach is currently
underway.

Two other phenotypes worth discussing are DelayedCl and
NormalCl. First, the sample size of the DelayedCl phenotype
is small (n = 14), but the group had a similar absolute mortality
rate to the PersistentCl group. Moreover, in the adjusted re-
gression model, the DelayedCl group had an 11.4 increased
odds of mortality. This further demonstrates that
hyperchloremia is associated with increased mortality.
Second, the NormalCl cohort had a low renal recovery rate

@ Springer



1338

Pediatr Nephrol (2020) 35:1331-1339

that was similar to patients with persistently deranged chloride
homeostasis, but with a relatively lower mortality rate. These
findings may suggest that AKI with vs. without disruption in
chloride homeostasis may represent different phenotypes of
AKI. Though further investigation would be needed to evalu-
ate this hypothesis, these facts highlight the on-going need for
better ways to measure and categorize AKI beyond creatinine.

Our study has several strengths and limitations. One
strength is that we have a large population of critically
ill children with AKI. Another is that we have controlled
for serum sodium, serum bicarbonate, and severity of
AKI. There are several limitations that warrant discussion.
First, this is a retrospective study, and thus we can only
establish associations and not causality. Second, we were
unable to assess the total chloride load of the patients
prior to admission to the PICU. The chloride content of
the fluids may have varied significantly. However, anec-
dotally, 0.9% saline is used almost exclusively at our in-
stitution and referring hospitals. Therefore, the chloride
load given to patients is likely reflected in the fluid vol-
ume delivered. Third, the fluid overload assessment is
based on admission weight. Some patients may have been
volume depleted on admission and thus result in an over-
estimation of the degree of fluid overload in these pa-
tients. Fourth, misclassification of non-recovery from un-
known pre-existing CKD may have occurred in patients
for which there was no baseline creatinine measurement
and one was calculated based on a normative GFR. Fifth,
we did not evaluate for other potential causes of ongoing
renal injury, including nephrotoxic medication burden.
Sixth, while the cohort included in this study is from
nearly 5 years ago, we do not believe there have been
significant changes in management that would impact
chloride load and AKI across many pediatric centers,
making our results relevant to the care of critically ill
children. Lastly, creatinine is an imperfect biomarker and
may overestimate recovery by ignoring a decrease in mus-
cle mass that occurs during critical illness and hospitali-
zations in general [25].

Conclusions

Persistent hyperchloremia is independently associated with
impaired renal recovery as well as increased mortality among
children with AKI early in the course of critical illness. Given
these important risks, prospective studies are indicated to de-
termine whether serum chloride levels represent a modifiable
risk factor for AKI development, AKI recovery, and death.
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