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Abstract

Recent studies suggest that correcting low serum bicarbonate levels may reduce the progression of
kidney disease; however, few patients with chronic kidney disease have low serum bicarbonate.
Therefore, we examined whether higher levels of serum bicarbonate within the normal range (20—
30 mmol/l) were associated with better kidney outcomes in the African American Study of Kidney
Disease and Hypertension (AASK) trial. At baseline and during follow-up of 1094 patients, the
glomerular filtration rates (GFR) were measured by iothalamate clearances and events were
adjudicated by the outcomes committee. Mean baseline serum bicarbonate, measured GFR, and
proteinuria were 25.1 mmol/l, 46 ml/min per 1.73 m2, and 326 mg/g of creatinine, respectively.
Each 1 mmol/l increase in serum bicarbonate within the normal range was associated with reduced
risk of death, dialysis, or GFR event and with dialysis or GFR event (hazard ratios of 0.942 and
0.932, respectively) in separate multivariable Cox regression models that included errors-in-
variables calibration. Cubic spline regression showed that the lowest risk of GFR event or dialysis
was found at serum bicarbonate levels near 28-30 mmol/I. Thus, our study suggests that serum
bicarbonate is an independent predictor of CKD progression. Whether increasing serum
bicarbonate into the high-normal range will improve kidney outcomes during interventional
studies will need to be considered.
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Long-term follow-up of participants in the African American Study of Kidney Disease and
Hypertension (AASK) showed that >50% died or developed a doubling of serum creatinine
or end-stage renal disease at 10 years of follow-up.1:2 This is particularly concerning as
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>80% of participants in the cohort phase of AASK were on renin—angiotensin blockers and
blood pressure was maintained near recommended target values.! Given that most patients
with chronic kidney disease (CKD) progress over the long term, it is clear that other
strategies are necessary to slow advancing CKD.

In addition to renin—angiotensin blockade, correcting metabolic acidosis might be a useful
additional maneuver to prevent CKD progression. Metabolic acidosis resulting from
impaired urinary acid excretion is a complication of CKD. There are some data suggesting a
detrimental effect of low serum bicarbonate with outcomes in CKD. In a recent study,
individuals with hypertensive nephropathy and serum bicarbonate <22 mmol/I treated with
sodium citrate had improved surrogate markers of kidney disease, such as reduced urinary
excretion of endothelin-1, transforming growth factor-p1, and albumin, compared with those
who were not treated with alkali.3 In a randomized study of 134 CKD patients with serum
bicarbonate levels in the range of 16-20 mmol/l, correcting low serum bicarbonate reduced
the rate of kidney function decline when compared with placebo.# Thus, those CKD patients
with overt reduction in serum bicarbonate levels might benefit from correction of low serum
bicarbonate levels. However, >85% of people with estimated glomerular filtration rate
(eGFR) in the range of 30-49 ml/min per 1.73 m2 and >75% of those with eGFR in the
range of 20-29 ml/min per 1.73 m? do not have low serum bicarbonate (<22 mmol/l).5 Thus,
it is important to examine whether serum bicarbonate in the upper limit of normal range is
associated with better outcomes.

In a retrospective chart review of 5422 adults visiting a general medical clinic, compared
with those with serum bicarbonate levels of 25-26 mmol/l, the low serum bicarbonate (<22
mmol/l) group had a higher hazard of kidney disease progression after adjusting for eGFR.®
In a study of 1106 veterans with mean eGFR of 37+17 ml/min per 1.73 m?2, the lowest
hazard of death was in those with baseline serum bicarbonate levels of 24-29 mmol/l, but
the associations of serum bicarbonate with kidney outcomes were not specifically reported.’
These studies used GFR estimated from serum creatinine by the modification of diet in renal
disease (MDRD) equation to adjust for confounding among the level of renal impairment,
serum bicarbonate, and the outcomes. Even though these analyses controlled for eGFR, it is
possible that lower serum bicarbonate levels might still reflect low true GFR,8 and therefore,
these observational results could still be confounded by the level of kidney function. This
report of the AASK cohort investigates the hypothesis that higher serum bicarbonate levels
within the normal range are associated with improved renal outcomes, while rigorously
controlling for GFR using iothalamate clearance, rather than eGFR, and other potential
confounders.

Baseline characteristics

Characteristics of AASK study participants according to baseline serum bicarbonate (<20
mmol/l, 20-24.9 mmol/l, 25-29.9 mmol/l, and =30 mmol/l) are presented in Table 1. Only
4.3% of the AASK cohort (mean GFR 3413 ml/min per 1.73 m2) had serum bicarbonate
levels <20 mmol/l, whereas 35.5% had serum bicarbonate in the low-normal range (20-24.9
mmol/l). The lowest serum bicarbonate group had lower mean GFR and higher median
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baseline proteinuria. Body mass index was lower in the lowest bicarbonate group. Only 39%
of the participants in the lowest bicarbonate group, but 83% of the participants in the highest
bicarbonate group, were on diuretics at baseline.

Death, dialysis, or GFR event composite in entire cohort

There were a total of 359 death, dialysis, or GFR composite events occurring over 4475
patient-years of follow-up (0.08 events per patient-year). The unadjusted cumulative
incidence of this outcome by serum bicarbonate groups is shown in Figure 1. The event rates
for those with baseline serum bicarbonate <20, 20-24.9, 25-29.9, and =230 mmol/l were
0.17,0.10, 0.06, and 0.06 events per patient-year, respectively.

To account for confounding between serum bicarbonate and other baseline factors, the
association of serum bicarbonate with the composite outcome was next examined in Cox
models (Table 2). After adjusting for age, gender, and randomization groups, each 1 mmol/I
increase in serum bicarbonate was associated with an 11.1% reduction in the hazard of the
clinical composite outcome of death, dialysis, or GFR events (hazard ratio (HR) 0.889, 95%
confidence interval (Cl) 0.859-0.921). Further adjustment for baseline-measured
iothalamate GFR and proteinuria attenuated, but did not eliminate this association (HR
0.950, 95% CI 0.916-0.985). Even though GFR was measured directly based on iothalamate
clearance in this cohort, recognizing that there could be errors in measurements of both
proteinuria and GFR, we next built an errors-in-measurement Cox regression model
adjusting for these covariables. The associations of serum bicarbonate with the above
composite outcome remained significant in that model (Table 2). In sensitivity analyses,
when further adjusted for baseline atherosclerotic conditions, congestive heart failure, mean
arterial blood pressure, body mass index, smoking, serum albumin, and use of diuretics, each
1 mmol/l increase in serum bicarbonate was associated with a statistically significant 4%
lower hazard of the composite death, dialysis, or GFR event (Table 2).

The results of a restricted cubic spline regression model adjusted for gender, age, trial
assignment, GFR, and proteinuria are presented in Figure 2, which shows a linear inverse
relationship between serum bicarbonate levels and the death, dialysis, or GFR event
composite.

Dialysis or GFR event composite in entire cohort

The unadjusted cumulative incidence of the dialysis or GFR event composite was also
higher in the lowest bicarbonate group (Figure 3). There were a total of 278 events occurring
over 4475 patient-years of follow-up (0.06 events per patient-year). The event rates for those
with baseline bicarbonate <20, 20-24.9, 25-29.9, and =30 mmol/l were 0.15, 0.10, 0.05, and
0.05 events per patient-year, respectively.

Each 1 mmol/l increase in serum bicarbonate was associated with a 6% lower hazard of the
composite renal outcome of dialysis or GFR event (HR 0.940, 95% CI 0.902-0.980) after
adjusting for age, gender, trial assignment, GFR, and proteinuria. This relationship persisted
despite extensive adjustment for measurement error and extended covariables (Table 3).
Results of a restricted cubic spline regression model adjusted for gender, age, trial

Kidney Int. Author manuscript; available in PMC 2017 January 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raphael et al. Page 4

assignment, GFR, and proteinuria suggest that the lowest risk of dialysis or GFR event is at
serum bicarbonate levels in the range of 28-30 mmol/l (Figure 4).

Death in entire cohort

There were a total of 105 deaths (including deaths after end-stage renal disease) occurring
over 4475 patient-years of follow-up (0.02 events per patient-year). There were no
associations of serum bicarbonate with death (HR 0.987, 95% CI1 0.923-1.056 for each 1
mmol/l increase in serum bicarbonate) in a Cox model adjusted for demographics, trial
assignment, GFR, and proteinuria.

Serum bicarbonate in the normal range and outcomes

Figures 2 and 4 suggest that higher serum bicarbonate levels within the range of 20-30
mmol/l were associated with improved survival and renal outcomes. We further examined
these in analyses restricted to those with baseline serum bicarbonate levels of 20-30 mmol/I
(n=1017). Cox regression models were carried out in the same fashion as described above
and the results are summarized in Tables 2 and 3. These results suggest that even after
extensive adjustment, each 1 mmol/l increase in baseline serum bicarbonate levels within the
range of 20-30 mmol/l was associated with reduced risk of the composite of death, dialysis,
or GFR event, as well as composite renal outcomes of dialysis or GFR event.

Sensitivity analyses

We conducted additional sensitivity analyses with adjusting for baseline eGFR estimated
from the four-variable MDRD equation. These results were qualitatively similar to the
models using iothalamate-measured GFR. For each 1 mmol/l increase in serum bicarbonate,
the hazard of death, dialysis, or GFR event was lower (HR 0.958, 95% CI 0.924-0.993) in a
multivariable Cox regression model adjusted for demographics, trial characteristics, baseline
proteinuria, and eGFR. In additional sensitivity analyses of anion gap, the Pearson
correlation coefficient between anion gap and serum bicarbonate was low at —0.14, even
though it was statistically significant (£<0.0001). The /2 was 0.0196, indicating that <2% of
the variability in serum bicarbonate was explained by anion gap. After adjustment for
demographics and trial assignment, iothalamate-derived GFR, and proteinuria, anion gap
was not associated with the death, dialysis, or GFR event composite (HR 0.991, 95% ClI
0.949-1.036 for each unit increase in anion gap), or with dialysis or GFR event composite
(0.989, 95% CI 0.940-1.040 for each unit increase in anion gap HR). Because protein intake
might influence serum bicarbonate, a final sensitivity analysis was performed in which we
adjusted for demographics, trial assignment, iothalamate-derived GFR, proteinuria, and
calculated protein intake. Inclusion of calculated protein intake in the Cox models had no
effect on the associations of serum bicarbonate with death, dialysis, or GFR event composite
(for each mmol/I increase in serum bicarbonate: HR 0.950, 95% CI 0.916-0.986) and with
the dialysis or GFR event composite (for each mmol/l increase in serum bicarbonate: HR
0.941, 95% CI 0.902-0.981) in the entire cohort (please see Model 2 in Tables 2 and 3 for
comparison).
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DISCUSSION

The Kidney Disease Outcome Quality Initiative practice guidelines recommend that serum
bicarbonate be kept at a minimum of 22 mmol/l in those with CKD, a cutoff chosen based
on the effect of metabolic acidosis on metabolic bone disease and nutritional parameters.®
However, the optimum serum bicarbonate in CKD might be different when considering renal
and survival outcomes than for metabolic bone disease. In this investigation of the
association of baseline serum bicarbonate on survival and renal outcomes in African
Americans with hypertensive, non-dialysis-dependent CKD, higher serum bicarbonate is
associated with reduced hazard of CKD progression and mortality. More importantly, in
those within the range of serum bicarbonate levels of 20-30 mmol/l, there was an inverse
linear relationship between serum bicarbonate levels and the hazard of death, dialysis, or
GFR event composite, as well as dialysis or GFR event composite (Tables 2 and 3 and
Figures 2 and 4), with the lowest hazard of kidney events observed as serum bicarbonate
levels approach 30 mmol/l.

A strength of this study is that we have carefully considered confounding between baseline
renal function and serum bicarbonate on the clinical end points. Prior studies investigating
the association of baseline serum bicarbonate levels with CKD progression and mortality
used the MDRD formula to estimate GFR.6:7 However, the accuracy of the MDRD equation
was only 83%, even when accuracy was defined as predicting the measured GFR within a
range of £30%.10 Thus, eGFR may be substantially different from measured GFR in an
individual. In a study in which the associations of serum bicarbonate with subsequent
outcomes could largely reflect the associations of serum bicarbonate with baseline GFR, it is
important that the baseline GFR be determined as accurately as possible. Furthermore, we
recognize that there could be random measurement errors of GFR and proteinuria, which are
important confounders of the hypothesis tested in this study. Therefore, we used additional
errors-in-variables regression models to account for this. The results of this study suggest
that after taking all of the above issues into account, the associations of baseline serum
bicarbonate with clinical outcomes is not confounded by the level of baseline kidney
function. These results support the results of prior studies that investigated the associations
of baseline serum bicarbonate with CKD progression or mortality using the MDRD formula
to estimate GFR.67

A major goal of this analysis is to describe the relationship between serum bicarbonate
levels in the 20-30 mmol/I range with the outcomes in CKD. An earlier study suggested that
correcting low serum bicarbonate (16-20 mmol/l) in CKD was associated with better renal
outcomes.* However, most patients with CKD do not have serum bicarbonate at such low
levels, as was apparent in this study, in which <5% of this advanced CKD cohort had serum
bicarbonate levels <20 mmol/Il. This analysis supports the notion that baseline serum
bicarbonate levels in the higher end of the normal range is associated with improved long-
term renal function. These data suggest that individuals with CKD and serum bicarbonate in
the low-normal range might also derive benefit from alkali therapy. Furthermore,
maintaining serum bicarbonate in the high-normal range might improve long-term renal
outcomes rather than maintaining it at a minimum of 22 mmol/I.
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The potential mechanism explaining the finding that the lowest hazard of CKD progression
is in the upper range of normal is speculative, but may involve renal ammonia production.
Nath er a/11 showed that metabolic acidosis increases renal ammonia production, activates
the alternative complement pathway, and contributes to tubulointerstitial injury in a remnant
kidney model. However, increased renal ammonia production has been observed in animals
with normal serum bicarbonate levels after renal ablation—infarction, presumably as a means
to maintain normal systemic acid—base balance.1? Thus, if serum bicarbonate levels are in
the range of 28-30 mmol/l, renal ammonia production and tubulointerstitial fibrosis might
be maximally attenuated. Therefore, administration of alkali in early stages of CKD, when
serum bicarbonate is in the normal range, might reduce ammonia generation and provide a
means to slow tubulointerstitial fibrosis.

Other effects of chronic metabolic acidosis include metabolic bone disease, skeletal muscle
wasting, hypoalbuminemia, insulin resistance, abnormal thyroid function, and elevated C-
reactive protein.13-17 In non-dialysis-dependent CKD, treating metabolic acidosis attenuates
elevations in parathyroid hormone,18 reduces protein degradation,® reduces blood urea
nitrogen,2%:21 and raises 1,25-dihydroxy-vitamin D levels.22

Although this study and a prior study’ suggest that the optimal serum bicarbonate range is
about 28-30 mmol/l in the CKD population, the optimal range of serum bicarbonate in
dialysis patients might be lower. In two hemodialysis studies, the lowest hazard of death was
associated with serum bicarbonate levels of 20-22 mmol/1.23:24 However, in another study of
hemodialysis patients, those with serum bicarbonate > 22 mmol/l had lower hazard of
death.25

The AASK trial was designed to examine the effects of blood pressure control and blood
pressure agents on the slope of GFR decline. Hence, a limitation of our study is that it is a
secondary analysis of an existing database. It is also possible that the serum bicarbonate
level could have been falsely low in some participants at baseline owing to delays in
centrifugation of the blood sample and the measurement of total CO,,25 as samples were
analyzed at a central laboratory. In addition, higher serum bicarbonate levels might reflect
compensation for respiratory acidosis. However, if indeed this is the case, there are no
biological rationale for how respiratory acidosis is associated with improved survival and
reduced kidney disease progression in CKD.

In summary, the results of this investigation suggest that higher serum bicarbonate levels
within the normal range are associated with reduced hazard of mortality and CKD
progression. Furthermore, serum bicarbonate level is an independent predictor of CKD
progression. Interventional trials are warranted to determine the renoprotective effects of
maintaining serum bicarbonate levels between 28 and 30 mmol/l in individuals with CKD.

METHODS

Study participants

The details of the AASK trial have been published earlier.1:227 African Americans, aged 18
to 70 years, with hypertensive CKD (defined by a GFR between 20 and 65 ml/min per 1.73
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m? by renal clearance of iodine 1125 iothalamate clearance and diastolic blood pressure >95
mm Hg) were eligible for the study. Patients were excluded if they had elevated fasting or
random blood glucose, treatment for diabetes, urinary protein to creatinine ratio of >2.5,
accelerated or malignant hypertension, serious systemic disease, congestive heart failure, or
a specific indication for or contra-indication to a study drug.

The AASK study was a 3 x 2 factorial design. Participants were randomized to ramipril,
metoprolol, or amlodipine, and to one of two blood pressure goals (a usual mean arterial
pressure of 102-107 mm Hg or a low mean arterial pressure goal of <92 mm Hg).
Recruitment into the full-scale trial began in February 1995, with planned follow-up through
to September 2001. Using standardized forms, trained personnel obtained data on baseline
demographic, clinical, and laboratory data. At a seated position, 10-20 ml of blood was
collected in serum separator tubes, allowed to clot at room temperature for at least 30 min,
and then centrifuged. Serum samples were mailed overnight in a frozen pack to the Central
Biochemistry Laboratory at the Cleveland Clinic for standardized measurements. Serum
bicarbonate was measured using either the kinetic ultraviolet method (Roche Hitachi 747
autoanalyzer, Roche, Indianapolis, IN) or a CO electrode (Beckman CX3 Delta
autoanalyzer, Beckman, Brea, CA). Urinary protein excretion was expressed as the urinary
protein to creatinine ratio from a 24-h urine collection. The primary outcome was the rate of
change in iothalamate GFR, which was measured twice during baseline, and at months 3, 6,
and every 6 months thereafter for a 3.5-to 6.5-year follow-up period. A main secondary
outcome was a composite of death, end-stage renal disease (dialysis or transplantation), or
GFR event (defined as a GFR reduction by 50% or by 25 ml/min per 1.73 m2 from the mean
of two GFR measurements at baseline). The outcomes committee adjudicated the above
events.

Statistical analysis

Baseline characteristics were summarized and compared between the four serum
bicarbonate groups (defined a priori using clinical criteria) using independent two-sample #
tests or Wilcoxon rank-sum tests as appropriate for continuous variables and Fisher’s exact
test for categorical variables.

Examination of death, dialysis, or GFR event composite

A series of Cox regression models were fit to relate the clinical composite outcome of GFR
event, dialysis, and death to serum bicarbonate as a continuous variable using different levels
of covariate adjustment, with stratification of the baseline hazard by clinical center. Follow-
up time was censored at the administrative end date of the study and permanent loss-to-
follow-up. The initial model included only the AASK intervention groups and the basic
demographic factors of age and gender as covariates. Next, as the most important biological
confounder of the associations of serum bicarbonate with outcomes is baseline level of
kidney function, this model was adjusted for the mean of the two baseline measurements of
iothalamate GFR and logarithm of the baseline 24-h urinary protein to creatinine ratio. A
two-slope spline model was used for iothalamate GFR, with separate slope below and above
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40 ml/min per 1.73 m2, because the association of GFR with the clinical composite was
found to be stronger at lower than at higher GFR levels.

In the third step, an errors-in-variables regression calibration approach?® was applied to the
Cox regression from step 2 to adjust for measurement error in the iothalamate GFR and log-
transformed urine protein to creatinine measurements. This step was necessary because both
these variables have nontrivial random variation, so that conventional Cox regression
analysis without an errors-invariables adjustment may not fully control for confounding
between bicarbonate and baseline renal function. Based on the observed variation in
measured GFR between the two baseline assessments, and the average variation between
log-transformed urine protein to creatinine ratio over 6-month interval in the follow-up
period of the trial, the regression calibration model assumed measurement error variances of
0.0146 for log-transformed GFR and of 0.324 for log-transformed urine protein/creatinine
ratio. The variance estimates correspond roughly to assumed coefficients of variation of 15
and 58% for GFR and urine protein/creatinine ratio, respectively, and reflect both assay
measurement error and short-term biological fluctuations. In the last step, atherosclerotic
conditions, congestive heart failure, mean arterial pressure, smoking, body mass index,
serum albumin, and use of diuretics at baseline were added to the above model. The results
of the final model were interpreted as exploratory, as we recognized that some of these
additional factors could be on the causal pathway between effects of bicarbonate and renal
outcome (thus leading to a risk of overadjustment).

To examine whether higher serum bicarbonate levels in the normal range (20-30 mmol/l)
were associated with better outcomes, two approaches were adopted. In the first approach,
the above Cox regression models were examined in the sub-group of patients with serum
bicarbonate levels in the 20-30 mmol/l range. In the second approach, we modified the
above Cox regression analyses by using a four-degree of freedom restricted cubic regression
spline basis matrix to graphically model the relationship between serum bicarbonate levels
and the clinical composite outcome.2® Because the cubic splines provided smooth functions
over the range of serum bicarbonate in the data set, the results are relatively insensitive to the
selection of the knot points. This analysis was run with adjustment for age, gender, trial
assignment, iothalamate-measured GFR, and logarithm of urinary protein to creatinine ratio,
using serum bicarbonate of 20 mmol/l as the reference.

Examination of dialysis or GFR event composite

The above analyses were repeated with dialysis or GFR event composite as the outcome of
interest.

Examination of death

The above analyses were repeated with death as the outcome of interest. Deaths included
those that occurred after the onset of end-stage renal disease.
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Sensitivity analyses

Baseline GFR estimated from the four-variable MDRD equation was used instead of the
iothalamate GFR to examine the associations of serum bicarbonate with the composite
outcomes in Cox models.

Correlation between anion gap (calculated as the difference between sodium and the sum of
chloride and bicarbonate) and bicarbonate was tested using a Pearson correlation coefficient.
In an additional set of analyses, anion gap was used instead of serum bicarbonate as the
predictor variable in Cox models of time to death, dialysis, or GFR event composite or
dialysis or GFR event composite.

Estimated protein intake was calculated from the baseline 24-h urine urea nitrogen excretion
by the formula 6.25(urine urea nitrogen in g/day +(0.031 g nitrogen/kilogram/day)(weight in

kg)).*°

In all of the above models, key assumptions of the Cox regression models, including linear
effects of baseline factors and proportional hazards over time, were evaluated by preliminary
diagnostic analyses. First, quadratic terms were tested for each continuous covariate to test
for the presence of nonlinear effects of continuous covariates. Only GFR and albumin had
nonlinear associations with the outcomes. Therefore, both linear and quadratic terms were
included for these variables in each of the Cox regressions described above. Second,
interactions of each predictor with follow-up time were tested to evaluate the assumption of
proportional hazards. No significant deviation from proportional hazards was detected.
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Figure 1. Probability of death or renal composite (dialysis or glomerular filtration rate (GFR)
event) according to baseline serum bicarbonate levels

Participants were categorized into four groups according to the baseline bicarbonate levels
(<20 mmol/l, 20.0-24.9 mmol/l, 25.0-29.9 mmol/l, and =30 mmol/l). The unadjusted results

are shown here.
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Figure 2. Restricted cubic spline regression model of the hazard of glomerular filtration rate
(GFR) event, dialysis, or death among all participants by baseline serum bicarbonate levels after
adjusting for gender, age, trial assignment, measured GFR, and proteinuria

The estimated adjusted hazard ratio as a function of baseline serum bicarbonate, using a
bicarbonate level of 20 mmol/l as the reference, with 95% pointwise confidence limits, is

shown here.
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Figure 3. Probability of the renal composite (dialysis or glomerular filtration rate (GFR) event)
according to baseline serum bicarbonate levels

Participants were categorized into four groups according to the baseline bicarbonate levels
(<20 mmol/l, 20.0-24.9 mmol/l, 25.0-29.9 mmol/l, and =30 mmol/l). The unadjusted results
are shown here.
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Figure 4. Restricted cubic spline regression model of the hazard of glomerular filtration rate
(GFR) event or dialysis among all participants by baseline serum bicarbonate levels after
adjusting for gender, age, trial assignment, measured GFR, and proteinuria

The estimated adjusted hazard ratio as a function of baseline serum bicarbonate, using a
bicarbonate level of 20 mmol/l as the reference, with 95% pointwise confidence limits, is

shown here.
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