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ABSTRACT

Background. The risk of adverse geriatric outcomes such as falls and fractures is high among patients with chronic
kidney disease (CKD). Metabolic acidosis is associated with protein catabolism and bone loss in experimental animal
and human studies. We sought to quantify the independent association of metabolic acidosis with adverse muscle, bone
and functional outcomes in a large US community-based cohort.
Methods. The Optum’s de-identified Integrated Claims-Clinical dataset of US patients (2007–2017) was used to generate
a cohort of patients with nondialysis-dependent CKD who had estimated glomerular filtration rate >10 to <60 mL/min/
1.73 m2 and two serum bicarbonate values 12 to <22 mmol/L or 22–29 mmol/L. The primary outcomes were failure to
thrive, protein-calorie malnutrition, and fall or fracture. Cox proportional hazards models were used for the primary
outcomes for up to 10 years, while logistic regression models were used at 2 years.
Results. A total of 51 558 patients qualified for the study, with a median [Interquartile Range (IQR)] follow-up time of 4.2
(2.5–5.8) years. Over a ≤10-year period, for each 1 mmol/L increase in serum bicarbonate, the hazard ratios (adjusted for
age, sex, race, estimated glomerular filtration rate, serum albumin, hemoglobin, diabetes and cardiovascular
comorbidities) for failure to thrive, protein-calorie malnutrition and fall or fracture were 0.91 [95% confidence interval
(CI): 0.90–0.92], 0.91 (95% CI: 0.90–0.92) and 0.95 (95% CI: 0.95–0.96), all P < 0.001, respectively.
Conclusions. The presence and severity of metabolic acidosis was a significant, independent risk factor for failure to
thrive, protein-calorie malnutrition and fall or fracture in this large community cohort of patients with stage 3–5 CKD.
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INTRODUCTION

Chronic kidney disease (CKD) has been described as a model
of premature aging [1]. Consistent with this paradigm, pa-
tients with CKD have accelerated bone and muscle loss and are

predisposed to nutritional decline, which can lead to the de-
velopment of sarcopenia and osteoporosis [2–5]. These develop-
ments confer a higher risk of major clinical consequences in-
cluding falls, fractures and functional decline in this population
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[3]. While kidney failure requiring dialysis has been associated
with amarkedly high risk of fracture, patientswith earlier stages
of CKD are also at increased risk [6]. Furthermore, CKD is also as-
sociated with frailty, malnutrition and an increased likelihood
of disability [7]. ‘Failure to thrive’, a condition generally associ-
ated with the geriatric population, is described as a multifacto-
rial state of decline that may be caused by chronic diseases and
functional impairment [8].

Impaired tubular function accompanying CKD impairs acid
excretion and leads tometabolic acidosis [9]. Although serumbi-
carbonate is generallymaintainedwithin the normal range until
the estimated glomerular filtration rate (eGFR) declines to below
40 mL/min/1.73 m2 (i.e. stage 3b or more advanced CKD), there
is abundant evidence that acid retention and impaired renal net
acid excretion is present as early as stage 2 CKD [10, 11]. Buffer-
ing of retained acid by bone leads to loss of bone mass through
a direct physicochemical mechanism as well as through inhibi-
tion of osteoblasts and activation of osteoclasts [12]. Addition-
ally, metabolic acidosis leads to protein catabolism and muscle
loss [13]. Further, a decrease in systemic pH appears to stimulate
secretion of proinflammatory cytokines by macrophages, which
can contribute to muscle wasting [14].

We hypothesized that metabolic acidosis may be an impor-
tant contributor to the clinical manifestations of accelerated ag-
ing seen in patients with CKD: falls, fractures, protein-calorie
malnutrition and failure to thrive. Here, we investigated the re-
lationship between metabolic acidosis and adverse clinical out-
comes in a large US community-based cohort of over 51 000
patients with nondialysis-dependent CKD stage 3–5.

MATERIALS AND METHODS

Study design and data sources

In this retrospective cohort study, we accessed Optum’s de-
identified Integrated Claims-Clinical dataset of US patients
(2007–2017), a clinical repository that contains over 81 mil-
lion people with different health insurance plans, including
those who are uninsured, from all 50 states in the USA and
Puerto Rico. The data available in the Electronic Health Records
(EHR) database include demographics, comorbidities, laboratory
data, procedure and diagnosis information,medication data and
provider notes extracted with natural language processing. Data
were cleaned by investigators using validity parameters on lab-
oratory values (Supplementary data, Table S1).

Study cohort

Data collection for the study cohort included records from Jan-
uary 2007 throughMarch 2017. Individuals with evidence of CKD
and serumbicarbonate testingwere eligible for the study.We ex-
tracted data from patient records from the EHR database that
met all of the following criteria: (i) ≥1 year of activity in the
database, (ii) ≥3 eGFR results <60 mL/min/1.73 m2 and (iii) ≥3
serum bicarbonate results with at least one result between 12
and 29 mmol/L.

In order to enter the study cohort, patients were required
to have two consecutive serum bicarbonate results between 28
and 365 days apart where both test results either met the crite-
ria for the metabolic acidosis group (12 to <22 mmol/L) or the
normal serum bicarbonate group (22–29 mmol/L). Serum bicar-
bonate and eGFR tests during an inpatient hospital admission
or emergency department visit with a concurrent diagnosis of
acute kidney injury were not used as they likely represented

acute events (Supplementary data, Table S1). The date of the first
of these two tests was considered the index date, and the result
of that test was designated as the patient’s baseline serum bi-
carbonate measurement.

To be included in the study cohort, a patient also needed
to have at least 1 year of history prior to the index date, and 2
years of activity, excepting death, after the index date. Patients
were excluded if they had any evidence of chronic dialysis or
kidney transplant at baseline, including those with a base-
line eGFR or any single outpatient eGFR ≤10 mL/min/1.73 m2

(Supplementary data, Table S1). We established the baseline
eGFR based on the mean of all eGFR results for the 90 days pre-
ceding the closest test on or before the index date. Patients were
stratified into the following CKD stages based on their baseline
eGFR: stage 3a (45 to <60 mL/min/1.73 m2), stage 3b (30 to
<45 mL/min/1.73 m2), stage 4 (15 to <30 mL/min/1.73 m2)
and stage 5 (>10 to <15 mL/min/1.73 m2). We calculated eGFR
using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation, based on serum creatinine and adjusted for
race [15].

To ensure that the cohort had enough patients with
metabolic acidosis, the study cohort was selected using an
algorithm that oversampled patients with serum bicarbonate
values 12 to <22 mmol/L. This algorithm examined records
beginning after 1 year of patient activity and looked for the first
pair of qualifying serum bicarbonate values between 12 and
<22 mmol/L before looking for a pair of serum bicarbonate
values between 22 and 29 mmol/L.

For statistical modeling, the primary analysis cohort was
defined as patients meeting the above criteria without any
missing data. Missing data were an issue only for labora-
tory values and were not imputed. The primary analysis co-
hort excluded patients missing hemoglobin or serum albu-
min tests, resulting in exclusion of 2519 (15%) patients with
metabolic acidosis and 12 122 (35%) patients with normal serum
bicarbonate.

Variables

Our primary predictor variable was serum bicarbonate treated
as a continuous variable. We obtained demographic character-
istics such as age at the time of the index date, sex, race (African
American, Asian, Caucasian or other) and geographic region
of residence (Midwest, Northeast, South, West). Patients born
before 1928 were assigned a birth year of 1928 for privacy rea-
sons. We used a 1-year lookback period to determine baseline
laboratory results that were in addition to serum bicarbonate,
eGFR and urine albumin-to-creatinine ratio. These included
serum albumin, hemoglobin, serum calcium and serum
potassium.

We searched all available diagnosis code data prior to the
index date to identify comorbidities including coronary artery
disease (CAD), diabetes, heart failure, hypertension, peripheral
vascular disease (PVD) and protein-calorie malnutrition. In ad-
dition, we evaluated conditions for the Charlson Comorbidity
Index (CCI) by single occurrence of an International Classifica-
tion of Diseases (ICD)-9 or ICD-10 diagnosis code and computed
a weighted index score [16, 17]. Evidence of prior falls and frac-
tures, protein-caloriemalnutrition and failure to thrivewas eval-
uated by diagnosis code during the pre-index year. Evidence of
a prescription for sodium bicarbonate or other alkali treatment
was evaluated in prescriptions and patient-reported medication
records during the pre-index year. Complete variable definitions
are provided in Supplementary data, Table S1.
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Outcomes

Our primary outcomes were failure to thrive, protein-calorie
malnutrition and a composite outcome of a fall, or spine, hip
or pathological fracture. Each component of the composite out-
come was also assessed separately as a secondary outcome.We
used a 2-year outcome ascertainment period to assess immedi-
ate effects and constructed models using all available data that
followed patients until a censoring event, death or the end of
documented interactionwith the health-care provider. Failure to
thrive, protein-calorie malnutrition, falls and fractures were all
identified through the EHR database using ICD-9-CM and ICD-
10-CM codes. Diagnosis codes are provided in Supplementary
data, Table S2.

Statistical analysis

Patient characteristics were compared between the metabolic
acidosis and normal serum bicarbonate groups using the chi-
square or t-tests when appropriate. In patients with and with-
out metabolic acidosis, we calculated the proportion of the pri-
mary outcomes in a 2-year period and used the chi-square test
to compare the unadjusted proportions in the study cohort and
in each CKD stage strata. As a sensitivity analysis, we replicated
these unadjusted analyses excluding from each outcome pa-
tientswith a diagnosis for the outcome condition during the pre-
index year.

We examined the association of serum bicarbonate as a con-
tinuous variable with our primary outcomes by constructing a
series of multivariable logistic regressionmodels to evaluate the
outcomes within a 2-year period and using Cox proportional
hazard regression models to evaluate primary and secondary
outcomes for the entire duration of follow-up. We did not test
any interactions. The proportional hazards assumption wasmet
for all Cox proportional hazards regression models per visual
assessment of Schoenfeld residuals. Multicollinearity was as-
sessed using the variance inflation factor, andMartingale residu-
als were examined for continuous variables to confirm linearity.

We reported odds ratios (ORs) with 95% confidence intervals
(CIs) and P-values of the predictor for each of the 2-year out-
comes, and hazard ratios (HRs) with 95% CIs and P-values for
the long-term outcomes. We adjusted for age, sex, race, base-
line eGFR, serum albumin, hemoglobin, diabetes, hypertension,
heart failure,CADand PVD in theCox proportional hazardsmod-
els, and also the CCI in logistic regression models. These covari-
ates were chosen because of their known effects on bone and
muscle loss (age, sex, race and eGFR) because they are a marker
of nutritional status (serum albumin) or anemia (hemoglobin),
or were chronic comorbidities that plausibly could affect func-
tional outcomes.

All statistical analyses were performed using SAS/STAT®
software, version 9.2 (Cary, NC, USA). P-values <0.05 were con-
sidered statistically significant.

Sensitivity and subgroup analyses

In sensitivity analyses, we assessed the effect of oversampling
of metabolic acidosis by reconstructing the study cohort with-
out oversampling, in which the effect of serum bicarbonate was
evaluated in Cox proportional hazards models with the same
predictors noted for the primary outcomes. We also performed
competing risk analyses to evaluate the competing risk of all-
cause death on the relationship between serum bicarbonate and
the primary outcomes. Additionally, we constructed versions

of the logistic regression and Cox proportional hazards models
of each primary outcome, in each case excluding patients with
evidence during the pre-index year of the condition evaluated
as the model outcome. Finally, we evaluated the composite
fall or fracture outcome in a Cox proportional hazards model
adding protein-calorie malnutrition as a covariate and another
adding pre-index fall or fracture, each evaluated during the
pre-index year.

RESULTS

Baseline characteristics

Of the approximately 81 million individuals in the Optum’s
de-identified Integrated Claims-Clinical dataset, 319 126 met
all the criteria to be extracted from the database, and 51558
were included in the study cohort with 17 350 individuals in
the metabolic acidosis group and 340208 in the normal serum
bicarbonate group (Figure 1). The median [Interquartile Range
(IQR)] follow-up time was 4.2 (2.5–5.8) years. All baseline char-
acteristics are presented in Table 1. Patients with metabolic
acidosis were, on average, more likely to be younger (70.3 versus
74.3 years), African American (15% versus 7%), have lower eGFR
(37.2 versus 43.2 mL/min/1.73 m2) and have a higher comorbid-
ity burden (all P < 0.001). There were fewer nondialysis patients
with CKD stage 5 (n = 1310) than CKD stage 3a (n = 22 431),
stage 3b (n = 19 081) and stage 4 (8736) in the total cohort. A
prescription for alkali treatment was identified among patients
with pharmacy data in 2% in the metabolic acidosis group
and 1% in the normal serum bicarbonate group. The primary
analysis cohort consisting of 36 917 individuals with complete
data on laboratory values used in the statistical modeling is
profiled in Supplementary data, Table S4.

Failure to thrive and protein-calorie malnutrition

A total of 1131 (6.5%) patients with metabolic acidosis and 656
(1.9%) with normal serum bicarbonate were diagnosed with
failure to thrive during the 2-year outcome period (P < 0.001)
(Table 2). The differences in proportion of patients diagnosed
with failure to thrive within 2 years among those with and with-
out metabolic acidosis were significant among those with CKD
stage 3a (7.2% versus 1.8%), 3b (6.3% versus 1.9%) and stage 4
(6.3% versus 2.3%) (all P < 0.001) but not stage 5 (4.5% versus
3.9%; P = 0.63) (Table 2).

A total of 2782 (16.0%) patients with metabolic acidosis and
1639 (4.8%) with normal serumbicarbonatewere diagnosedwith
protein-calorie malnutrition during the 2-year outcome period
(Table 2). The differences in the proportion of patients diagnosed
with protein-caloriemalnutritionwithin 2 yearswere significant
among those with CKD stages 3a (18.7% versus 4.6%), 3b (15.5%
versus 4.6%) and stage 4 (14.0% versus 5.4%) (all P < 0.001) but
not stage 5 (13.3% versus 10.4%, P = 0.145) among those with
and without metabolic acidosis, respectively (Table 2). Death as
a competing event occurred prior to protein-calorie malnutri-
tion in 6489 (37%) versus 9261 (27%) in the metabolic acidosis
and normal serum bicarbonate groups, respectively, and prior to
failure-to-thrive in 7810 (45%) versus 10 368 (30%) of patients, re-
spectively (both P < 0.001).

Two-year logistic regression models and Cox proportional
hazards models utilizing all available follow-up data confirmed
that metabolic acidosis (serum bicarbonate 12 to <22 mmol/L)
was a significant independent predictor of both failure to thrive
and protein-calorie malnutrition. In logistic regression analyses,
each 1 mmol/L increase in serum bicarbonate was associated
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US population

• Baseline serum bicarbonate
12 to < 22 mEq/L

• Baseline serum bicarbonate
22–29 mEq/L

Source

Database

Database extract

Study cohort

• For adjusted models, exclude patients missing data on hemoglobin or serum albumin

• Baseline serum bicarbonate
12 to < 22 mEq/L

• Baseline serum bicarbonate
22–29 mEq/L

Optum’s de-identified Integrated Claims–Clinical dataset of US patients
(n = 81 000 000)

Database extract: evidence of advanced CKD with serum bicarbonate data
(extracted October 2017 from activity between 1 January 2007 and 31 March 2017)

(n = 319 126)
• ≥ one year of activity in EHR database
• ≥ 3 eGFR results < 60 mL/min/1.73 m2

• ≥ 3 serum bicarbonate results
• ≥ 1 serum bicarbonate result(s) between 12–29 mEq/L

Study cohort: CKD stages 3–5 + metabolic acidosis or normal serum bicarbonate
(n = 51 558)

• 2 consecutive serum bicarbonate results 28–365 days apart; both 12 to < 22 or 22–29
  mEq/L, excluding serum bicarbonate values obtained during hospital emergency
  department visits or admissions involving diagnosed AKI
• 1 year pre-index activity
• 2 years post-index activity or death within 2 years
• Baseline eGFR between > 10 and < 60 mL/min/1.73 m2 using CKD-EPI equation,
  excluding eGFR values obtained during hospital emergency department visits or
  admissions involving diagnosed AKI
• No indication of pre-index chronic dialysis or kidney transplantation

Metabolic acidosis group
(n = 17 350)

Normal serum bicarbonate group
(n = 34 208)

Primary analysis cohort: complete data on primary model covariates
(n = 36 917)

Metabolic acidosis group
(n = 14 831)

Normal serum bicarbonate group
(n = 22 086)

Primary analysis
cohort

FIGURE 1: Study cohort selection diagram; AKI, acute kidney injury; CKD, chronic kidney disease; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; ED,
emergency department; eGFR, estimated glomerular filtration rate; EHR, electronic health record. Investigators had full access to the database extract but no direct

access to the Optum© database. Patients with death dates prior to 2007 (n = 132) were excluded in data cleaning.

with a reduction in the odds of the failure to thrive outcome
(OR: 0.88, 95% CI: 0.87–0.90, P < 0.001) and with the odds of a
protein-calorie malnutrition diagnosis (OR: 0.89, 95% CI: 0.88–
0.90, P < 0.001) (Figure 2).

Adjusted Cox proportional hazards model in up to 10 years
of follow-up showed that each 1 mmol/L increase in serum bi-
carbonate was associated with a reduction in the probability of
being diagnosedwith failure to thrive (HR: 0.91, 95%CI: 0.90–0.92,
P< 0.001) and a similar reduction in the probability of being diag-
nosed with protein-calorie malnutrition (HR: 0.91, 95% CI: 0.90–
0.92, P < 0.001) (Figure 3).

Fall or fracture

A total of 2998 (17.3%) patients with metabolic acidosis and 3959
(11.6%) patientswith normal serumbicarbonate experienced the

composite outcome of fall or fracture during the 2-year outcome
period (P < 0.001) (Table 2). The differences in proportion of this
composite outcome among those with and without metabolic
acidosis were significant among patients with CKD stages 3a
(18.4% versus 11.3%), stage 3b (18.5% versus 11.7%) and stage 4
(15.5% versus 12.5%) (all P < 0.001) but not stage 5 (11.4%, 10.7%;
P = 0.7) (Table 2). Each component of the composite (i.e. falls and
fractures) was individually significantly different between the
two groups as well (Table 2). Death as a competing event prior
to fall or fracture occurred in 6641 (38%) versus 7821 (23%) of pa-
tients with metabolic acidosis versus without metabolic acido-
sis, respectively (P < 0.001).

In logistic regression analyses, each 1 mmol/L increase in
serum bicarbonate was associated with a reduction in the odds
of experiencing a fall or fracture during the 2-year outcome
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Table 1. Demographics and clinical characteristics of the study cohort

Total study cohort
(n = 51 558)

Metabolic acidosis
(n = 17 350)

Normal serum
bicarbonate (n = 34 208) P-value

Sex, n (%)
Male 24 464 (47) 8339 (48) 16 125 (47) 0.05

Age, mean (SD) (years) 72.9 (11.5) 70.3 (13.3) 74.3 (10.3) <0.001
Race, n (%)

African American 5128 (10) 2585 (15) 2543 (7) <0.001
Asian 996 (2) 398 (2) 598 (2) <0.001
Caucasian 42 055 (82) 12 866 (74) 29 189 (85) <0.001
Other/Unknown 3379 (7) 1501 (9) 1878 (5) <0.001

US region, n (%)
Midwest 30 683 (60) 9359 (54) 21 324 (62) <0.001
Northeast 2603 (5) 1175 (7) 1428 (4) <0.001
Other/Unknown 586 (1) 227 (1) 359 (1) 0.01
South 14 107 (27) 5329 (31) 8778 (26) <0.001
West 3579 (7) 1260 (7) 2319 (7) 0.04

Baseline serum bicarbonate (mmol/L), mean (SD) 24.0 (3.6) 19.7 (1.1) 26.1 (2.0) <0.001
Baseline eGFR (mL/min/1.73 m2), mean (SD) 41.2 (12.1) 37.2 (13.3) 43.2 (10.9) <0.001
CKD stage, n (%)

Stage 3a 22 431 (44) 5719 (33) 16 712 (49) <0.001
Stage 3b 19 081 (37) 5987 (35) 13 094 (38) <0.001
Stage 4 8736 (17) 4747 (27) 3989 (12) <0.001
Stage 5, nondialysis 1310 (3) 897 (5) 413 (1) <0.001

Comorbidities/conditions, n (%)
Hypertension 31 761 (62) 12 879 (74) 18 882 (55) <0.001
Diabetes 16 168 (31) 7391 (43) 8777 (26) <0.001
CAD 14 329 (28) 6249 (36) 8080 (24) <0.001
PVD 10 052 (19) 5038 (29) 5014 (15) <0.001
Heart failure 10 029 (19) 5119 (30) 4910 (14) <0.001
Protein-calorie malnutrition 895 (2) 640 (4) 255 (1) <0.001
CCI, mean (SD) 2.3 (2.7) 3.5 (3.1) 1.7 (2.3) <0.001

Additional baseline labs, mean (SD)
Serum albumin (g/dL) 3.7 (0.6) 3.5 (0.7) 3.9 (0.5) <0.001
Serum calcium, corrected (mg/dL) 9.3 (0.6) 9.3 (0.7) 9.4 (0.5) <0.001
Hemoglobin (g/dL) 12.2 (2) 11.3 (2.1) 12.6 (1.8) <0.001
Serum potassium (mmol/L) 4.4 (0.6) 4.5 (0.7) 4.4 (0.5) <0.001
Fall during pre-index year, n (%) 1147 (2) 675 (4) 472 (1) <0.001
Fracture during pre-index year, n (%) 802 (2) 445 (3) 357 (1) <0.001
Alkali treatment prescription, n (%) 502 (1) 329 (2) 173 (1) <0.001

The reference race was Caucasian. Conversion factor for units: serum calcium in mg/dL to μmol/L, × 0.2495.
Fall or fracture was evaluated for 1 year preceding the index date.

Due to missing data, prescriptions were calculated as a percentage of patients with at least one prescription of any kind during the pre-index year (N = 13 924 in the
metabolic acidosis group and N = 21 314 in the normal serum bicarbonate group).
Data on patients contributing laboratory data is provided in Supplementary data, Table S3.
Distribution of baseline serum bicarbonate is provided in Supplementary data, Table S5.

Abbreviations: CCI, Charlson Comorbidity Index; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; SD, standard deviation.

period (OR: 0.95, 95% CI: 0.94–0.96, P < 0.001) (Figure 2); the Cox
proportional hazards model in up to 10 years of follow-up simi-
larly found a reduction in the probability of experiencing a fall or
fracture during the duration of follow-up (HR: 0.95, CI: 0.95–0.96,
P < 0.001) (Figure 3).

We also separately examined falls and fractures using Cox
proportional hazards adjusted for the same set of covariates.
Each 1 mmol/L increase in serum bicarbonate was associated
with a reduction in the risk of experiencing a fracture (HR: 0.96,
95% CI: 0.95–0.97, P < 0.001), and a reduction in the probability of
experiencing a fall (HR: 0.95, CI: 0.94–0.96, P = 0.001) during the
entire duration of follow-up.

Sensitivity and subgroup analyses

A sensitivity analysis of unadjusted outcome rates by CKD stage
that excluded from each outcome patients with a diagnosis code

for that outcome during the pre-index year found slightly lower
outcome rates but confirmed the pattern observed in Table 2: all
three outcomes were significantly higher in the metabolic aci-
dosis group versus the normal serum bicarbonate group in all
stages except CKD stage 5. Overall, after excluding patients with
the outcome of interest during the pre-index year, outcome rates
for patients with versus without metabolic acidosis were 6.2%
versus 1.9% for failure to thrive, 14.4% versus 4.6% for protein-
calorie malnutrition and 15.2% versus 10.9% for fall or fracture
(all P < 0.001) (Supplementary data, Table S6).

We performed a sensitivity analysis without oversampling
for metabolic acidosis. In the nonoversampled cohort, profiled
in Supplementary data, Table S7, there were 43 390 total pa-
tients from which 28576 were included in a complete case sur-
vival analysis. We found similar relationships in this sensitivity
analysis, wherein each 1 mmol/L increase in serum bicarbonate
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Table 2. Two-year incidence of failure to thrive, protein-calorie malnutrition and fall or fracture outcomes (unadjusted)

Failure to thrive Protein-calorie malnutrition Fall or fracture

Metabolic
acidosis

Normal
serum

bicarbonate P-value
Metabolic
acidosis

Normal
serum

bicarbonate P-value
Metabolic
acidosis

Normal
serum

bicarbonate P-value

CKD stage 3a 413 (7.2) 300 (1.8) <0.001 1072 (18.7) 777 (4.6) <0.001 1050 (18.4) 1883 (11.3) <0.001
CKD stage 3b 379 (6.3) 249 (1.9) <0.001 925 (15.5) 605 (4.6) <0.001 1110 (18.5) 1534 (11.7) <0.001
CKD stage 4 299 (6.3) 91 (2.3) <0.001 666 (14.0) 214 (5.4) <0.001 736 (15.5) 498 (12.5) <0.001
CKD stage 5 40 (4.5) 16 (3.9) 0.627 119 (13.3) 43 (10.4) 0.145 102 (11.4) 44 (10.7) 0.701
Total 1131 (6.5) 656 (1.9) <0.001 2782 (16.0) 1639 (4.8) <0.001 2998 (17.3) 3959 (11.6) <0.001

Data are n (%)

0.85 0.90 0.95 1.00 1.05

Failure to thrive

Protein calorie malnutrition

Fall or fracture

Reduced probability

Odds ratio and
95% confidence interval

FIGURE 2: Adjusted ORs for 2-year incidence of failure to thrive, protein calorie-
malnutrition and fall or fracture ORs (95% CI) per 1-mmol/L increase in baseline
serum bicarbonate on failure to thrive [0.88 (0.87, 0.90)], protein-calorie malnu-

trition [0.89 (0.88, 0.90)] and fall or fracture [0.95 (0.94, 0.96)] are from logistic re-
gression models, adjusted for age, sex, race, eGFR, diabetes, hypertension, heart
failure, CAD, PVD, and hemoglobin and serum albumin.

0.85 0.90 0.95 1.00 1.05

Failure to thrive

Protein calorie malnutrition

Fall or fracture

Reduced probability

Hazard ratio and
95% confidence interval

FIGURE 3: Adjusted HRs for 10-year incidence of failure to thrive, protein-calorie
malnutrition and fall or fracture HRs (95% CI) per 1 mmol/L increase in baseline
serum bicarbonate on time to failure to thrive [0.91 (0.90, 0.92)], protein-calorie

malnutrition [0.91 (0.90, 0.92)] and fall or fracture [0.95 (0.95, 0.96)] are from Cox
proportional hazards regression models, adjusted for age, sex, race, eGFR, dia-
betes, hypertension, heart failure, CAD, PVD, and hemoglobin and serum albu-
min.Median (IQR) time to event, death or censor was 3.9 (2.2–5.6) years for failure

to thrive, 3.8 (2.0–5.5) years for protein-caloriemalnutrition and 3.3 (1.6–5.0) years
for fall or fracture. Results for all covariates are shown in Supplementary data,
Tables S8–S10.

was associated with a 6% reduction in the probability of being
diagnosed with failure to thrive (HR: 0.94, 95% CI: 0.92–0.96, P
< 0.001), a 6% reduction in the probability of being diagnosed
with protein-calorie malnutrition (HR: 0.94; 95% CI: 0.93–0.95, P
< 0.001), and a 3% reduction in the probability of experiencing a
fall or fracture during the entire duration of follow-up (HR: 0.97,
95% CI: 0.97–0.98, P < 0.001).

Sensitivity analysis versions of all primary models that
excluded patients with evidence of the outcome condition
during the pre-index year closely replicated the ORs and HRs
presented in Figures 2 and 3 (the original analyses). Results for
all covariates are shown in Supplementary data, Tables S8, S9
and S10 for the Cox proportional hazards model presented in
Figure 3 and for the sensitivity analysis version of each model.
As an additional sensitivity analysis, protein-calorie malnutri-
tion was evaluated in the pre-index period as a comorbidity
and added as a covariate to the Cox proportional hazards model
evaluating falls and fractures; the HR per 1 mmol/L increase in
baseline serum bicarbonate remained unchanged at HR: 0.95
(95% CI: 0.95, 0.96, P < 0.001) (Supplementary data, Table S11). A
sensitivity analysis adding fall or fracture during the pre-index
period as a covariate to the Cox proportional hazards model of
that outcome changed the HR per 1 mmol/L increase in baseline
serum bicarbonate from 0.95 to 0.96 but did not affect the CI
(0.95–0.96) (Supplementary data, Table S12).

Another sensitivity analysis evaluating the effect of all-cause
death as a competing risk confirmed the independent associa-
tion of serum bicarbonate and failure to thrive, protein-calorie
malnutrition and the composite outcome of fall or fracture. Each
1 mmol/L increase in serum bicarbonate was associated with a
reduction in the probability of being diagnosed with failure to
thrive (HR: 0.94, 95% CI: 0.93–0.95, P < 0.001), a reduction in the
probability of being diagnosed with protein-calorie malnutrition
(HR: 0.94,CI: 0.93–0.94, P< 0.001), and a reduction in the probabil-
ity of experiencing a fall or fracture during the entire duration of
follow-up (HR: 0.99; 95% CI: 0.98–0.99, P < 0.001, Supplementary
data, Table S13).

DISCUSSION

CKDhas been likened to accelerated aging and is associatedwith
rapid bone and muscle loss, and nutritional and functional de-
cline [2–5, 7]. In this large retrospective cohort study of 51 558
individuals with CKD, we found that metabolic acidosis was in-
dependently associated with a higher risk of failure to thrive,
protein-caloriemalnutrition and fall or fracture.Our findings are
consistent with the known physiologic effects of metabolic aci-
dosis on muscle and bone [18–20].

To our knowledge, this is the first study exploring the asso-
ciation between metabolic acidosis and the clinical outcomes of
failure to thrive, protein-caloriemalnutrition, falls and fractures.
While the risk of these adverse outcomes is likely multifactorial,
our study shows that metabolic acidosis is a unifying risk for
all of these outcomes. Moreover, the effect of metabolic acidosis
was graded, with incrementally higher bicarbonate values be-
tween 12 and 29 mmol/L leading to progressively lower risk that
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was independent of age, sex, race, eGFR, albumin, hemoglobin,
and diabetes and cardiovascular comorbidities. Death as a com-
peting event was more common in the metabolic acidosis group
for all outcomes, but the association between serumbicarbonate
levels and the adverse outcomes was unchanged in competing
risk analyses, thereby reinforcing our primary findings.

Given the complex nature of risk in patients with CKD, it
can be difficult to predict which interventions may individu-
ally or collectively be useful in preventing adverse outcomes.
For example, osteoporosis, reduced 25-hydroxylation of vitamin
D, secondary hyperparathyroidism and metabolic acidosis all
contribute to bone disease in patients with CKD [3]. Yet trials
of active vitamin D and/or calcimimetics have failed to consis-
tently demonstrate improvements in fracture events or muscle
function in large clinical trials [21, 22]. In contrast, treatment of
metabolic acidosis has been shown to improve mid-arm mus-
cle circumference and repeated sit-to-stand time in a multi-
center randomized trial [20, 23]. Although there have been lim-
ited prospective studies examining the effect of treatment of
metabolic acidosis on bone outcomes such as fractures, a sin-
gle study in patients with distal renal tubular acidosis demon-
strated improvements in bone mineral density and histology
[24]. Given the physiological interactions between muscle and
bone, these benefitsmay be cumulative and could potentially re-
sult in reduced risk of falls and subsequent downstream events.

The results of this study have important clinical and research
implications. First, our findings suggest that physicians should
routinelymeasure serum bicarbonate level in patients with CKD
stage 3–5 and identify patients with metabolic acidosis that are
at high risk of adverse bone and muscle outcomes. Taken to-
gether with empirical data from clinical trials, these findings
also suggest that treatment of metabolic acidosis, by reducing
muscle catabolism and bone loss, may reduce risk of these out-
comes [20, 23, 24]. Although additional large, randomized tri-
als are required to verify these findings, mechanistic studies
that investigate and explain the physiological relationship be-
tween metabolic acidosis, intracellular pH and muscle function
are also needed to help clinicians increase treatment rates. Pre-
vious work has shown that metabolic acidosis is both underrec-
ognized and undertreated [25].

Our study has several strengths. We used a nationwide
population-level database that is well described and has been
proven generalizable in cohort studies in CKD, cardiovascular
medicine and surgery [26–28].We implemented strict definitions
for metabolic acidosis and CKD, requiring qualifying laboratory
measurements to be far apart enough to establish chronicity
but close enough together to avoid misclassification. Given that
the cohort was derived from a large national sample of US pa-
tients with CKD, the findings are likely generalizable to the US
CKD population. We were also able to adjust for many clinically
important variables in our models that also may have affected
our outcomes, including eGFR andmultiple comorbid conditions
that may confound the relationship between metabolic acidosis
and the outcomes of interest.

Our study also had some limitations. Our findings are sus-
ceptible to residual confounding as we could not fully adjust for
all risk factors related to fractures such as pre-existing osteope-
nia/osteoporosis, bone mineral density, smoking, alcohol con-
sumption and history of fracture, although only 2% of the cohort
had a diagnosis of fracture in the pre-index year. The history of
fracture was not included as a covariate because its discrete na-
ture may have led to significantly incomplete data capture over
the finite 12-month baseline period.

While it is difficult to measure muscle function and muscle
strength directly using diagnosis codes alone, failure to thrive
and protein-calorie malnutrition are relevant clinical manifes-
tations of loss of muscle function. The ICD-9-CM and ICD-10-
CM codes for failure to thrive and protein-calorie malnutri-
tion are likely identifying the patients with the most advanced
muscular dysfunction and are thus relatively insensitive, al-
beit specific. Our cohort selection method may have also in-
troduced bias into the results by oversampling individuals with
CKD and metabolic acidosis; however, our results were qualita-
tively unchanged in sensitivity analyses that did not employ any
oversampling.

In conclusion, metabolic acidosis was associated with an in-
creased risk of failure to thrive, protein-caloriemalnutrition, and
fall or fracture in patients with CKD, and may help explain the
increased frailty and fracture risk seen in these patients. Treat-
ment of metabolic acidosis may reduce the risk of these out-
comes, and inclusion of these endpoints in interventional stud-
ies is warranted.

SUPPLEMENTARY DATA

Supplementary data is available at ckj online.
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