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Abstract

Background and objectives Studies of adults have demonstrated an association between metabolic acidosis, as
measured by low serumbicarbonatelevels, and CKD progression. We evaluated this relationship in children using
data from the Chronic Kidney Disease in Children study.

Design, setting, participants, & measurements The relationship between serum bicarbonate and a composite end
point, defined as 50% decline in eGFR or KRT, was described using parametric and semiparametric survival
methods. Analyses were stratified by underlying nonglomerular and glomerular diagnoses, and adjusted for
demographic characteristics, eGFR, proteinuria, anemia, phosphate, hypertension, and alkali therapy.

Results Six hundred and three participants with nonglomerular disease contributed 2673 person-years of
follow-up, and 255 with a glomerular diagnosis contributed 808 person-years of follow-up. At baseline, 39%
(237 of 603) of participants with nonglomerular disease had a bicarbonate level of =22 meq/L and 36% (85 of
237) of those participants reported alkali therapy treatment. In participants with glomerular disease, 31% (79
of 255) had a bicarbonate of =22 meq/L, 18% (14 0of 79) of those participants reported alkali therapy treatment.
In adjusted longitudinal analyses, compared with participants with a bicarbonate level >22 meq/L, hazard
ratios associated with a bicarbonate level of <18 meq/L and 1922 meq/L were 1.28 [95% confidence interval
(95% CI), 0.84 to 1.94] and 0.91 (95% CI, 0.65 to 1.26), respectively, in children with nonglomerular disease.
In children with glomerular disease, adjusted hazard ratios associated with bicarbonate level =18 meq/L
and bicarbonate 19-22 meq/L were 2.16 (95% CI, 1.05 to 4.44) and 1.74 (95% CI, 1.07 to 2.85), respectively.
Resolution of low bicarbonate was associated with a lower risk of CKD progression compared with
persistently low bicarbonate (=22 meq/L).

Conclusions In children with glomerular disease, low bicarbonate was linked to a higher risk of CKD progression.
Resolution of low bicarbonate was associated with a lower risk of CKD progression. Fewer than one half of all
children with low bicarbonate reported treatment with alkali therapy. Long-term studies of alkali therapy’s effect
in patients with pediatric CKD are needed.

CJASN 15: 755-765, 2020. doi: https://doi.org/10.2215/CJN.07060619

Introduction

Approximately 15% of the United States population is
affected by CKD (1). Although the prevalence in
children is lower, pediatric CKD exacts a large clinical
and economic toll (1). Children with CKD have higher
risk for hospitalizations, metabolic abnormalities,
cardiovascular disease, growth restriction, and cog-
nitive impairment (1-5). Morbidity and mortality
further increases when there is progression to ESKD
(6-8). Thus, identifying modifiable risk factors for
disease progression is important.

Metabolic acidosis is an early, and frequent, com-
plication of pediatric CKD, likely due to the higher
prevalence of congenital abnormalities of the kidney
and urinary tract, and associated tubular dysfunction
(2). In the Chronic Kidney Disease in Children (CKiD)
study, Furth et al. (2) demonstrated that the overall
mean serum bicarbonate level in children with CKD
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was 22 meq/L, compared with 26.7 meq/L in healthy
children in the National Health and Nutrition Exam-
ination Survey III. Rodig ef al. (4) found that as little as
one third of children with low bicarbonate in CKiD
reported treatment with alkali therapy.

Suboptimal treatment is important because obser-
vational studies in animals and adults have docu-
mented the potential role of metabolic acidosis in CKD
progression, and the fact that treatment may slow
disease decline (9-16). The proposed pathogenesis is
complement-mediated tubulointerstitial injury caused
by increased ammonia production per nephron, be-
cause of reduced kidney mass (11,17,18). Other mech-
anisms include increased levels of endothelin and
aldosterone (19-21). There is a paucity of studies
examining low bicarbonate and kidney disease pro-
gression in children. The few investigations have been
of limited duration, focused on multiple risk factors
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(22), or did not encompass a heterogeneous population
(23). We sought to describe and characterize the longitu-
dinal relationship between low serum bicarbonate, a
surrogate for metabolic acidosis, and CKD progression in
children enrolled in the CKiD study. We hypothesized that
low serum bicarbonate would be associated with faster
kidney disease progression and that resolution would be
associated with slower disease progression.

Materials and Methods
Study Population

The CKiD study is a prospective cohort of children aged
6 months to 16 years old with mild to moderate CKD
(stages 2-3 by eGFR) from 54 tertiary care pediatric
nephrology programs across North America. Briefly,
data collected include blood and urine markers of CKD
progression, general health, and prescribed therapies. The
CKiD study design and methods have been described
previously (24). All participating centers had approval
from their respective institutional review boards, and all
participants and families provided informed consent. In-
clusion criteria for our study were age =1 year old, and at
least one serum bicarbonate and eGFR measurement.
Infants were excluded because acceptable values for bi-
carbonate differ from older children (25). Of the 955 CKiD
participants, 97 (10%) were excluded for missing either
bicarbonate measurements or complete baseline data
(Supplemental Figure 1).

Measurements and Definitions of Covariates

Covariates were selected on the basis of known risk
factors or markers of CKD progression. Additionally, we
selected covariates used in a previous study of baseline
bicarbonate and CKD progression (22) so that comparisons
could be drawn. Covariates included age, sex, race, eGFR
(26), proteinuria (26), anemia (defined as hemoglobin <5th
percentile for age, sex, and race) (27), phosphate (centered
at 4.5 mg/dl) (28,29), hypertension (defined as systolic or
diastolic BP =95th percentile for age, sex, height, or prior
medical diagnosis) (30), and alkali therapy (sodium bi-
carbonate and citrate/citric acid agents). We also included
clinically relevant data such as alkali therapy adherence
(defined by a “yes” or “no” response to missing at least one
dose of prescribed alkalinizing agent in the past week) and
reported growth hormone use. For 8% of the data, mea-
surements from the previous visit were carried forward for
missing covariates.

Primary Outcome

The primary outcome was CKD progression defined as
the earliest of either a 50% decline in baseline eGFR or
initiation of KRT (dialysis or transplant). The time of 50%
eGFR decline was interpolated between two visits in which
a 50% decline was known to occur, assuming a linear
decline in eGFR during that time. Dates of dialysis or
transplant were obtained by participant interview and/or
clinical chart review. Participants were censored at
6 months after their last study visit if they did not reach
the composite end point.

Exposure

The primary exposure was serum bicarbonate, measured
at the local clinical sites. On average, participants had four
(interquartile range [IQR], 2 to 7) serum bicarbonate
measurements (five in children with nonglomerular disease
[IOR, 3 to 7] and four in children with glomerular disease
[IQR, 2 to 5]). Bicarbonate values were both dichotomized
as =22 meq/L and >22 meq/L, and categorized as =18
meq/L (very low), 19-22 meq/L (low), and >22 meq/L
(normal). Bicarbonate was treated as both time-fixed
(i.e., baseline) and time-varying. In the first time-to-
event analyses, serum bicarbonate was dichotomized
“acidosis-free” if measured bicarbonate was >22 meq/L
and “ever acidosis” if at least one measured bicarbonate
was =22 meq/L. Participants who entered the study as
acidosis-free contributed to that group until the first
visit where serum bicarbonate was =22 meq/L. After
this point, the participant contributed to the “ever
acidosis” group throughout the remainder of the anal-
yses (Supplemental Figure 2).

In the second time-to-event analyses, using only
participants from the ever acidosis group, we character-
ized time-varying bicarbonate to describe the association
of acidosis resolution and the composite outcome. After
the visit where a participant first became acidotic (bi-
carbonate =22 meq/L), the participant was considered
“resolved” if at follow-up visits serum bicarbonate
measured >22 meq/L or “unresolved” if bicarbonate
was =22 meq/L (Supplemental Figure 3). If bicarbon-
ate fluctuated during follow-up, participants contrib-
uted data to the appropriate bicarbonate group at each
follow-up.

Statistical Analyses

Because of evidence suggesting differences in pro-
gression trajectories, we primarily stratified analyses by
primary CKD diagnosis: nonglomerular or glomerular
(22,31). We present results from analyses of the entire
cohort in the Supplemental Materials (Supplemental
Tables 4-5). Demographic and clinical baseline charac-
teristics of the study population overall, and by serum
bicarbonate categories (very low, low, and normal),
are described.

When bicarbonate was dichotomized (ever acidosis
versus acidosis-free, and unresolved versus resolved),
Kaplan-Meier survival methods were used to estimate
time to the composite event. Parametric survival models
were fit to estimate relative time differences as the metric of
risk related to bicarbonate groups for specific percentiles.
There were variable numbers of children in each group
who reached the composite event so percentiles were
selected on the basis of the nonparametric survival in
order to avoid extrapolation beyond observed data. The
relative percentile measure of association summarizes the
difference in time (in this application, in years) for the Pth
percentile of the exposed group (e.g., those with acidosis)
compared with the unexposed group (e.g., those without
acidosis) (32). Parametric models were chosen using likeli-
hood ratio tests to determine the models of best fit (see
Supplemental Material for full model selection descrip-
tion). When bicarbonate was treated as ever acidosis versus
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Table 1. Baseline demographic and clinical characteristics for 603 children with nonglomerular disease in the CKiD study
= =
Characteristics® Overall (n=603) Nor?;iéigég;‘eq/ LO“IZ)(l(?z :2129%[;8‘1/ Very 110)‘?7”(:4178) meq/
Demographics
Median age (IQR), yr 10 (6, 14) 11 (7, 14) 9(5,13) 11 (8, 14)
Median CKD duration at study 9(5,13) 10 (6, 13) 8 (4,11) 10 (6, 14)
entry (IQR), yr
Male sex, n (%) 404 (67) 243 (66) 133 (70) 28 (60)
Race, n (%)
White 430 (71) 258 (70) 140 (74) 32 (68)
Black 111 (18) 70 (19) 33 (17) 8 (17)
Other 62 (10) 38 (10) 17 (9) 7 (15)
Hispanic ethnicity, n (%) 80 (13) 39 (11) 32 (17) 9 (20)
Clinical characteristics, n (%)
Median height (IQR), z-score —-0.6(~1.4,0.2) —0.4(-1.2,0.4) —0.8 (~1.5, —0.1) —14(-2.1, —0.6)
Hypertension 306 (51) 166 (45) 115 (61) 25 (53)
Median eGFR (IQR), ml/min 50 (36, 62) 54 (41, 66) 44 (35, 56) 34 (28, 44)
per 1.73 m*
eGFR, ml/min per 1.73 m?
=60 171 (28) 132 (36) 36 (19) 3 (6)
=45-60 183 (30) 119 (33) 57 (30) 7 (15)
=30-45 178 (30) 79 (22) 78 (41) 21 (45)
<30 71 (12) 36 (10) 19 (10) 16 (34)
Protein/creatinine ratio, mg/mg
<0.5 375 (62) 252 (69) 107 (56) 16 (34)
0.5-2.0 178 (30) 97 (27) 58 (31) 21 (45)
=2.0 50 (8) 17 (5) 25 (13) 10 (21)
Median serum albumin (IQR), 44 (4.2,4.6) 44 (4.2,4.6) 44(4.2,4.6) 44(4.0,45)
g/dl
Hypoalbuminemia® 12 (2) 5(1) 4(2) 3 (6)
Anemia® 135 (22) 66 (18) 49 (26) 20 (43)
Hyperphosphaterniaf 75 (12) 36 (10) 28 (15) 11 (23)
Hyperkalemia® 45 (7) 16 (4) 21 (11) 8 (17)
Hypocalcemia® 8 (1) 6(2) 0 (0) 2 (4)
Medications, n (%)
Alkali therapy use' 183 (30) 98 (27) 65 (34) 20 (43)
Adherence’ 148/174 (85) 80/92 (87) 53/63 (84) 15/19 (79)
Growth hormone use 68 (11) 30 (8) 28 (15) 10 (21)
*Missing data include CKD onset date: n=4, Hispanic: n=8, height z-score: n=18, and potassium: n=1.
PHypertension was defined as either systolic or diastolic BP =95th percentile for age, sex, height, or prior medical diagnosis.
“eGFR on the basis of the 2012 CKD in Children study equation.
9Hypoalbuminemia was defined as albumin <3.8 g/dl.
°Anemia was defined as hemoglobin <5th percentile for age, sex, and race.
‘Phosphate was centered around 4.5 mg/dl.
SHyperkalemia was defined as potassium >5.2 mmol/L.
"Hypocalcemia was defined as calcium <8.5 mg/dl.
'Alkali therapy includes sodium bicarbonate and citrate/citric acid alkalizing agents.
JAdherence defined as missing more than one dose of prescribed medication in the past 7 days.

acidosis-free, the time origin was the baseline visit. In
analyses using ever acidosis participants only, the time
origin was the subsequent visit after the serum bicarbonate
was =22 meq/L. In these analyses, the acidosis persistency
exposure (unresolved versus resolved) was allowed to be
time-varying.

Finally, we analyzed time to the composite end point by
serum bicarbonate categories using semiparametric Cox
proportional hazards models. In these analyses, the time
origin was the baseline visit. Serum bicarbonate levels were
considered as both time-fixed and time-varying indepen-
dent variables in separate models. We report unadjusted
and adjusted hazard ratios (HRs), and 95% confidence
intervals (95% ClIs). In the adjusted models using baseline
serum bicarbonate, all covariates were also measured at
baseline. For the adjusted models with time-varying serum
bicarbonate, proteinuria, anemia, phosphate, hypertension,

and alkali therapy were treated as time-varying. For
adjusted models, the total missing data were <10% for
both diagnosis groups, thus we employed a complete case
analysis that assumed data were missing at random.
Longitudinal results were censored for death and partic-
ipants lost to follow-up.

As a sensitivity analysis, in the first time-to-event
analyses where serum bicarbonate was dichotomized as
ever acidosis versus acidosis-free, we added a third clas-
sification of “confirmed acidosis,” which required at least
two low serum bicarbonate measurements. The time origin
was the second visit where bicarbonate was measured.
Among this same population, in separate models, we
analyzed time to the composite end point by time-varying
serum bicarbonate categories. We utilized semiparametric
Cox proportional hazards models with the same covariate
adjustments as presented above with the addition of the
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Table 2. Baseline demographic and clinical characteristics for 255 children with glomerular disease in the CKiD study
) =
Characteristics® Overall (n=255) NOH{‘;%Z%& g)neq/ LOWL()l(gn 326 {r;eq/ Very ]}3‘2771(;1188) meq/
Demographics
Median age (IQR), yr 14 (11, 16) 14 (12, 16) 13 (8, 16) 15 (14, 17)
Median CKD duration at study 4(1,8) 4(1,9) 4(2,6) 4(2,6)
entry (IQR), yr
Male sex, 1 (%) 138 (54) 93 (53) 36 (59) 9 (50)
Race, n (%)
White 135 (53) 99 (56) 32 (52) 4(22)
Black 77 (30) 57 (32) 14 (23) 6 (33)
Other 43 (17) 20 (11) 15 (25) 8 (44)
Hispanic ethnicity 40 (16) 19 (11) 17 (29) 4(22)
Clinical characteristics, 1 (%)
Median height (IQR), z-score -0.2(-1.0,0.6) 0.0(-0.8,0.7) -0.5(-1.6,0.2) -1.0(-16, -0.2)
Hypertensionb 154 (60) 98 (56) 43 (70) 13 (72)
Median eGFR (IQR), ml/min 61 (45, 77) 65 (51, 82) 56 (35, 64) 38 (32, 49)
per 1.73 m>
eGFR, ml/min per 1.73 m?
=60 135 (53) 108 (61) 25 (41) 2(11)
=45-60 56 (22) 38 (22) 13 (21) 5(28)
=30-45 45 (18) 23 (13) 15 (25) 7 (39)
<30 19 (7) 7 (4) 8(13) 4(22)
Protein/creatinine ratio, mg/mg
<0.5 112 (44) 81 (46) 25 (41) 6 (33)
0.5-2.0 82 (32) 61 (35) 19 (31) 2(11)
=2.0 61 (24) 34 (19) 17 (28) 10 (56)
Median serum albumin (IQR), g/dl 42(3.7,44) 42(3.8,4.5) 4.1(3.6,44) 3.6(29,4.3)
Hypoalbuminemia 69 (27) 43 (24) 17 (28) 9 (50)
Anemia® 93 (36) 57 (32) 27 (44) 9 (50)
Hyperphosphatemiaf 62 (24) 35 (20) 16 (26) 11 (61)
Hyperkalemia® 20 (8) 5@0) 10 (16) 5(28)
Hypocalcemiah 31(12) 12 (7) 10 (16) 9 (50)
Medications, 1 (%)
Alkali therapy' use 29 (11) 15(9) 10 (16) 4 (22)
Adherence/ 24/27 (89) 13/14 (93) 9/10 (90) 2/3(67)
Growth hormone use 7 (3) 3(2) 4(7) 0(0)
Mlssmg data include CKD onset date: n=7, Hispanic: n=4, height z-score: n=3, and potassium: n=2.
PHypertension was defined as either systolic or diastolic BP =95th percentile for age, sex, height, or prior medical diagnosis.
eGFR on the basis of the 2012 CKD in Childhood study equation.
4Hypoalbuminemia was defined as albumin <3.8 g/dI.
°Anemia was defined as hemoglobin <5th percentile for age, sex, and race.
Phosphate was centered around 4.5 mg/dl.
gHyperkalemla was defined as potassium >5.2 mmol/L.
"Hypocalcemia was defined as calcium <8.5 mg/dL.
‘Alkali therapy includes sodium bicarbonate and citrate/citric acid alkalizing agents.
JAdherence defined as missing more than one dose of prescribed medication in the past 7 days.

previous (lagged) bicarbonate level. In these models, the
time origin was the second visit where bicarbonate was
measured. HRs for the composite outcome were interpre-
ted as the risk associated with low bicarbonate after
adjusting for lagged serum bicarbonate.

Analyses were performed using SAS statistical software,
version 9.4 (SAS Institute Inc, Cary, North Carolina) and
Stata 15 (StataCorp, 2017, College Station, TX). Statistical
significance was evaluated at the 5% level.

Results
Baseline Demographics and Bicarbonate Treatment

The study population comprised 858 participants: 603
children with nonglomerular disease and 255 children with
glomerular disease. Tables 1 and 2 describe baseline de-
mographic and clinical characteristics. Overall, there was a
predominance of boys and white participants, and low

bicarbonate was associated with lower eGFR and more
significant proteinuria. There were a total of five deaths
(Supplemental Table 1). For participants with nonglomer-
ular disease, 39% had a baseline bicarbonate of =22 meq/L
and 36% of those participants were treated with alkali
therapy. During the median follow-up time of 4 years,
alkali treatment rates increased to 46% (Supplemental
Table 2). For participants with glomerular disease, 31%
had a baseline bicarbonate of =22 meq/L and 18% were
treated with alkali therapy. During the median follow-
up time of 3 years, reported treatment rates increased to
23% (Supplemental Table 3).

Low Serum Bicarbonate and Association with CKD
Progression: Unadjusted

Figure 1 displays the time to the composite end point for
the ever acidosis and acidosis-free groups among children
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Composite outcome, n (%) 39 (21) 151 (36) 53 (28) 74 (49)
50% reduction in eGFR 10 (26) 48 (32) 13 (25) 26 (35)
Kidney replacement therapy 29 (74) 103 (68) 40 (75) 48 (65)

Figure 1. | Survival time to 50% declineineGFR or KRT (transplant or dialysis) by “ever acidosis” following the first bicarbonate measurement
among 603 participants with non-glomerular disease (left). Event-free time by acidosis persistence following the first visit after participants
become acidotic among 338 participants with non-glomerular disease who were ever acidotic (right). Parametric Weibull or Lognormal
distributions for each group with location (8) and scale (o) and denoted as WE(B, o) or LN(B, o), respectively, are shown by dashed lines.
Percentiles provided due to differences in the proportion of participants who reached the composite event. The relative percentile measure of
association summarizes the difference in time (years) for the p" percentile of the exposed group (e.g., those with acidosis) compared to the

unexposed group (e.g., those without acidosis).

with nonglomerular disease. Participants classified as ever
acidosis had a shorter time to KRT or a 50% eGFR decline
compared with acidosis-free participants. Specifically, 25%
of the ever acidosis participants experienced the event
3.8 years earlier than 25% of the acidosis-free group. In the
children with nonglomerular disease who were classified as
ever acidosis, those whose low bicarbonate (=22 meq/L)
persisted throughout follow-up had shorter times to disease
progression (Figure 1): 25% had the event 1.8 years earlier
than 25% of the resolved children.

Similarly, among children with glomerular disease, ever
acidosis participants experienced progression 4.3 years
earlier than those who were acidosis-free (Figure 2).
During follow-up, the children with persisting unresolved

low bicarbonate reached the composite end point 3.1 years
earlier than those who had resolution of their low bi-
carbonate (Figure 2).

Sensitivity Analysis

When we included a confirmed acidosis category re-
quiring two low serum bicarbonate levels (=22 meq/L), the
Kaplan-Meier survival curves of the 511 children with
nonglomerular disease and the 213 with glomerular disease
were similar to analyses requiring at least 1 bicarbonate
measurement (Supplemental Figure 4). Regardless of CKD
diagnosis, lower bicarbonate was associated with faster
CKD progression.
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Years from First Visit Post Serum Bicarbonate < 22

No. at Risk
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Unresolved 20 14 12 7 9 4

Glomerular (n=255) Glomerular, ever acidosis (n=105)
Never Acidosis Ever Acidosis Resolved Unresolved
(n=108) (n=147) (n=55) (n=50)
Composite outcome, n (%) 26 (24) 64 (44) 13 (24) 24 (48)
50% reduction in eGFR 16 (62) 20 (31) 6 (46) 9 (38)
Kidney replacement therapy 10 (38) 44 (69) 7 (54) 15 (62)

Figure2. | Survival time to 50% decline in eGFR or KRT (transplant or dialysis) by “ever acidosis” following the first bicarbonate measurement
among 255 participants with glomerular disease (left). Event-free time by acidosis persistence following the first visit after participants become
acidoticamong 105 participants with glomerular disease who were ever acidotic (right). Parametric Lognormal distributions for each group with
location (B) and scale (o) and denoted as LN(B, o) are represented by dashed lines. Percentiles provided due to differences in the proportion of
participants who reached the composite event. The relative percentile measure of association summarizes the difference in time (years) for the
p™" percentile of the exposed group (e.g., those with acidosis) compared to the unexposed group (e.g., those without acidosis).

Multivariable Associations between Low Serum Bicarbonate
and CKD Progression in Nonglomerular and
Glomerular CKD

Extending the survival analysis, semiparametric Cox
proportional hazards models were used, unadjusted and
adjusted, for covariates of interest. In these analyses, serum
bicarbonate was categorized as very low (=18 meq/L), low
(1922 meq/L), and normal (>22 meq/L), and treated as
both time-fixed and time-varying. In participants with
nonglomerular disease (Table 3), unadjusted baseline and
time-varying bicarbonate levels =18 meq/L and 19-22
meq/L were associated with a significantly higher risk for
the composite end point, compared with bicarbonate >22
meq/L. With adjustments for all other covariates of interest
(model 4), bicarbonate =18 meq/L was associated with a

greater hazard for CKD progression at baseline (adjusted
HR 1.95; 95% CI, 1.23 to 3.09) and longitudinally (adjusted
HR 1.28; 95% CI, 0.84 to 1.94), although statistical signif-
icance was lost with the latter.

For participants with glomerular disease (Table 4), base-
line bicarbonate 19-22 meq/L was associated with a higher
hazard for CKD progression in unadjusted analyses (HR
1.79; 95% CI, 1.14 to 2.81). When using time-varying serum
bicarbonate, bicarbonate =18 meq/L and 19-22 meq/L
were associated with a higher unadjusted risk of the
composite end point (HR 8.92; 95% CI, 4.84 to 16.45 and
HR 2.83; 95% CI, 1.80 to 4.47, respectively). In all adjusted
models (models 2—4), both very low and low time-varying
serum bicarbonate were associated with CKD progression.
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Table 3. Hazard ratios (95% confidence intervals) for development of 50% decline in eGFR or KRT (transplant or dialysis) among 603
children with nonglomerular disease contributing 2673 person-years of follow-up and 190 composite events

Serum Bicarbonate Model 1 Model 2 Model 3 Model 4

Baseline bicarbonate

>22 meq/L 1 1 1 1

19-22 meq/L, HR (95% CI) 1.85 (1.35 to 2.52)° 1.17 (0.84 to 1.62) 1.14 (0.82 to 1.58) 1.13 (0.80 to 1.59)

=18 meq/L, HR (95% CI) 5.60 (3.65 to 8.58)° 2.20 (1.40 to 3.43) 1.91 (1.21 to 3.02)* 1.95 (1.23 to 3.09)
Time-varying bicarbonate

>22 meq/L 1 1 1 1

19-22 meq/L, HR (95% CI) 1.71 (1.24 to 2.35) 1.13 (0.81 to 1.57) 0.89 (0.64 to 1.25) 0.91 (0.65 to 1.26)

=18 meq/L, HR (95% CI) 4.01 (2.70 to 5.95)* 1.87 (1.45 to 2.82)? 1.29 (0.85 to 1.96) 1.28 (0.84 to 1.94)

Model 1: unadjusted model. Model 2: model 1 plus adjustment for baseline age (centered at 10), male sex, white race, baseline eGFR (<30,
30-45, 4560, or =60 ml/min per 1.73 m?), and proteinuria (< 0.5,0.5-2.0, or =2.0 mg/mg). Model 3: model 2 plus adjustment for anemia
and phosphate (centered at 4.5 mg/dl). Model 4: model 3 plus adjustment for hypertension and alkali therapy use. HR, hazard ratio; 95%

761

CI, 95% confidence interval.
?Indicates significance.

In analyses of the entire cohort, we observed a higher risk
of CKD progression with time-varying bicarbonate =18
meq/L (Supplemental Table 4) . We also found a higher
risk for the composite event with alkali therapy use
(Supplemental Table 5). In sensitivity analyses adjusting
for previous (lagged) serum bicarbonate level
(Supplemental Table 6), children with nonglomerular
disease had similar HRs (to nonlagged analyses) for very
low and low time-varying serum bicarbonate. In children
with glomerular disease, the association was slightly
stronger in the fully adjusted model (sensitivity model 4)
for bicarbonate =18 meq/L (HR 2.68; 95% ClI, 1.07 to 6.71)
than in models that did not account for previous bicar-
bonates (HR 2.16; 95% CI, 1.05 to 4.44).

Discussion

Using annual assessments of serum bicarbonate over a
long duration of follow-up, our data suggest an association
between low serum bicarbonate and CKD progression.
More specifically, after adjusting for multiple covariates,
bicarbonate =22 meq/L was associated with earlier CKD

progression in children with glomerular disease. Bicarbon-
ate =18 meq/L was linked to a greater risk for CKD
progression in participants with nonglomerular disease.
Outcome differences between disease groups and with
use of baseline versus time-varying bicarbonate values
may be explained by differences in sample size between
the primary disease groups, and the fact that the two
groups may not be similarly affected by CKD comorbid-
ities (22). We also found that many participants with
low baseline serum bicarbonate did not report treatment
with alkali therapies. Reported treatment increased dur-
ing follow-up but remained <50%. This is important
because in our investigation, normalization of low serum
bicarbonate (to >22 meq/L), was linked to slower CKD
progression.

Our findings are consistent with the longitudinal results
from the Comorbidity in Children with CKD (4C) study
(23). Similar to our study, there was a preponderance of
boys enrolled, the majority had congenital abnormalities of
the kidney and urinary tract, and disease progression was
defined as a 50% decline in eGFR or development of ESKD
(23). Different from our study, this cohort was entirely

Table 4. Hazard ratios (95% confidence intervals) for development of 50% decline in eGFR or KRT (transplant or dialysis) among 255
children with glomerular disease contributing 808 person-years of follow-up and 90 composite events

Serum Bicarbonate Model 1 Model 2 Model 3 Model 4

Baseline bicarbonate

>22 meq/L 1 1 1 1

19-22 meq/L, HR (95% CI) 1.79 (1.14 to 2.81)? 1.28 (0.81 to 2.04) 1.28 (0.80 to 2.05) 1.28 (0.80 to 2.05)

=18 meq/L, HR (95% CI) 1.94 (0.92 to 4.09) NE NE NE
Time-varying bicarbonate

>22 meq/L 1 1 1 1

19-22 meq/L, HR (95% CI) 2.83 (1.80 to 4.47)* 2.17 (1.35 to 3.48)* 1.86 (1.15 to 3.02)? 1.74 (1.07 to 2.85)?

=18 meq/L, HR (95% CI) 8.92 (4.84 to 16.45)7 3.27 (1.65 to 6.49)7 2.21 (1.08 to 4.56)7 2.16 (1.05 to 4.44)7

Model 1: unadjusted model. Model 2: model 1 plus adjustment for baseline age (centered at 10), male sex, white race, baseline eGFR (<30,
30-45,45-60, or =60 ml/min per 1.73 m?), and proteinuria (<0.5, 0.5-2.0, or =2.0 mg/mg). Model 3: model 2 plus adjustment for anemia
and phosphate (centered at 4.5 mg/dl). Model 4: model 3 plus adjustment for hypertension and alkali therapy use. Baseline models 2, 3,
and 4 included 237 children with 82 composite events. HR, hazard ratio; 95% CI, 95% confidence interval; NE: not estimated in adjusted
models due to small sample size (1=18, 8 events).

2Indicates significance.
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European, included children with severe CKD, and par-
ticipants were not analyzed by disease category (23). In
the 4C cohort, after adjusting for potential clinical
confounders, serum bicarbonate <18 meq/L was as-
sociated with a twofold higher risk of CKD progression,
compared with a bicarbonate of >22 meq/L (23). Lastly,
there was a small but significant effect of alkali therapy
on disease progression in the 4C study (adjusted HR
0.995 per mg/kg per day bicarbonate equivalent; 95% CI,
0.99 to 1) (23), which was not observed in our study.

Whereas our study represents one of the first to
examine the association between acidosis and CKD
progression in children, this relationship has been docu-
mented in observational studies of adults (12-14,33). In a
study of >5000 participants, after adjusting for risk
factors of disease progression, serum bicarbonate =22
meq/L was associated with a 54% higher risk of CKD
progression (9). In the Chronic Renal Insufficiency Co-
hort study, there was a significant decrease in the risk of
kidney disease progression per 1 meq/L higher serum
bicarbonate (10). In a study of transplant recipients,
participants with time-varying serum bicarbonate <22
meq/L had a greater risk of graft loss, even after
adjusting for confounders such as eGFR and acute
rejection (34).

In our study, slower kidney function decline in partic-
ipants with resolved acidosis suggests that treatment could
attenuate this decline. However, in our data, alkali therapy
use was associated with the composite event. Because alkali
therapy is usually prescribed when bicarbonate is low, the
association could have been subject to confounding by
indication or other unmeasured confounders. In animal
studies, alkali therapy was associated with preservation of
kidney function (11,35-37). Investigations describing the
benefits of an alkaline diet on kidney function further
contribute to the idea that CKD progression may be slowed
with the correction of acidosis (33,38—42). The promising
effects of acidosis treatment on CKD progression have been
shown in small, randomized controlled clinical trials of
adults (15,16,43,44). Currently, there is an ongoing multi-
center, randomized trial of alkali therapy use to preserve
allograft function in adult transplant participants (45).
There are no trials of alkali therapy exclusively in chil-
dren. Larger clinical investigations are needed to better
delineate the effect of acidosis correction on pediatric
kidney function.

This study also highlights the continued potential under
treatment of metabolic acidosis (4) and disparities in
treatment between the primary diagnosis groups. We
believe this is noteworthy because, in addition to the
potential link to CKD progression, metabolic acidosis has
been negatively associated with other pediatric outcomes
such as growth (24,23,46-48). Rodig et al. found that
children with serum bicarbonates of <18 meq/L (com-
pared with =22 meq/L) had lower height SD scores (0.67;
95% (I, 0.31 to 1.03) (4). Similarly our baseline data show
lower height z-scores with low bicarbonate (Tables 1 and
2). Alkali treatment improved growth in children with
renal tubular acidosis (RTA) and normal kidney function
(46,48,49), but this is understudied in CKD. Longitudinal
investigations of the contribution of metabolic acidosis to
poor growth in participants with impaired kidney function

may better inform treatment of the growth failure com-
monly seen in pediatric CKD.

A limitation of our study is the use of annual bicarbonate
values versus more frequent clinical measurements. Addi-
tionally, there is potential variability of bicarbonate mea-
surement using local laboratories but that is balanced by
the risk of erroneous results, which may occur with delays
that can happen when measuring bicarbonate at one
centralized site. We do not have data on calcium carbonate
use. We believe in adjusting for hyperphosphatemia
and we accounted for some of its effect, although we
recognize this as a limitation. We used low serum
bicarbonate as a proxy for acidosis, but bicarbonate
levels do not always correlate with serum pH. Lastly,
we were unable to make causal inferences about the
effect of acidosis on progression to ESKD. Our analyses
strongly suggest that bicarbonate control should be an
important clinical consideration, especially in the pres-
ence of effective and available treatment options (i.e.,
alkali therapy). However, even with adjusting for the
previous year’s bicarbonate value when assessing risk
of CKD progression, we acknowledge our analyses
cannot rule out reverse causality or residual confound-
ing. Future efforts should include blood gases and
consideration of other markers of acid/base status
(e.g., urine ammonium) (50). Despite these limitations,
our study had significant strengths that included a large
sample size and prospective, systematic, and longitu-
dinally collected data.

In conclusion, we found that low serum bicarbonate
was associated with more rapid progression of CKD in
children, even after adjustment for clinical confounders.
This is important because we also demonstrated that
alkali therapy use in pediatric CKD may be underutil-
ized. Future studies should evaluate determinants of
acidosis and prospectively evaluate, in a randomized
fashion, whether treatment of metabolic acidosis im-
proves outcomes, including kidney function and growth,
in pediatric CKD.
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