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Abstract

Background. Metabolic acidosis, usually manifested by
low serum bicarbonate level, is common in chronic kidney
disease (CKD) and appears to be associated with higher
mortality in dialysis patients. It is not known whether a
similar association is present in patients with non-dialysis-
dependent CKD (NDD-CKD).

Methods. We used multivariable-adjusted Cox models to
examine the association between baseline and time-variable
serum bicarbonate (measured as total CO,) with the out-
comes of all-cause mortality and the composite of pre-
dialysis mortality or end-stage renal disease in 1240 male
patients with moderate and advanced NDD-CKD.
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Salem, VA 24153, USA. Tel: +1-540-982-2463; Fax: +1-540-224-1963;
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Published by Oxford University Press on behalf of ERA-EDTA [2008].

Results. Serum bicarbonate showed a significant U-shaped
association with all-cause mortality, with the highest mor-
tality rate observed in patients with baseline serum bicar-
bonate levels <22 mmol/L [multivariable-adjusted hazard
ratio (95% confidence interval) for patients with serum
bicarbonate <22 mmol/L versus >22 mmol/L: 1.33 (1.05—
1.69), P = 0.02] and the lowest mortality observed in pa-
tients with baseline serum bicarbonate of 2629 mmol/L.
The associations between lower serum bicarbonate level
and mortality were morc accentuated in subgroups of pa-
tients with better nutritional status and lower inflammation.
Conclusions. Both lower and higher serum bicarbonates
are associated with increased all-cause mortality in patients
with moderate and advanced NDD-CKD. Clinical trials are
needed to determine if therapeutic interventions aimed at
optimizing serum bicarbonate can result in improved out-
comes in this population.
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Introduction

Metabolic acidosis is a common complication of chronic
kidney disease (CKD) that can have multiple deleterious
metabolic consequences such as uraemic bone disease,
protein-energy wasting, impaired myocardial function and
glucose homeostasis, accumulation of beta-2 microglobu-
lin, chronic inflammation and disturbances in growth hor-
mone and thyroid function [1-3]. While many of these com-
plications of metabolic acidosis have been linked to adverse
clinical outcomes in CKD, it remains unclear if metabolic
acidosis itself has a direct effect on such outcomes. Abnor-
mal serum bicarbonate levels have been associated with in-
creased mortality in patients receiving maintenance dialysis
[4-6], with associations found for both metabolic acidosis
and alkalosis in the Dialysis Outcomes and Practice Pat-
terns Study (DOPPS) [4] and a Fresenius database-based
study [5]. The impact of metabolic acidosis and metabolic
alkalosis has, however, not been studied extensively in pa-
tients with non-dialysis-dependent CKD (NDD-CKD). We
examined all-cause mortality and the composite of pre-
dialysis mortality or end-stage renal disease (ESRD) asso-
ciated with serum bicarbonate levels in a cohort of patients
with moderate and advanced NDD-CKD.

Subjects and methods

Study population and data collection

The study population consisted of 1259 patients evaluated
and treated for NDD-CKD at Salem Veteran Affairs Med-
ical Center (VAMC) between 1 January 1990 and 30 June
2007 and followed up until 1 April 2008. Thirteen female
patients and 6 patients whose race was other than White or
Black were excluded; the final study population consisted
of 1240 patients.

Baseline characteristics of the population were recorded
at the time of the patients’ initial evaluation in the nephrol-
ogy clinic, and included demographic and anthropomet-
ric characteristics, co-morbid conditions and laboratory
results, as detailed before [7,8]. Use of certain medications
[angiotensin-converting enzyme inhibitors or angiotensin
receptor blockers (ACEI/ARB), statins, phosphate binders
and activated vitamin D products] was assessed over the
entire follow-up period and used as a surrogate marker for
quality of clinical care. Glomerular filtration rate (GFR)
was estimated using the abbreviated equation developed
for the Modification of Diet in Renal Disease Study [9] and
categorized according to the staging system introduced by
the Kidney/Dialysis Outcome Quality Initiative (K/DOQI)
Clinical Practice Guidelines for CKD: Evaluation, Clas-
sification, and Stratification [10]. Laboratory parameters
including serum total CO,, which is generally used as an
indirect measure of serum bicarbonate concentration [11],
were recorded longitudinally throughout the follow-up pe-
riod and were averaged over 6-month time periods for time-
dependent analyses. Serum total CO, was measured by a
pH rate of change method (reference range: 20-34 mmol/L,
coefficient of variation: 4.5%) using a Beckman Synchron
LXi analyser (Beckman, Fullerton, CA, USA). All the bio-
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chemical measurements were performed in a single labora-
tory at the Salem VAMC.

Statistical analyses

After descriptive analyses, skewed variables were log-
transformed. Missing data points for comorbidity index
(1% missing), body mass index (BMI, 18% missing), serum
phosphorus (7% missing), serum albumin (4% missing),
blood cholesterol (8% missing), haemoglobin (2% miss-
ing), white blood cell count (WBC, 5% missing), percent
lymphocytes in WBC (6% missing) and 24-h urine pro-
tein (8% missing) were imputed using linear regression
with all other patient characteristics serving as independent
variables. Smoking (5% missing) was analysed by creating
a dummy variable corresponding to missing smoking sta-
tus. Serum bicarbonate was analysed both as a continuous
variable and as a categorical measure after dividing it into
categories of <22 (corresponding to the 10th percentile in
our sample and to the lower limit of desirable bicarbon-
ate level in CKD according to K-DOQI guidelines [12]),
22-25 (10th—50th percentile), 2629 (51st—90th percentile)
and >29 mmol/L (>90th percentile). Serum bicarbonate
was also dichotomized into levels of <22 mmol/L and
>22 mmol/L.

Outcomes analysis: the starting time for survival analysis
was the date of the first encounter in the Nephrology Clinic
at Salem VAMC. Outcome measures were overall (pre-
and post-dialysis) all-cause mortality (ascertained from VA
electronic records) and the composite of pre-dialysis mor-
tality or ESRD (defined as initiation of maintenance dial-
ysis therapy and ascertained from local hospital records
including Medicare Form 2728). Patients were considered
lost to follow-up if no contact was documented with them
for more than 6 months, and they were censored in survival
analyses at the date of the last documented contact. As-
sociations between baseline serum bicarbonate levels and
the above outcomes were evaluated in fixed-covariate Cox
models, with adjustment for potential confounders. Time-
dependent Cox models were used to capture the impact of
temporal changes in serum bicarbonate and other poten-
tial confounders. Variables to be included in multivariable
models included those that showed a significant association
with baseline serum bicarbonate and surrogate markers of
malnutrition and inflammation (body mass index, serum
cholesterol, albumin, white blood cell count and percent-
age of lymphocytes). Selection of variables to be included
in the final multivariable models was performed by a mul-
tivariable regression spline function using backward elimi-
nation of weak predictors using a closed test approach [13];
age, race and surrogate markers of malnutrition and inflam-
mation were forced in the models. Nonlinear associations
were examined by including polynomial terms and by using
restricted cubic splines; analyses were restricted to values
above the 5th and below the 95th percentile of the predic-
tor variable in order to maintain the stability of the spline
models. The joint significance of polynomial terms was
assessed by using the Wald test.

Subgroup analyses were performed in patients divided
by demographic and comorbid conditions and by levels
of kidney function and nutritional markers. Sensitivity
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analyses were performed by using only non-imputed values
of independent variables and by restricting analyses to a
more contemporary cohort of patients enrolled after 1 Jan-
uary 2001. P values of <0.05 were considered significant.
Statistical analyses were performed using STATA statistical
software version 10 (STATA Corporation, College Station,
TX, USA). The study protocol was approved by the Re-
search and Development Committee at the Salem VAMC.

Results

The mean (£SD) age of the cohort was 68 + 11 years,
24% were Black and the mean estimated GFR was 37 +
17 mL/min/1.73 m?. Most patients had CKD stages 3 (57%)
and 4 (30%), with fewer patients having CKD stages 1 (2%),
2 (8%) and 5 (4%). Seven hundred and fifty-one patients
(61%) were enrolled after 1 January 2001. A total of 622
patients died [mortality rate: 124/1000 patient-years, 95%
confidence interval (CI): 115-134] and 267 reached ESRD
(ESRD rate: 62/1000 patient-years, 95% CI: 55-70) during
amedian follow-up of 3.3 years. Thirty-five patients (2.8%)
were lost to follow-up, and their characteristics were not
significantly different (data not shown).

Baseline characteristics in patients divided by categories
of baseline serum bicarbonate are shown in Table 1. Pa-
tients with lower scrum bicarbonate were more likely to
be Black and active smokers and less likely to have preva-
lent diabetes mellitus and cardiovascular disease; they had
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higher comorbidity index, systolic blood pressure, serum
phosphorus and proteinuria and lower eGFR, serum cal-
cium and blood haemoglobin levels. The use of ACEI/ARB
and statins was less frequent, but the use of phosphate bind-
ing medications was more frequent in patients with lower
serum bicarbonate; the use of calcitriol did not differ by
categories of serum bicarbonate level (Table 1).

Patients with lower serum bicarbonate displayed a higher
mortality rate in fixed-covariate Cox models after adjust-
ment for age, race, BMI, comorbidity index, diabetes mel-
litus, cardiovascular disease, smoking, systolic blood pres-
sure, eGFR, serum phosphorus and albumin, white blood
cell count (WBC), percentage of lymphocytes in WBC
count and use of ACEI/ARB, statins and phosphate binders,
but the association between serum bicarbonate and all-
cause mortality was non-linear, with a relative increase in
mortality also seen in patients with serum bicarbonate of
>29 mmol/L (Figure 1, P = 0.008 for the joint significance
of the linear, quadratic and cubic terms). Patients with the
lowest serum bicarbonate experienced the highest mortality
rates: compared to patients with serum bicarbonate levels of
2629 mmol/L, those with serum bicarbonate of <22, 22—
25 and >29 mmol/L experienced a multivariable-adjusted
hazard ratio (95% CI) of 1.43 (1.10-1.87), 1.11 (0.92—-1.35)
and 1.24 (0.94—1.64). Compared to patients with secrum bi-
carbonate of >22 mmol/L, those with levels <22 mmol/L
had a multivariable-adjusted hazard ratio (95% CI) of all
cause mortality of 1.33 (1.05-1.69), P = 0.02. This associ-
ation was more pronounced in subgroups of patients with

Table 1. Baseline characteristics of individuals stratified by categories of baseline serum bicarbonate concentration

Baseline serum bicarbonate (mmol/L) P-value
<22 (N=134) 22-259 (N = 442) 26-29 (N =516) >29 (N = 148)

Age (years) 682+ 11.7 68.0 = 10.5 67.9 £ 109 68.9 £+ 10.7 0.6
Race (Black) 41 (31) 120 (27) 114 (22) 23 (16) 0.006
DM 58 (43) 243 (55) 301 (58) 79 (54) 0.019
ASCVD 70 (52) 241 (54) 297 (57) 98 (606) 0.057
Smoking 43 (34) 102 (24) 128 (26) 28 (20) 0.059
Comorbidity index 31+1.8 24+1.6 24+ 1.7 24+1.6 0.001
Calcitriol use 43 (32) 147 (33) 154 (30) 39 (26) 0.4
Calcium containing medication use 60 (45) 134 (30) 122 (24) 21 (15) <0.001
Sevelamer HCI use 20 (15) 54 (12) S1(10) 9 (6) 0.06
ACEI/ARB use 87 (65) 331 (75) 406 (79) 116 (78) 0.008
Statin use 57 (43) 287 (65) 360 (70) 105 (71) <0.001
BMI (kg/m?) 275455 29.0 £ 5.6 29.8 + 6.0 299 £ 6.4 0.002
SBP (mmHg) 151 +28 152 +£26 149 £ 26 144 £ 24 0.007
DBP (mmHg) 74+ 15 75+ 16 74+ 15 73+ 16 0.4
¢GFR (mL/min/1.73 m2) 272+ 158 348 £15.7 40.0 £ 16.2 459 +19.1 <0.0001
Serum albumin (g/dL) 3.6+0.6 3.6+0.5 3.6+0.5 3.6 £0.5 0.6
Serum cholesterol (mg/dL) 184 4+ 52 191 4+ 55 191 4+ 54 188 + 70 0.5
Serum calcium (mg/dL) 89+ 0.6 9.2+0.6 92+05 93+£05 <0.0001
Serum phosphorus (mg/dL) 42+ 1.1 3.8+0.8 3.7+£0.7 38+0.7 <0.0001
Blood Hgb (g/dL) 114+18 125+18 13018 134+£138 <0.0001
Blood WBC (1000/mm?) 7.1 (6.7-7.6) 7.4 (7.2-7.6) 7.2(7.1-7.4) 7.3 (6.9-1.7) 0.7
Blood lymphocytes (%WBC) 22.8+8.5 232 +83 23.5+8.6 227492 0.7
Proteinuria (mg/24 h) 1150 (900-1470) 776 (673-896) 687 (603-784) 564 (426-745) 0.0006

Data are presented as means = SD, number (% of total) or geometric means (95% confidence interval).
DM, diabetes mellitus; ASCVD, atherosclerotic cardiovascular disease; ACEI/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor
blocker; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; Hgb,

haemoglobin; WBC, white blood cell count.
Comparisons are made by ANOVA or the chi-square test.
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Fig. 1. Multivariable-adjusted log hazards ratios (95% confidence in-
tervals) of all-cause mortality associated with baseline levels of serum
bicarbonate in a fixed-covariate Cox model adjusted for age, race, body
mass index, comorbidity index, diabetes mellitus, cardiovascular disease,
smoking, systolic blood pressure, estimated glomerular filtration rate,
serum phosphorus and albumin, white blood cell count, percentage of
lymphocytes and use of medications.
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Fig. 2. Multivariable-adjusted hazards ratios (95% confidence intervals)
of all-cause mortality associated with a baseline serum bicarbonate of
<22 mmol/L (versus >22 mmol/L) in select subgroups of patients.

higher albumin and cholesterol and lower WBC, but only
the interaction with blood cholesterol level reached sta-
tistical significance (P = 0.047 for the interaction term)
(Figure 2). Time-dependent analyses revealed a similar
U-shaped association between serum bicarbonate and all-
cause mortality, but the lowest mortality rate was observed
in patients with serum bicarbonate levels of ~26 mmol/L
(Figure 3).
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Log hazard mortality
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Fig. 3. Multivariable-adjusted log hazards ratios (95% confidence inter-
vals) of all-cause mortality associated with levels of serum bicarbonate in
a time-dependent Cox model adjusted for age, race, diabetes mellitus, car-
diovascular disease, body mass index, systolic blood pressure, estimated
glomerular filtration rate, serum phosphorus and albumin, white blood
cell count, percentage of lymphocytes and use of medications.

.6 -
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Fig. 4. Multivariable-adjusted log hazards ratios (95% confidence inter-
vals) of the composite outcome of pre-dialysis mortality or end-stage renal
disease associated with baseline levels of serum bicarbonate in a fixed-
covariate Cox model adjusted for age, race, body mass index, comorbidity
index, diabetes mellitus, cardiovascular disease, systolic blood pressure,
proteinuria, estimated glomerular filtration rate, serum phosphorus and
albumin, white blood cell count, percentage of lymphocytes and use of
medications.

The association between serum bicarbonate and the com-
posite outcome of pre-dialysis mortality or ESRD was
similar to its association with mortality in fixed-covariate
(Figure 4) and in time-dependent Cox models (data not
shown). The association of serum bicarbonate with the
studied outcomes remained similar when including non-
imputed independent variables in multivariable models and
when restricting analyses to the more contemporary cohort
of patients enrolled after 1 January 2001 (data not shown).

Discussion

We describe the association between serum bicarbonate
level and all-cause mortality in a large group of patients



1236

with moderate and advanced NDD-CKD. Serum bicarbon-
ate displayed a non-linear relationship with this outcome,
with both lower and higher bicarbonate concentrations
showing an association with higher mortality. The results
were similar in fixed-covariate and time-dependent survival
analyses, although the ideal serum bicarbonate concentra-
tion appeared to be slightly lower in the time-dependent
models.

The mechanism of action whereby higher serum bicar-
bonate could have a positive impact on survival is not
clear. Metabolic acidosis is common in CKD patients re-
ceiving chronic dialysis therapy, due to the impaired abil-
ity of the kidneys to account for the ~1 mEqg/kg body
weight per day of hydrogen ions generated metabolically
in adult patients [11], with lesser severity in patients with
NDD-CKD, depending on the degree of their kidney dys-
function. Effects of metabolic acidosis in CKD include the
exacerbation of uraemic bone disorders, worsened protein-
energy wasting (including muscle wasting and decreased
albumin synthesis), impaired myocardial function and glu-
cose homeostasis, accumulation of beta-2 microglobulin,
chronic inflammation and disturbances in growth hormone
and thyroid function [1-3]. Several of the consequences
of metabolic acidosis have been associated with adverse
outcomes such as increased mortality in CKD, but the
mechanism(s) underlying such associations often remain
obscure, and it is unclear to what extent metabolic acidosis
itself can be directly linked to adverse clinical outcomes.
In a study of 56 385 maintenance haemodialysis patients,
a serum bicarbonate concentration <22 mEq/L was associ-
ated with lower mortality in unadjusted analyses, but with
higher mortality after extensive adjustments for markers of
malnutrition and inflammation [6]. Lower serum bicarbon-
ate was associated with both better nutritional status and
worse outcomes in two other large observational studies
of dialysis patients [4,5]. In the DOPPS study by Bommer
et al. [4], the midweek pre-dialysis serum bicarbonate level
was correlated inversely with protein catabolic rate, serum
albumin and serum phosphorus levels, and the lowest mor-
tality was seen in patients who had a serum bicarbonate of
20.1-21 mEqg/L. Similar to our study, the association with
serum bicarbonate in the DOPPS study and in the study by
Lowrie ef al. [5] from the Fresenius database was U-shaped,
with higher serum bicarbonate level also being associated
with worse mortality. In spite of the similarity of the associa-
tions, there are important differences between the acid—base
status of dialysis-dependent and non-dialysis-dependent pa-
tients with CKD, as dialysis-dependent patients are exposed
to large loads of exogenous bicarbonate in a short period
of time during haemodialysis, which can cause significant
over-correction of metabolic acidosis with resultant nega-
tive effects related to alkalaemia. Since similar events are
unlikely in NDD-CKD, the mechanisms underlying the as-
sociations seen in these two groups may be different and
require separate studying. Negative effects of higher serum
bicarbonate could in general be related to residual con-
founding by unaccounted morbidity (severe lung disease
or congestive heart failure), medication use (diuretics) or
nutritional factors, or could be the results of a truly dele-
terious mechanism related to severe alkalaemia, such as
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hypokalaemia, hypocalcaemia or hypomagnesaemia, with
resultant cardiac arrhythmias [5,14].

We found that the association of mortality with serum bi-
carbonate levels in our study was more pronounced in sub-
groups with better nutritional status; this underscores the
importance of nutrition and inflammation as confounders
of serum bicarbonate, in that they can act both as indepen-
dent predictors of outcomes and as determinants of serum
bicarbonate levels. Higher protein intake can be one of the
causes of a lower serum bicarbonate level in patients with
CKD [15,16], and the deleterious impact of lower serum
bicarbonate could to some extent be masked by the bene-
fits associated with better nutrition. Conversely, metabolic
acidosis can in itself have a negative impact on nutritional
status [1,11,17], with its proteolytic effect possibly medi-
ated by inhibition of insulin signalling through phospho-
inositide 3-kinase [18]. Further strengthening the link be-
tween metabolic acidosis and hypercatabolism in uraemia
are studies showing that interventions aimed at correcting
metabolic acidosis in dialysis patients can improve various
aspects of malnutrition [19-23]. Clinical trials will need to
explore if interventions targeting metabolic acidosis could
improve hard clinical outcomes such as mortality, and to
clarify if such an improvement is mediated through effects
on nutrition and inflammation.

Several limitations of our study need to be mentioned.
The historical and observational nature of the study only
allows us to establish associations, but not causal rela-
tionships between serum bicarbonate level and mortality.
Our study sample was limited to male patients from a
single medical centre; hence, our results may not apply
to the larger population with NDD-CKD. The enrolment
of patients over an extended period of time in our study
makes it possible that secular trends in medical practices
could have affected patient outcomes differently based on
the time of enrolment. To address this issue, we examined
more contemporary patients separately and found similar
in outcomes. Non-random distribution of patients in dif-
ferent bicarbonate categories makes it possible that uneven
medical care in the different groups could affect outcomes.
We addressed this concern by assessing the use of several
medical interventions that are commonly applied in patients
with CKD (such as ACEI/ARB, statins, phosphate binders
and activated vitamin D products) and found that some of
them were used less often, but others more often in patients
with lower serum bicarbonate levels, making it unlikely
that overall poorer medical carec would have been present in
these patients. We did not have data on potentially relevant
variables such as diuretic use and serum potassium levels;
thus, residual confounding from these factors could have
influenced our results.

Lower serum bicarbonate levels are associated with
higher all-cause mortality in patients with moderate and
advanced NDD-CKD, whereas serum bicarbonate between
~24 to 29 mmol/L appears associated with the greatest
survival, even after controlling for the confounding effect
of nutritional status and inflammation. Clinical trials are
needed to determine if therapies aimed at achieving an op-
timal serum bicarbonate concentration could improve such
outcomes. Bicarbonate replacement therapy is affordable
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and easy to apply, making it thus a potentially attractive
therapeutic strategy.
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