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Obesity and the Risk of Low Bicarbonate: A Cohort Study

Douglas C. Lambert and Matthew K. Abramowitz

Rationale & Objective: Acid retention may occur
in the absence of overt metabolic acidosis; thus it
is important to identify populations at risk. Because
obesity may alter renal acid-base handling, we
sought to determine whether overweight and
obesity are associated with increased risk for low
serum bicarbonate levels, suggesting metabolic
acidosis.

Study Design: Retrospective cohort study.

Setting & Participants: Adult patients (n = 96,147)
visiting outpatient clinics in the Bronx, NY, between
January 1, 2010, and December 31, 2015.

Predictor: Body mass index (BMI).
Outcome: Low serum bicarbonate level (€23 mEq/L).

Analytical Approach: Longitudinal analyses were
conducted using mixed-effects models to examine
associations of BMI with serum bicarbonate levels
over time and Cox proportional hazards models to
examine associations of BMI with incident low
bicarbonate levels.

Results: During a median follow-up of 4.4
(interquartile range, 2.3-6.3) years, patients had a

median of 8 serum bicarbonate measurements
and 34,539 patients developed low bicarbonate
levels. Higher BMI was associated with
progressively lower serum bicarbonate levels, with
attenuation of the association in the highest BMI
groups, suggesting a J-shaped relationship.
Compared with the reference group (BMI, 18.5
to <25 kg.m?), patients with BMIs of 25 to <30,
30 to <35, 35 to <40, and 240 kg/m® had HRs
for incident low bicarbonate levels of 1.10 (95%
Cl, 1.05-1.14), 1.16 (95% Cl, 1.11-1.21), 1.20
(95% ClI, 1.14-1.26), and 1.15 (95% CI, 1.09-
1.22). Results were similar after adjustment for
serum urea nitrogen level and exclusion of
patients with diabetes, hypertension, or estimated
glomerular filtration rates < 60 mL/min/1.73 m?,
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Conclusions: Higher BMI is independently asso-
ciated with progressively greater risk for devel-
oping low serum bicarbonate levels, indicating
likely metabolic acidosis. Further research should
explore the causes of low bicarbonate levels in
patients with overweight and obesity.
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Metabohc acidosis is a common complication of
chronic kidney disease (CKD)' that is implicated in
higher rates of skeletal muscle protein breakdown,’
muscle weakness,” functional limitation,” and bone
disease.” Population studies of adults with and without
CKD® ® reveal that metabolic acidosis, defined by a low
serum bicarbonate level, is also associated with
increased risk for kidney function decline and all-cause
mortality. Randomized trials have shown that treat-
ment of metabolic acidosis in patients with CKD slows
kidney functional decline” '” and improves physical
functioning.’

Adverse clinical consequences have been linked to acid-
base changes even in the absence of overt metabolic
acidosis. Lower serum bicarbonate levels within the
normal range are associated with kidney function
decline,'” in addition to low cardiorespiratory fitness,'"
diabetes,'” and low bone mineral density.'® Further-
more, alkali treatment of patients with CKD without
metabolic acidosis reduces levels of markers of kidney
damage and slows glomerular filtration rate (GFR)
decline,'”"'® whereas in adults without CKD who do not
have overt metabolic acidosis, alkali treatment reduces
levels of markers of muscle and bone loss and preserves
bone mineral density.]()’z' Therefore, treatment of acid-
mediated organ damage may be indicated before
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metabolic acidosis is evident. Thus, it is important to
identify populations at risk for this process.

Intriguing data suggest that one such risk factor may
be obesity. In cross-sectional analyses, greater waist
circumference has been associated with lower serum bi-
carbonate levels in patients with CKD,”” and greater body
mass index (BMI) has been associated with lower serum
bicarbonate levels in patients without CKD.'’ Addition-
ally, higher BMI is associated with lower urinary pH, 2324
higher net acid excretion,”” and lower urinary citrate
excretion.”””* Therefore, obesity and its associated
metabolic consequences may predispose patients to
metabolic acid-base disturbances, and these may be
detectable before the development of overt metabolic
acidosis.

However, to date, the relationship of BMI with acid-
base status has been examined to only a limited
extent.' ”*” Given the independent risk for CKD associated
with obesity and metabolic syndrome,””**“ it is important
to clarify the extent to which obesity predisposes patients
to developing low bicarbonate levels. This information
may suggest appropriate clinical interventions to reduce
the already high burden of disease among overweight and
obese individuals.”’

We hypothesized that higher BMI would be associated
with lower serum bicarbonate levels and increased risk for
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PLAIN-LANGUAGE SUMMARY
Overweight and obesity are risk factors for chronic
kidney disease (CKD) and have been associated with
lower urinary pH, suggesting possible abnormalities in
acid-base status. It has not been determined whether
obesity is associated with developing low serum bi-
carbonate levels, an indicator of acid-base abnormality
and a risk factor for CKD. We analyzed a large cohort of
patients using an observational study design to deter-
mine whether greater body mass index (BMI) is asso-
ciated with greater risk for developing low serum
bicarbonate levels. Our results showed that greater BMI
is associated with progressively greater risk for devel-
oping low serum bicarbonate levels. These findings
reveal a potentially treatable abnormality to help pre-
vent CKD and other morbidity in those with overweight
and obesity.

developing low serum bicarbonate levels, even in adults
without baseline kidney disease.

METHODS

Study Population

We assembled a cohort of patients who visited outpatient
clinics within the Montefiore Medical Center (MMC)
health system between January 1, 2010, and December 31,
2015. Inclusion criteria were age 18 years or older,
complete demographic data, 2 or more outpatient clinic
visits during the study period with a basic metabolic panel
checked within 24 hours of the visit, and BMI or weight
value recorded at the office visit or within 90 days before
or after each visit. The index date was defined as the first
basic metabolic panel date. The index BMI was calculated
as the average of BMI values obtained during the 90 days
before and after the index date. To ensure adequate
collection of comorbid condition data, all patients were
additionally required to have been seen in an MMC clinic
within 1 year before the index date.

Patients were excluded if they had, within 10 years
before or 90 days after the index date, any Internationdl
Classification of Diseases, Ninth Revision (ICD-9) diagnosis code
for a kidney transplant, congestive heart failure, pulmo-
nary hypertension, asthma, chronic obstructive pulmonary
disease or other diffuse parenchymal lung disease, obesity
hypoventilation syndrome or obstructive sleep apnea
syndrome, hyperaldosteronism, inflammatory bowel dis-
ease or chronic diarrhea, ascites, cirrhosis, liver disease,
connective tissue disease, HIV infection, AIDS, or any
malignancy or if they had filled within 90 days before
or after the index date any outpatient prescription for
diuretics, sodium citrate, sodium bicarbonate, potassium
chloride, or antiretroviral medications. Patients with
baseline bicarbonate levels <15 or>40 mEq/L or
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236,907 adult patients in
Montefiore health system
for > 1 year between 2010-
2015

Did not satisfy
inclusion/exclusion criteria
(n=92,346)

A 4

144,561 eligible patients

Did not have at least two
outpatient bicarbonate
measurements and BMI values

! (n=47,778)

96,783 patients
with required data

Baseline serum bicarbonate
<15 or > 40 mEq/L,
or baseline BMI < 15 or > 60 kg/mZ
! (n=636)

96,147 patients
in final cohort

Figure 1. Study flow diagram. Abbreviation: BMI, body mass
index.

baseline BMI < 15 or >60 kg/m” were excluded as outliers
(n=636). The final cohort consisted of 96,147 patients
(Fig 1).

The study was approved by the Institutional Review
Board for MMC/Albert Einstein College of Medicine
(Institutional Review Board number: 2018-9100). The
need for informed consent was waived due to the use of

deidentified data.

Data Collection
Age, sex, race/ethnicity, insurance status, zip codes, co-
morbid medical conditions, and laboratory data were ob-
tained from the electronic health record of MMC. Available
body metric and laboratory data for each patient were
collected from the index date through July 1, 2018. BMI
was calculated as weight in kilograms divided by height in
meters squared. BMI values > 10 kg/m” higher or lower
than those temporally adjacent for a given patient were
excluded as erroneous. Patients who identified as Black
Hispanic were included as Hispanic. Patients who identi-
fied as Asian were pooled with patients who did not
identify as Black, Hispanic, or White because of the small
sample size.

Baseline diabetes was defined by any occurrence within
5 years before or 90 days after the index date, an ICD-9
code related to type 2 diabetes, hemoglobin A,. value =
6.5%, or any prescription for diabetes medications. Base-
line hypertension and coronary artery disease were defined
by ICD-9 codes within 5 years before or 90 days after the
index date. Income was defined as the median income
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within each patient’s home zip code using the 2013 to
2017 American Community 5-year estimates from the
Census Bureau.””

To qualify for inclusion, laboratory data had to have
been collected within 24 hours of the index date and any
subsequent office visits. Data were excluded if additional
basic metabolic panels occurred within 7 days after this so
as to avoid inclusion of probable hospital or emergency
department blood samples or those drawn during acute
illness or medication changes in the outpatient setting.
Incident low bicarbonate level was defined as the presence
of at least 2 bicarbonate values < 23 mEq/L after the index
date; time to incident low bicarbonate level was defined by
the date of the first of these.

All outpatient blood samples were processed centrally at
the same MMC hospital laboratory and analyzed using a
standardized process. Samples were drawn by venipunc-
ture and delivered immediately to the laboratory or
refrigerated at 4 to 8 °C until analyzed. Serum creatinine
was measured using a modified kinetic Jaffé reaction, and
bicarbonate levels, by a phosphoenolpyruvate carboxylase
method on the Hitachi Modular System (Roche Di-
agnostics). Estimated GFR (eGFR) was calculated using the
4-variable CKD Epidemiology Collaboration (CKI-EPI)
formula.”’

Statistical Analyses

Patients were stratified by 6 categories of BMI based on
World Health Organization classifications. Baseline char-
acteristics by BMI category were analyzed using analysis of
variance for continuous variables and y” tests for cate-
gorical variables. Linear regression models were created to
examine baseline associations of BMI with serum bicar-
bonate levels. Effect modification was examined between
BMI and key covariates by including multiplicative inter-
action terms in the models. The association of BMI with
serum bicarbonate levels over time was examined using
mixed-effects models specifying random intercepts to
account for within-person correlation and incorporating
time-updated eGFR, BMI, and serum bicarbonate values.
Values for BMI and bicarbonate were averaged over
every 6-month period to facilitate the use of data from
visits in which only BMI or only bicarbonate was
measured. The risk for incident low bicarbonate levels by
BMI category among patients who did not have low
bicarbonate levels at baseline was examined using Cox
proportional hazards models. Time zero was the date of
the first serum bicarbonate value. Patients were censored at
the last available bicarbonate value. The proportional
hazards assumption was verified by visual inspection of
log-log plots.

For all models, covariates selected a priori as potential
confounders included age, sex, race/ethnicity, eGFR, in-
come, insurance status, baseline hypertension, baseline
diabetes, and baseline coronary artery disease. The
continuous association of BMI with risk for incident low
bicarbonate levels was also examined by creating a
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restricted cubic spline model. P <0.05 was considered
statistically significant. All analyses were performed using
Stata, version 13.1 (StataCorp).

Sensitivity Analyses

To account for the effects of dietary protein, we included
serum urea nitrogen (SUN) level in additional linear
regression and Cox proportional hazards model analyses.
To determine whether our findings were driven by par-
ticipants with CKD, we analyzed a subgroup comprising
patients with eGFRs = 60 mL/min/1.73 m” and by addi-
tional eGFR subgroups. In light of the significant influence
of angiotensin-converting enzyme inhibitors on bicar-
bonate levels,”” we analyzed a subgroup of patients
without hypertension at baseline. To test the robustness of
our definition of incident low bicarbonate level, we con-
ducted a second analysis in which 2 bicarbonate lev-
els < 23 mEq/L were required with an interval of 365 days
or less between them.

RESULTS

Baseline Characteristics

Mean age of the study population was 50.3 £ 17 years,
with 61,864 (64%) women, 34,335 (36%) Hispanic,
32,700 (34%) Black, and 11,044 (12%) White partici-
pants (Table 1). Most patients were overweight (BMI, 25-
<30 kg/m?), followed by obese class 1 (BMI, 30-<35 kg/
mz), and normal weight (BMI, 18-<25 kg/rnz). Higher
BMI was associated with a greater prevalence of hyper-
tension, diabetes, and coronary artery disease (Table 1).
The prevalence of Black and Hispanic race/ethnicity ten-
ded to increase with higher BMI, whereas the prevalence of
Asian/other and White race/ethnicity tended to decrease.
Higher BMI was associated with lower median income but
with a higher prevalence of commercial insurance
(Table 1). Small but statistically significant differences in
serum bicarbonate, SUN, and eGFR values were seen across
BMI categories.

Association of BMI With Serum Bicarbonate

After multivariable adjustment, there was a J-shaped as-
sociation of BMI with serum bicarbonate levels. Higher
BMI above the normal range was associated with a graded
decrease in serum bicarbonate levels, which was attenuated
somewhat but remained significant with BMI = 40 kg/m”*
(Fig 2A). Analyses using smaller BMI categories confirmed
a graded association and suggested that higher BMI was
associated with lower serum bicarbonate levels beginning
with BMI > 22.5 kg/m” and confirmed that at the highest
BMI values, the association between BMI and serum bi-
carbonate levels begins to invert (Fig 2B).

Association of BMI With Serum Bicarbonate Over
Time and With Incident Low Bicarbonate

During a median follow-up of 4.4 (interquartile range,
2.3-6.3) years, patients had a median of 8 (interquartile
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Table 1. Baseline Characteristics by BMI Sextiles (World Health Organization Classification)

BMI, kg/m?
Characteristic <185 18.5-<25 25-<30 30-<35 35-<40 240 P
Patients 1,059 (1.1%) 20,357 (21.2%) 33,212 (34.5%) 22,996 (23.9%) 10,945 (11.4%) 7,578 (7.9%) <0.001
Age, y 43.3 (22.8) 48.7 (20.0) 52.0 (16.5) 51.4 (15.2) 49.2 (14.6) 455 (14.1) <0.001
Women 773 (73.0%) 13,231 (65.0%) 19,842 (59.7%) 14,698 (63.9%) 7,671 (70.1%) 5,649 (74.5%) <0.001
Race/ethnicity
Black 332 (31.3%) 5,879 (28.9%) 10,670 (32.1%) 8,369 (36.4%) 4,264 (39.0%) 3,186 (42.0%) <0.001
Hispanic 320 (30.2%) 6,687 (32.9%) 12,106 (36.5%) 8,535 (37.1%) 3,965 (36.2%) 2,722 (35.9%)
Asian/other race 249 (23.5%) 4,668 (22.9%) 6,623 (19.9%) 3,818 (16.6%) 1,679 (15.3%) 1,031 (13.6%)
White 158 (14.9%) 3,123 (15.3%) 3,813 (11.5%) 2,274 (9.9%) 1,037 (9.5%) 639 (8.4%)
Insurance
Commercial 586 (55.3%) 12,112 (59.5%) 20,570 (61.9%) 14,445 (62.8%) 6,877 (62.8%) 4,695 (62.0%) <0.001
Medicare 180 (17.0%) 3,418 (16.8%) 5,264 (15.8%) 3,255 (14.2%) 1,345 (12.3%) 749 (9.9%)
Medicaid 237 (22.4%) 3,795 (18.6%) 5,768 (17.4%) 4,217 (18.3%) 2,197 (20.1%) 1,799 (28.7%)
Self-pay 56 (5.3%) 1,032 (5.1%) 1,615 (4.9%) 1,079 (4.7%) 526 (4.8%) 335 (4.4%)
Median income by zip code
<$30,000 193 (18.2%) 3,585 (17.6%) 6,528 (19.7%) 4,844 (21.1%) 2,463 (22.5%) 2,000 (26.4%) <0.001
$30,000-$49,999 476 (45.0%) 8,965 (44.0%) 15,345 (46.2%) 10,897 (47.4%) 5,187 (47.4%) 3,452 (45.6%)
$50,000-$69,999 164 (15.5%) 3,436 (16.9%) 5,333 (16.1%) 3,468 (15.1%) 1,598 (14.6%) 949 (12.5%)
>$70,000 84 (7.9%) 1,710 (8.4%) 2,344 (7.1%) 1,416 (6.2%) 635 (5.8%) 374 (4.9%)
Not specified 142 (13.4%) 2,661 (13.1%) 3,662 (11.0%) 2,371 (10.3%) 1,062 (9.7%) 803 (10.6%)
Baseline diagnoses
Hypertension 261 (24.6%) 7,084 (34.8%) 15,715 (47.3%) 12,430 (54.1%) 6,253 (57.1%) 4,306 (56.8%) <0.001
Diabetes 90 (8.5%) 3,236 (15.9%) 7,872 (23.7%) 6,989 (30.4%) 3,761 (34.4%) 2,745 (36.2%) <0.001
Coronary artery disease 64 (6.0%) 1,382 (6.8%) 2,755 (8.3%) 1,892 (8.2%) 842 (7.7%) 495 (6.5%) <0.001
Baseline laboratory values
eGFR,* mL/min/1.73 m? 101.3 (29.5) 92.5 (25.6) 88.4 (23.3) 88.5 (23.3) 90.9 (23.7) 95.6 (23.9) <0.001
eGFR < 60 mL/min/1.73 m? 98 (9.3%) 2,106 (10.4%) 3,642 (11.0%) 2,476 (10.8%) 1,030 (9.4%) 552 (7.3%) <0.001
Serum bicarbonate,” mEq/L 25.4 (2.6) 25.6 (2.6) 25.6 (2.5) 25.5 (2.6) 25.3 (2.6) 25.4 (2.6) <0.001
Serum urea nitrogen,® mg/dL 14.2 (6.0) 14.8 (6.1) 15.0 (5.6) 14.9 (5.7) 14.7 (5.8) 14.2 (5.6) <0.001

(n=86,673)

Note: Values expressed as number (percent) or continuous variables as mean (standard deviation).

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate.
#Calculated using Chronic Kidney Disease Epidemiology Collaboration creatinine equation.
Conversion to Sl units (mmol/L): 1 mEq/L = 1 mmol/L.
°Conversion to Sl units (mmol/L): 1 mg/dL = 0.357 mmol/L.
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Figure 2. Association of body mass index (BMI) with serum bicarbonate levels. (A, B) Differences in baseline serum bicarbonate
levels according to (A) World Health Organization (WHO) BMI groups and (B) smaller BMI categories. (C, D) Association of
time-updated BMI with serum bicarbonate levels over time according to (C) WHO BMI groups and (D) smaller BMI categories.
Models adjusted for age, sex, race/ethnicity, and baseline income, insurance status, estimated glomerular filtration rate, hypertension,
diabetes, and coronary artery disease status. Bars denote 95% Cl. n = 96,147; *P < 0.001; #P < 0.01. Abbreviation: ref, reference.

range, 5-13) serum bicarbonate measurements, and
34,539 (36%) developed low bicarbonate levels. Using
time-updated BMI, eGFR, and serum bicarbonate values,
the same J-shaped association was observed (Fig 2C and
D), whereas the effect of time was significantly positive
(0.01 mEq/L per 6-month period; P <0.001). Higher BMI
was associated with a progressively greater hazard of
incident low bicarbonate levels through BMI of 40 kg/m*
(Fig 3A). Compared with patients with normal BMI, those
with BMI of 35 to <40 kg/m” had a 20% (95% CI, 14%-
26%) higher hazard of developing low bicarbonate levels.
This association was attenuated at higher BMI values but
remained significant. When examined within smaller BMI
categories, the same significant J-shaped relationship was
observed (Fig 3B). Analysis using a restricted cubic spline
model also revealed a J-shaped relationship (Fig S1).

Effect Modification by Race/Ethnicity

In prospective analyses, there was significant effect
modification of the association of BMI with incident low
bicarbonate levels by race/ethnicity (P <0.01). At every
BMI level, the hazard was greatest among White patients
while nonsignificant among Black patients (Table 2).
Among Hispanic and Asian/other patients, the hazard was
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significant but lower in magnitude compared with White
patients (Table 2). These differences by race/ethnicity
prompted further subgroup analysis to explore potential
explanations for the effect modification. Given the asso-
ciation of diabetes with acid-base disturbances’” and the
known differences in diabetes prevalence by race/
ethnicity,”' we repeated analyses in the subgroup of pa-
tients without baseline diabetes mellitus. In comparison to
the whole cohort (Fig 3A and B), the association of higher
BMI with higher hazard of low bicarbonate levels was
similar (Fig 4). Among all subgroups analyzed, the largest
magnitude of effect was seen among White patients
without baseline diabetes (Fig S2a). As a comparison,
among Black patients without baseline diabetes, the asso-
ciation of BMI with incident low bicarbonate levels was
nonsignificant (Fig S2b).

Sensitivity Analyses

Including SUN level in our model attenuated slightly the
degree to which higher BMI was associated with incident
low bicarbonate levels but did not meaningfully change
our results (Fig S3). When restricted to patients with
eGFRs = 60 mL/min/1.73 m” (Fig S4), the increase in
hazard of incident low bicarbonate level was greater in

Kidney Med Vol 3 | Iss 4 | July/August 2021
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Figure 3. Association of body mass index (BMI) with incident low bicarbonate levels. (A, B) Hazard ratios according to (A) World
Health Organization (WHO) BMI groups and (B) smaller BMI categories among participants without low bicarbonate levels at base-
line. Models adjusted for age, sex, race/ethnicity, and baseline income, insurance status, estimated glomerular filtration rate, hyper-
tension, diabetes, and coronary artery disease status. Bars denote 95% CII. n = 81,400; *P < 0.001; #*P < 0.05. Abbreviation: ref,

reference.

magnitude compared with the combined cohort. The same
occurred when analysis was limited to those without
baseline hypertension (Fig S5). Analyses by eGFR sub-
groups revealed that associations of higher BMI with lower
baseline serum bicarbonate levels and higher hazard of
incident low bicarbonate levels were of greatest magnitude
among patients with relatively preserved eGFRs (Fig S6;
Table S1). Restricting the definition of incident low bi-
carbonate level to 2 low bicarbonate levels within 365 days
or less of each other did not materially change the point
estimates of hazard or the significance of the results
(Table S2).

DISCUSSION

In a large diverse multiethnic cohort, we found that
obesity is associated with lower serum bicarbonate levels
and increased risk for developing low bicarbonate levels,
an indicator of likely metabolic acidosis. Our results
demonstrate graded associations of higher BMI with lower
serum bicarbonate levels, even after adjustment for mul-
tiple potential confounders. Furthermore, among in-
dividuals without low bicarbonate levels at baseline,
higher BMI was associated with a progressively greater risk
for developing low bicarbonate levels. These associations
increased in magnitude up to BMI of 40 kg/mz, after

Table 2. The Hazard of Incident Low Bicarbonate by BMI Group, Subgroups by Race/Ethnicity

Black Hispanic
BMI Group, kg/m? Hazard Ratio 95% CI P Hazard Ratio 95% CI P
<18.5 1.15 0.88 - 1.49 0.31 1.22 0.95 - 1.68 0.12
18.5-< 25 Reference 0 — Reference 0 —
25-< 30 1.02 0.94-1.09 0.66 1.10 1.038-1.18 0.01
30-< 35 1.06 0.98-1.14 0.14 1.17 1.09-1.26 <0.001
35-<40 1.08 0.99-1.18 0.08 1.22 1.12-1.33 <0.001
>40 1.04 0.94-1.14 0.49 1.21 1.09-1.34 <0.001
BMI Group, kg/m? Asian/Other White

Hazard Ratio 95% Cl P Hazard Ratio 95% Cl P
<185 0.93 0.66-1.30 0.66 1.32 0.90-1.93 0.16
18.5-<25 Reference 0 - Reference 0 —
25-<30 1.15 1.05-1.26 <0.01 1.21 1.08-1.36 <0.01
30-<35 1.18 1.06 - 1.30 <0.01 1.38 1.21 - 1.57 <0.001
35-<40 1.26 1.11-1.43 <0.001 1.41 1.20 - 1.66 <0.001
>40 1.15 0.98 - 1.34 0.08 1.38 1.14 - 1.67 <0.01

Abbreviations: BMI, body mass index.

Kidney Med Vol 3 | Iss 4 | July/August 2021
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Figure 4. Association of body mass index (BMI) with serum bi-
carbonate levels among participants without diabetes. Differ-
ences in baseline serum bicarbonate levels according to World
Health Organization (WHO) BMI groups among patients without
baseline diabetes mellitus. Model adjusted for age, sex, race/
ethnicity, and baseline income, insurance status, estimated
glomerular filtration rate, hypertension, and coronary artery dis-
ease status. Bars denote 95% CIl. n = 71,454; *P < 0.001.

which they were attenuated but remained significant.
These findings persisted even after excluding individuals
with diabetes or CKD. Overall, our results indicate that
obesity is a previously unrecognized risk factor for the
development of low bicarbonate levels in a non-CKD
population.

Given that greater BMI and waist circumference have
been associated with higher Pco, levels,”” it is unlikely
that lower serum bicarbonate levels among obese in-
dividuals on a population level is a result of renal
compensation for hyperventilation-induced respiratory
alkalosis. Therefore, these results likely represent metabolic
acidosis. Prior research demonstrates an association of
greater obesity with impaired renal acid excretion,
including lower urinary pH.””’"’® More metabolic
syndrome features, and specifically greater insulin resis-
tance, are also associated with progressively lower urinary
pH,’*’" implicating a causal role for obesity-related
metabolic dysfunction.

A recent study has also shown a positive association of
BMI and net acid excretion that is independent of diet, and
that obese individuals excrete a lower proportion of total
urinary acid as ammonium.”* Thus, obese individuals may
have elevated acid generation rates in addition to an
impaired capacity to excrete the daily acid load. Over time,
resultant net acid retention would be expected to deplete
body buffers, with a reduction in serum bicarbonate levels
a relatively late effect.”® Our results now support the idea
that this acid retention is proportional to excess weight and
also incompletely compensated. Although our study was
not designed to examine whether metabolic acidosis
contributes to CKD development in the obese, our results
now link obesity to a well-known risk factor for CKD
development.
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We suspect that the J-shaped relationship in our results
likely reflects the presence of undiagnosed obesity hypo-
ventilation syndrome at higher BMI values. The inflection
points observed in our analyses occurred at BMI values
between 40 and 45 kg/m?, consistent with the average
BMI among patients with diagnosed obesity hypo-
ventilation syndrome.’” However, prior research has
shown that obesity-related carbon dioxide retention is not
limited to morbid obesity but rather occurs in lesser stages
of obesity.38 For this reason, our results likely underesti-
mate the true magnitude of acid-base disturbance among
individuals with greater degrees of obesity.

The near absence of a relationship between BMI and
bicarbonate levels in Black patients was especially striking.
Prior research has shown that postmenopausal Black
women compared with White women have significantly
higher urinary pH that is independent of dietary intake and
other urinary markers.’” Skin fibroblasts in Black compared
with White patients have higher sodium-hydrogen anti-
porter activity,”” suggesting possible differences in the
kinetics of acid-base homeostatic mechanisms. Alterna-
tively, BMI compared with other markers has been shown
to be a poor predictor of metabolic risk in Black women,™"
which may limit its utility as a predictor of outcomes in
our study.

The near absence of an association of BMI with serum
bicarbonate levels or incident low bicarbonate levels
among those with lower eGFRs (Fig S6; Table S2) may be
due to undocumented use among this subgroup of di-
uretics or alkali. Additionally, because declining GFR is a
significant risk factor for metabolic acidosis," the risk for
low bicarbonate levels attributable to BMI at lower GFRs
may be more difficult to detect. Although the wide CIs
make it difficult to draw conclusions about the association
of BMI and baseline bicarbonate levels among patients
with eGFRs of 15 to <30 mL/min/1.73 m?, these results
suggest a positive rather than negative association in this
subgroup (Fig S6). Discordant with this is the suggestion
of a still elevated risk for incident low bicarbonate levels
among obese class II patients in this subgroup in the
survival analysis (Table S1). These results again may be due
to alkali and diuretic treatment, which may raise the
average bicarbonate levels among these groups, but not
completely mitigate the risk for incident low bicarbonate
levels. Further investigation is warranted in larger CKD
cohorts.

Limitations of our study relate to the observational
study design. In this large cohort, we were unable to
confirm acid-base status because of the lack of arterial
blood gases. Future studies should confirm our findings
with arterial pH measurements. Measurements of bicar-
bonate are subject to daily fluctuations from diet*” and
variations due to sample handling,43 effects that we would
expect to bias our results toward the null hypothesis. There
is also the possibility that differences in dietary alkali or
protein intake related to obesity could partly explain our
findings; we were also unable to control for the effect of
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dietary net endogenous acid production on serum bicar-
bonate levels** and were limited to using SUN level as a
surrogate for dietary protein. Finally, we were unable to
definitively exclude from our analysis patients with un-
documented obesity hypoventilation syndrome, whose
inclusion may have confounded our results toward an
underestimation of the degree of low bicarbonate levels in
those with obesity.

If confirmed by future studies, our findings suggest that
weight loss and measures to reduce acid production, such
as increased consumption of fruits and vegetables,'**°
may be important population-level interventions to
reduce risk factors for CKD development and mortality in
those with overweight and obesity.
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