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Elevated serum anion gap in adults with moderate chronic kidney disease
increases risk for progression to end-stage renal disease
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Banerjee T, Crews DC, Wesson DE, McCulloch CE, Johansen
KL, Saydah S, Rios Burrows N, Saran R, Gillespie B, Bragg-
Gresham J, Powe NR. Elevated serum anion gap in adults with
moderate chronic kidney disease increases risk for progression to
end-stage renal disease. Am J Physiol Renal Physiol 316: F1244–
F1253, 2019. First published March 25, 2019; doi:10.1152/ajprenal.
00496.2018.—Acid retention associated with reduced glomerular fil-
tration rate (GFR) exacerbates nephropathy progression in partial
nephrectomy models of chronic kidney disease (CKD) and might be
reflected in patients with CKD with reduced estimated GFR (eGFR)
by increased anion gap (AG). We explored the presence of AG and its
association with CKD in 14,924 adults aged �20 yr with eGFR � 15
ml·min�1·1.73 m�2 enrolled in the National Health and Nutrition
Examination Survey III, 1988–1994, using multivariable regression
analysis. The model was adjusted for sociodemographic characteris-
tics, diabetes, and hypertension. We further examined the association
between AG and incident end-stage renal disease (ESRD) using frailty
models, adjusting for demographics, clinical factors, body mass index,
serum albumin, bicarbonate, eGFR, and urinary albumin-to-creatinine
ratio by following 558 adults with moderate CKD for 12 yr via the
United States Renal Data System. Laboratory measures determined
AG using the traditional, albumin-corrected, and full AG definitions.
Individuals with moderate CKD (eGFR: 30–59 ml·min�1·1.73 m�2)
had a greater AG than those with eGFR � 60 ml·min�1·1.73 m�2 in
multivariable regression analysis with adjustment for covariates. We
found a graded relationship between the adjusted mean for all three
definitions of AG and eGFR categories (P trend � 0.0001). During
followup, 9.2% of adults with moderate CKD developed ESRD.
Those with AG in the highest tertile had a higher risk of ESRD after
adjusting for covariates in a frailty model [relative hazard (95%
confidence interval) for traditional AG: 1.76 (1.16–2.32)] compared
with those in the middle tertile. The data suggest that high AG, even
after adjusting for serum bicarbonate, is a contributing acid-base
mechanism to CKD progression in adults with moderate chronic
kidney disease.
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INTRODUCTION

Chronic kidney disease (CKD) is a major public health
challenge, affecting nearly 30 million people in the United
States (5) with now �650,000 patients with stage 5 CKD
enrolled in the Medicare End-Stage Renal Disease (ESRD)
Program. Although major risk factors for CKD progression to
ESRD, such as proteinuria, poor control of hypertension, and
diabetes, have been previously described (30, 42), identifica-
tion of additional risk factors could aid in the goal of reducing
ESRD.

We previously showed a direct association between high
dietary acid load (DAL) and the risk for progression of prev-
alent CKD to ESRD (3), suggesting that DAL may be a
modifiable risk factor for CKD progression. This finding also
supports the theory that factors related to high dietary acid
contribute to CKD progression. Increased dietary acid is asso-
ciated with the intake of suboptimal amounts of potassium
from fruits and vegetables, which translates into suboptimal
amounts of bicarbonate precursors, high sulfur-containing pro-
tein intake, and high phosphorus intake. High acid diets cause
acid retention in partial nephrectomized animals with reduced
glomerular filtration rate (GFR), despite no metabolic acidosis
characterized by serum acid-base parameters (38, 39). This
acid retention, even in the absence of metabolic acidosis,
exacerbates GFR decline (36, 38). Urine acid excretion in
individuals because of increments in dietary acid is less than
the dietary increment (20), and individuals with reduced esti-
mated GFR (eGFR) and no metabolic acidosis appear to have
acid retention when eating a high acid diet typical of Western
societies (40). Reduced GFR makes experimental animals (37)
and humans (12) more likely to develop acid retention in
response to high dietary acid.
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Lower acid diets have higher proportions of fruits and
vegetables, which promote gut flora that metabolize some
ingested food to yield substances such as p-cresol sulfate and
indoxyl sulfate (9), which can enter the bloodstream from the
gastrointestinal tract, thereby increasing unmeasured serum
anions. Acid accumulation that is insufficient to cause meta-
bolic acidosis yet causes positive acid balance (production of
more acid than is excreted) might be present in humans eating
such diets and correlates in degree with the amount of endog-
enous acid produced by the metabolism of foods in American
diets abundant in acid precursors (19). The existence of this
acid-base imbalance is characterized by higher tissue acid
loads with lower buffering capacity, which eventually may
lead to tissue and organ damage (38). Also, the net renal acid
excretion does not fully account for endogenous acid produc-
tion (19, 21). Consequently, high DAL because of high intake
of animal-source protein might also be reflected by increased
serum anion gap (AG) but not by changes in serum acid-base
parameters, characteristic of metabolic acidosis. In addition,
impaired acid excretion in CKD occurs even in the setting of
clinically normal serum bicarbonate concentration (31). Intake
of dietary alkali can reduce acid retention and slow eGFR
decline, despite the absence of metabolic acidosis, in experi-
mental animal models of CKD (38, 39).

Previous studies of AG in persons with CKD included
mostly individuals with advanced kidney disease (13, 33, 41)
with few studies examining the accumulation of anions earlier
in CKD (1, 9a). However, to the best of our knowledge,
whether elevated anions play a role in the progression to ESRD
in moderate CKD has not been elucidated. In the present study,
we tested the following hypotheses: 1) AG is increased in
adults with CKD with moderate reductions of eGFR (between
30 and 59 ml·min�1·1.73 m�2), 2) DAL is directly associated

with AG in individuals with moderate CKD, 3) AG is directly
associated with an increased risk of ESRD, and 4) serum
bicarbonate is not associated with an increased risk of ESRD in
the setting of elevated serum AG in moderate CKD.

MATERIALS AND METHODS

Study population and baseline data. The present study used cross-
sectional data of adults from the United States with CKD participating
in the third National Health and Nutrition Evaluation Survey
(NHANES III) to examine the relation of eGFR and CKD progression
risk group [defined by Kidney Disease Improving Global Outcome
(KDIGO) (16) guidelines] to serum AG in the general population.
Elevated serum AG is a known characteristic of advanced CKD. To
examine whether elevated serum AG is present earlier in patients with
moderate CKD (eGFR: 30–59 ml·min�1·1.73 m�2), we longitudi-
nally examined the relation of serum AG with risk of progression to
ESRD in moderate CKD. NHANES III was a national probability
sample of noninstitutionalized civilians from the United States con-
ducted between 1988 and 1994 by the Centers for Disease Control and
Prevention’s National Center for Health Statistics. Our eligibility
requirements were participants of �20 yr of age, who did not have
missing data on serum measures and urine albumin and creatinine
(n � 16,110), had an eGFR of �15 ml·min�1·1.73 m�2, and were not
pregnant at the time of the survey (n � 14,924). eGFR was calculated
through determination of serum creatinine (sCr) using the Chronic
Kidney Disease Epidemiology Collaboration (22) equation.

Sociodemographic and clinical measurements. Medical history and
demographic data were collected through a standardized questionnaire
conducted at the participant’s home followed by a medical examina-
tion and laboratory testing in a mobile examination center (2).

Racial/ethnic categories were self-reported by participants and
recorded as non-Hispanic white, non-Hispanic black, and Mexican-
American. Education was categorized as a high school diploma or
lower, some college, and bachelor’s degree or higher. Self-reported
income was represented using the poverty income ratio, which is a

Table 1. Baseline characteristics of United States adults according to stages of CKD

Characteristic

CKD Stages

No CKD (n � 12,424) Stage 1 (n � 826) Stage 2 (n � 471) Stage 3 (n � 1,145) Stage 4 (n � 58) P Value

Age [means (SE)] 46.8 (0.2) 45.7 (0.5) 69.0 (0.6) 72.1 (0.4) 73.1 (1.7) �0.0001
20–49 yr 63.5 (7,889) 60.4 (499) 17.2 (81) 4.3 (49) *
50–69 yr 24.1 (2,994) 27.6 (228) 38.3 (180) 29.5 (338) 30.6 (18)
�70 yr 12.4 (1,541) 12.0 (99) 44.6 (210) 66.2 (758) 67.3 (39)

Men/women 47.8/53.2 (5,939/6,485) 37.4/63.6 (309/517) 48.3/52.7 (227/244) 43.8/57.2 (502/643) 42.9/58.1 (25/33) 0.0003
Race/ethnicity �0.0001

Other 4.1 (509) 3.6 (30) 4.5 (21) 3.3 (38) *
Mexican-American 28.6 (3,553) 34.3 (283) 24.6 (116) 10.3 (118) 16.3 (9)
Non-Hispanic black 27.3 (3,392) 38.1 (315) 24.0 (113) 16.7 (191) 28.6 (17)
Non-Hispanic white 40.0 (4,970) 24.0 (198) 46.9 (221) 69.7 (798) 53.1 (31)

Poverty income ratio (�2) 49.6 (6,162) 62.4 (515) 58.0 (273) 53.2 (609) 70.0 (41) �0.0001
Education level �0.0001

�High school 37.9 (4,709) 48.1 (397) 54.9 (259) 54.1 (619) 70.8 (41)
High school/some college 49.1 (6,100) 41.8 (345) 36.4 (171) 34.7 (397) 25.0 (15)
�College 13.1 (1,628) 10.1 (83) 8.7 (41) 11.2 (128) *

Diabetes 5.6 (696) 23.3 (192) 26.5 (125) 20.3 (232) 34.7 (20) �0.0001
Hypertension 33.2 (4,125) 52.0 (430) 74.9 (353) 79.1 (906) 93.9 (54) �0.0001

Values are percentages with numbers of patients (n) in parentheses unless otherwise indicated. All analyses included the total third National Health and
Nutrition Evaluation Survey (NHANES III) mobile examination center-examined sample final weight to account for the complex sample design following the
analytical guidelines for NHANES III data (32). For variance estimates, we used Fay’s balanced repeated replication procedure, an approach for estimation of
standard errors for multistage samples that consists of many sampling units. The poverty income ratio is a ratio of family income to poverty threshold.
Hypertension was defined as self-reported, average blood pressure � 140/90 mmHg, or use of medications. Diabetes was defined as self-reported or hemoglobin
A1c � 6.5%. No chronic kidney disease (CKD) was defined as an estimated glomerular filtration rate (eGFR) of �60 ml·min�1·1.73 m�2 and urinary
albumin-to-creatinine ratio (UACR) of �200 mg/g. Stage 1 was defined as an eGFR of �90 ml·min�1·1.73 m�2 and UACR of �30 mg/g. Stage 2 was defined
as an eGFR of 60–89 ml·min�1·1.73 m�2 and UACR of �30 mg/g. Stage 3 was defined as an eGFR of 30–59 ml·min�1·1.73 m�2. Stage 4 was defined as an
eGFR of 15–29 ml·min�1·1.73 m�2. *Missing data represent estimates that were suppressed because of a relative standard error of 30% or more.

F1245ANION GAP, CKD PROGRESSION, AND ESRD

AJP-Renal Physiol • doi:10.1152/ajprenal.00496.2018 • www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal (106.051.226.007) on August 9, 2022.



ratio of household income to the United States household poverty
level (2).

Diabetes was defined by self-report of a health care provider’s
diagnosis or measured hemoglobin A1c of �6.5% (14). Hypertension
was defined by self-report of being told by a health care provider of
having the condition, an average of three measures of systolic blood
pressure � 140 mmHg or diastolic blood pressure � 90 mmHg, or
reported use of antihypertensive medications (6).

Serum chemistry measures. Serum for the biochemistry profile was
frozen at less than or equal to �20°C, transported on dry ice to the
central laboratory, and stored at �20°C until analysis. Serum sodium,
potassium, chloride, bicarbonate, albumin, total calcium, and phos-
phorus were measured using a Hitachi 737 multichannel analyzer
(Boehringer Mannheim Diagnostics, Indianapolis, IN). Serum bicar-
bonate was measured using the phosphoenolpyruvate method, with
the normal range using this assay being 23.0–29.0 mM. An ion-
selective electrode was used for measurements of sodium and chloride
in serum. sCr was measured using the kinetic rate Jaffe method and
recalibrated to standardized creatinine measurements obtained at the
Cleveland Clinic Research Laboratory (Cleveland, OH) as standard-
ized creatinine � �0.184 � 0.960 � NHANES III-measured sCr (7).

Serum AG. Serum AG was calculated as the traditional AG as well
as in two other ways using ionic contributions of electrolytes and

albumin based on the published literature (18): 1) traditional
AG � serum sodium (meq/l) � [serum chloride (meq/l) � serum
bicarbonate (meq/l)]; 2) albumin-corrected AG (10) � [(4.4 � serum
albumin (g/dl)] � 2.5 � traditional AG, and 3) full AG � albumin-
corrected AG � serum potassium (meq/l) � ionized calcium
(meq/l) � serum phosphate (meq/l), in which ionized calcium (meq/
l) � 0.5 � [total calcium (mg/dl) � 0.8 � (4 � serum albumin (g/
dl)]/2 and serum phosphate (meq/l) � [0.323 � serum phosphate
(mg/dl)] � 1.8 (1, 4).

Dietary acid load. The 24-h dietary recall data collected were used
to estimate the types and amounts of foods and beverages consumed
during the 24-h period before the interview (midnight to midnight)
and to estimate intake of energy, nutrients, and other food components
from those foods and beverages. The potential renal acid load (PRAL)
of foods consumed by the participants was calculated using the Remer
and Manz (29) model: PRAL (meq/day) � 0.493 protein (g) � 0.0373
phosphorus (mg) � 0.0213 potassium (mg) � 0.0263 magnesium
(mg) � 0.0125 calcium (mg). DAL was estimated as PRAL.

KDIGO risk groups. Using recent CKD nomenclature by KDIGO
(16), we defined CKD according to prognostic groups for progression
by eGFR and albuminuria categories, in which the risk groups ranged
from low, moderately increased, and high to very high. Moderate
CKD was defined as an eGFR of 30–59 ml·min�1·1.73 m�2 measured
through determination of sCr using the Chronic Kidney Disease
Epidemiology Collaboration (22) equation.

Outcomes. To address our first two hypotheses, serum AG was the
outcome variable. We used NHANES III data linked to the United
States Renal Data System Registry (USRDS) and National Death
Index records to address our last two hypotheses. To test the associ-
ation of AG and serum bicarbonate with ESRD, ESRD was defined as
entry into the USRDS from the time of the survey through December
31, 2006 (11). We had 105 ESRD events in our cohort. All-cause
mortality data was based on the results from a probabilistic match
between NHANES III participants and National Death Index records
linked through December 31, 2006 (26). Since the proportionality
assumption under the Cox proportional hazards model was not met for
serum AG and bicarbonate, we estimated separate hazard ratios for
early and late effects of serum AG and bicarbonate with time-
dependent covariates. Based on the log likelihood criterion, the early
effects were estimated for a cut point at 12 yr. Moreover, assuming a
simple random sample, to obtain a confidence level of 95% and a
power of 80%, 101 events were required to study the association
between serum AG and ESRD. A followup of 12 yr provided us with
the required number of events to carry out the analysis.

Statistical analysis. We followed the analytical guidelines for
NHANES data proposed by the Centers for Disease Control and
Prevention (25). Baseline characteristics of the study participants
across the categories of AG or eGFR were compared using ANOVA
for continuous variables and �2-tests for dichotomous variables. A
Kruskal-Wallis test was used for continuous variables if the normality
assumption of the residuals was not met.

For hypothesis 1, we used multivariable linear regression analysis
to examine whether the eGFR category or CKD progression risk
group was independently associated with the magnitude of AG after
adjusting for demographics (age, sex, and race/ethnicity), education
history, poverty income ratio, diabetes, and hypertension status.

For hypothesis 2, we used a multivariable linear regression model
to examine the association between DAL and serum AG in adults with
moderate CKD after adjusting for diabetes, hypertension, eGFR, and
urinary albumin-to-creatinine ratio (UACR).

In our cohort with moderate CKD, some individuals will be more
susceptible or prone to progressing to ESRD than other individuals.
To account for this heterogeneity in our cohort, we used the Weibull
frailty model parametrized as the proportional hazards model to
examine whether serum AG or serum bicarbonate tertile was associ-
ated with the subsequent development of ESRD, as proposed in
hypotheses 3 and 4. The random effect (frailty) in the model was

Fig. 1. Adjusted means with error bars for traditional, albumin-corrected, and
full anion gap across the estimated glomerular filtration rate (eGFR) groups (A)
and Kidney Disease Improving Global Outcome (KDIGO) risk groups (B). The
adjusted mean for traditional, albumin-corrected, and full anion gap was
progressively higher across eGFR categories and chronic kidney disease
(CKD) risk groups.
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specified to follow a normal distribution (1a, 24, 32). The middle
tertile of traditional AG, albumin-corrected AG, full AG, and serum
bicarbonate category served as the reference groups in the respective
analysis. The rationale for selecting the middle tertile was based on
previous work in which serum bicarbonate values between 26 and 30
mM were associated with the lowest risk of CKD progression and
death in individuals with CKD (17, 28). We adjusted frailty models
for demographics, diabetes, hypertension, body mass index, serum
albumin, total serum proteins, serum bicarbonate, eGFR, and UACR.
Our fully adjusted models are adjusted for serum protein and bicar-
bonate because changes in the concentration of the protein (other than

serum albumin) may alter serum AG and we wanted to examine
whether serum AG still shows an association with risk of ESRD on
adjustment for serum bicarbonate.

We also used Cox proportional hazard models to examine the
association of AG and bicarbonate with the development of ESRD.
Multivariable Cox regression was done in a stepwise manner with an
inclusion criterion of P � 0.05 and exclusion criterion of P � 0.10.

Secondary analyses using the Weibull frailty model explored
whether serum AG and bicarbonate were associated with an increased
risk of all-cause mortality in adults with moderate CKD. Time of
development of ESRD was censored for this analysis.

Table 2. Relation of eGFR to traditional, albumin-corrected, and full anion gap in United States adults

Model

Traditional Anion Gap Albumin-Corrected Anion Gap Full Anion Gap

	 (95% CI)* P value 	 (95% CI)* P value 	 (95% CI)* P value

Unadjusted
Preserved (eGFR � 60 ml·min�1·1.73 m�2) Reference† Reference† Reference†
Moderate (eGFR: 30–59 ml·min�1·1.73 m�2) 0.30 (0.008, 0.59) 0.04 0.70 (0.39, 0.99) �0.0001 0.79 (0.47, 1.11) �0.0001
Low (eGFR: 15–29 ml·min�1·1.73 m�2) 1.64 (0.39, 2.89) 0.01 2.42 (1.26, 3.56) 0.0004 2.75 (1.61, 3.89) �0.0001
Trend 0.01 �0.0001 �0.0001

Adjusted
Preserved (eGFR: �60 ml·min�1·1.73 m�2) Reference‡ Reference‡ Reference‡
Moderate (eGFR: 30–59 ml·min�1·1.73 m�2) 0.35 (0.08, 0.62) 0.01 0.18 (�0.09, 0.45) 0.19 0.26 (�0.02, 0.54) 0.07
Low (eGFR: 15–29 ml·min�1·1.73 m�2) 1.54 (0.30, 2.78) 0.01 1.47 (0.30, 2.64) 0.01 1.73 (0.57, 2.89) 0.004
Trend 0.007 0.07 0.02

All analyses included the total third National Health and Nutrition Evaluation Survey (NHANES III) mobile examination center-examined sample final weight
to account for the complex sample design following the analytical guidelines for NHANES III data (32). For variance estimates, we used Fay’s balanced repeated
replication procedure, an approach for estimation of standard errors for multistage samples that consists of many sampling units adjusted for demographics (age,
sex, and race/ethnicity), education history, poverty income ratio, diabetes, and hypertension. Hypertension was defined as self-reported, average blood pressure
� 140/90 mmHg, or use of medications. Diabetes was defined as self-reported or hemoglobin A1c � 6.5%. eGFR, estimated glomerular filtration rate; CI,
confidence interval. *From multivariable linear regression analysis. †See Fig. 1A. ‡See Fig. 1B.

Table 3. Baseline characteristics of United States adults with moderate CKD (n � 1,145) by tertile of traditional AG

Characteristic

Lowest AG
(minimal�8.1 meq/l)

(n � 381)

Middle AG
(8.1–11.8 meq/l)

(n � 385)

Highest AG
(11.8�maximal meq/l)

(n � 379) P Value

Age 0.24
20–49 yr 5.1 (19) 8.4 (32) 12.0 (45)
50–69 yr 30.0 (114) 33.4 (129) 50.5 (191)
�70 yr 64.9 (247) 58.3 (224) 37.5 (142)

Men/women 42.5/58.5 (162) 33.3/67.7 (128) 49.2/51.8 (186) 0.23
Race/ethnicity 0.10

Mexican-American * 1.5 (6) 1.9 (7)
Non-Hispanic black 12.0 (46) 6.8 (26) 17.0 (64)
Non-Hispanic white 85.6 (326) 85.9 (331) 76.3 (289)

Diabetes 19.2 (73) 30.3 (117) 25.6 (97) 0.51
Hypertension 85.0 (324) 81.0 (312) 87.7 (332) 0.29
eGFR 0.02

30–44 ml·min�1·1.73 m�2 30.6 (117) 30.9 (119) 36.7 (139)
45–59 ml·min�1·1.73 m�2 69.4 (264) 69.1 (266) 63.3 (240)

Urinary albumin-to creatinine ratio (�30 mg/g) 29.2 (111) 42.7 (164) 50.9 (193) 0.04
KDIGO CKD progression risk group 0.09

Mild 21.0 (80) 27.7 (107) 43.6 (165)
Moderate 15.4 (59) 15.4 (59) 13.2 (50)
High 63.6 (242) 56.8 (219) 43.2 (164)

Values are percentages with numbers of patients (n) in parentheses unless otherwise indicated. The mild progression group was defined as estimated glomerular
filtration rate (eGFR) � 90 ml·min�1·1.73 m�2 or eGFR � 60–89 ml·min�1·1.73 m�2 and urinary albumin-to-creatinine ratio (UACR) � 30–300 mg/g and
eGFR � 45–59 ml·min�1·1.73 m�2 and UACR � 30 mg/g. The moderate progression group was defined as eGFR � 90 ml·min�1·1.73 m�2 or eGFR � 60–89
ml·min�1·1.73 m�2 and UACR � 300 mg/g, eGFR � 45–59 ml·min�1·1.73 m�2 and UACR � 30–300 mg/g, and eGFR � 30–44 ml·min�1·1.73 m�2 and
UACR � 30 mg/g. The high progression group was defined as eGFR � 45–59 ml·min�1·1.73 m�2 or eGFR � 30–44 ml·min�1·1.73 m�2 and UACR � 300
mg/g, eGFR � 30–44 ml·min�1·1.73 m�2 or eGFR � 15–29 ml·min�1·1.73 m�2 and UACR � 30–300 mg/g, and eGFR � 15–29 ml·min�1·1.73 m�2 and
UACR � 30 mg/g. Moderate chronic kidney disease (CKD) was defined as eGFR � 30–59 ml·min�1·1.73 m2. These linkage data were limited to linkage-eligible
participants. All analyses included the total third National Health and Nutrition Evaluation Survey (NHANES III) mobile examination center-examined sample
final weight to account for the complex sample design following the analytical guidelines for NHANES III data (32). For variance estimates, we used Fay’s
balanced repeated replication procedure, an approach for estimation of standard errors for multistage samples that consists of many sampling units. AG, anion
gap; KDIGO, Kidney Disease Improving Global Outcome. *Missing data represent estimates that were suppressed as the cell frequency was �5.
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All analyses were performed using SAS 9.2 (SAS Institute,
Cary, NC).

RESULTS

Of the 14,924 adults meeting the eligibility criteria, the mean
baseline of traditional AG was 9.5 meq/l. Baseline character-
istics by the CKD stages are shown in Table 1. Adults with
lower eGFR were older, poorer, less educated, and more likely
to have diabetes and hypertension (for all P � 0.05). Baseline
characteristics by KDIGO CKD risk groups are provided in
Supplemental Table S1 (available online at https://doi.org/
10.6084/m9.figshare.7807829.v2). On comparing the distribu-
tions of traditional AG across sex, race/ethnicity, and CKD
stages, we did not find statistical significance across the tertiles
of AG (P � 0.05; see APPENDIX).

AG increased in adults with moderate CKD. Of all adults
included, 7.7% had an eGFR between 30 and 59 ml·min�1·1.73
m�2. The adjusted mean of traditional AG was progressively
higher across eGFR categories (P trend � 0.007), with a mean
of 9.1 meq/l in eGFR � 60 ml·min�1·1.73 m�2, 9.5 meq/l in
eGFR 30–59 ml·min�1·1.73 m�2, and 10.6 mEq/l in eGFR
15–29 ml·min�1·1.73 m�2 (Fig. 1A). There was a graded
relation of the full AG as well, with increasing eGFR catego-
ries in the adjusted models (P trend � 0.02; Table 2 and Fig.
1A). The results were similar when using CKD progression risk
groups as the independent variable [Fig. 1B and Supplemental
Table S2 (available online at https://doi.org/10.6084/m9.figshare.
7807829.v2)]. The adjusted mean for albumin-corrected and
full AG showed similar trends across CKD risk groups as well
(P trend � 0.001 and 0.0003, respectively).

DAL is directly associated with AG in individuals with
moderate CKD. A multivariable linear regression of DAL and
serum AG was used to estimate the associated differences in
serum AG. Each 25 meq/day higher DAL was associated with
significantly higher traditional serum AG of 0.61 meq/l (0.35–
1.10). Adjustments made for clinical risk factors of diabetes,
hypertension, baseline eGFR, and UACR attenuated but did
not eliminate this association [0.58 meq/l (0.30–1.09)]. We
noted a significant association between DAL and albumin-
corrected and full AG as well after adjustment for potential
confounders [0.51 meq/l (0.20–0.97) for albumin-corrected
AG and 0.54 meq/l (0.24–1.10) for full AG per 25 meq/day
DAL; Supplemental Table S3, available online at https://
doi.org/10.6084/m9.figshare.7807829.v2)].

AG is directly associated with increased risk of ESRD.
Adults with moderate CKD linked to USRDS over a period of
12 yr (n � 1,145) yielded 105 (9.2%) ESRD events. There was
a greater percentage of people with eGFR of 45–60
ml·min�1·1.73 m�2 and with elevated UACR with higher
traditional AG tertile (P � 0.05) at baseline. No significant
association was observed between the tertiles of traditional AG
and other baseline characteristics (P � 0.05; Table 3).

Adults with moderate CKD in the highest tertile of tradi-
tional AG after adjustment for demographics, body mass index,
serum albumin, total protein, and serum bicarbonate had a
higher risk of developing ESRD compared with adults in the
middle tertile using a frailty model [relative hazard (95%
confidence interval): 1.76 (1.16–2.32); Table 4]. The relation
of albumin-corrected AG with risk of ESRD was higher in the
highest tertile [1.94 (1.06–2.81)] compared with the middle

Table 4. Association of traditional anion gap, albumin-corrected anion gap, full anion gap, and serum bicarbonate with risk
of ESRD in United States adults with moderate chronic kidney disease (n � 1,145) with a followup of 12 yr using a frailty
model

Model

Relative Hazard for ESRD (95% Confidence Interval)a

Lowest tertile Middle tertile Highest tertile

Traditional anion gap (minimal�8.1 meq/l) (8.1–11.8 meq/l) (11.8�maximal meq/l)
Unadjusted 2.92 (2.40–5.44) 1.0 (reference) 3.16 (2.07–4.24)
Adjustedb 2.07 (1.12–3.01) 1.0 (reference) 2.09 (1.29–3.48)
Fully adjustedc 1.71 (0.99–2.42) 1.0 (reference) 1.76 (1.16–2.32)

Albumin-corrected anion gap (minimal�9.2 meq/l) (9.2–12.7 meq/l) (12.7–maximal meq/l)
Unadjusted 1.19 (1.09–1.28) 1.0 (reference) 1.43 (1.21–1.66)
Adjustedb 1.35 (1.19–1.50) 1.0 (reference) 2.59 (1.80–3.99)
Fully adjustedd 0.82 (0.58–1.08) 1.0 (reference) 1.94 (1.06–2.81)

Full anion gap (minimal�15.93 meq/l) (15.93–19.54 meq/l) (19.54�maximal meq/l)
Unadjusted 1.24 (1.08–1.43) 1.0 (reference) 1.48 (1.27–1.71)
Adjustedb 1.81 (1.44–2.31) 1.0 (reference) 2.13 (1.50–3.07)
Fully adjustedd 1.29 (0.92–1.70) 1.0 (reference) 1.35 (1.05–1.83)

Serum bicarbonate (minimal�26 mmol/l) (26–29 mmol/l) (29�maximal mmol/l)
Unadjusted 1.12 (0.78–2.02) 1.0 (reference) 1.31 (0.88–2.20)
Adjustedb 2.77 (1.90–3.64) 1.0 (reference) 2.97 (1.79–4.17)
Fully adjustede 1.30 (0.88–1.84) 1.0 (reference) 2.98 (2.05–3.91)

Moderate chronic kidney disease was defined as an estimated glomerular filtration rate of 30–59 ml·min�1·1.73 m�2. These linkage data were limited to
linkage-eligible participants. All analyses included the total third National Health and Nutrition Evaluation Survey (NHANES III) mobile examination
center-examined sample final weight to account for the complex sample design following the analytical guidelines for NHANES III data (32). For variance
estimates, we used Fay’s balanced repeated replication procedure, an approach for estimation of standard errors for multistage samples that consists of many
sampling units. ESRD, end-stage renal disease. aFrom the frailty model; badjusted for demographic factors (age, sex, and race), diabetes, hypertension, estimated
glomerular filtration rate, and urinary albumin-to-creatinine ratio; cadjusted for demographic factors (age, sex, and race), diabetes, hypertension, estimated
glomerular filtration rate, urinary albumin-to-creatinine ratio, body mass index, serum albumin, total protein, and serum bicarbonate; dadjusted for demographic
factors (age, sex, and race), diabetes, hypertension, estimated glomerular filtration rate, urinary albumin-to-creatinine ratio, body mass index, serum total protein,
and serum bicarbonate; eadjusted for demographic factors (age, sex, and race), diabetes, hypertension, estimated glomerular filtration rate, urinary albumin-to-
creatinine ratio, body mass index, and serum anion gap.
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tertile. The relation of the full AG with risk of ESRD was
similar for the lowest and highest tertile compared with the
middle tertile; however, the risk in the lowest tertile was not
statistically significant. When examining the relation of serum
bicarbonate with risk of ESRD after adjustment for serum AG,
we observed a high risk associated with the highest tertile [2.98
(2.05–3.91)] compared with the reference category, whereas
the risk of ESRD within the lowest tertile was not statistically
significantly higher (Table 4).

The proportional hazards model yielded a similar risk of
ESRD associated with traditional and albumin-corrected AG to
that in the frailty model. For full AG, neither the highest nor
lowest tertiles showed a significant risk of ESRD in adults
compared with the middle tertile. A significant risk of ESRD
was noted for adults in the highest tertile [2.06 (1.08–2.92)] of
serum bicarbonate (Supplemental Table S4, available online at
https://doi.org/10.6084/m9.figshare.7807829.v2).

AG, serum bicarbonate, and all-cause mortality. The risk of
all-cause mortality was greater in the highest levels of AG in
fully adjusted multivariable models compared with the middle
tertile in full AG [relative hazard (95% confidence interval):
1.20 (1.01–1.39)]. No statistically significant association was
noted between the highest levels of AG in traditional and
albumin-corrected AG and all-cause mortality. In addition,
there was no statistically significant association between the
lowest tertiles of AG and mortality compared with the middle
tertile (Table 5). After adjusting for potential confounders, the
risks of all-cause mortality for individuals in the lowest and
highest tertiles of serum bicarbonate were not significantly
different from those in the middle tertile.

DISCUSSION

We found in this former nationally representative cohort that
adults with moderate CKD had higher serum AG compared
with their counterparts with earlier stages of CKD, a finding
that was consistent across serum AG definitions. AG, which
has previously received little attention as a possible risk factor
in population-based studies, was identified as a contributing
acid-base mechanism (i.e., underlying acid retention) for CKD
progression to ESRD in adults with moderate CKD (Fig. 2).
The excess risk associated with higher levels of AG compared
with lower levels of AG in this cohort translates to almost
3,200 people in the United States population (calculated using
4.5% prevalence of moderate CKD in NHANES III) with CKD
having a greater risk of progression.

The acid-base imbalance caused by an increase in the un-
measured anions (a drop in serum bicarbonate levels) may be
prominent earlier in the course of CKD than thought earlier.
During the early stages, the degree of hyperchloremia encoun-
tered is sufficient in magnitude to offset the decrement in
bicarbonate concentration, and thereby the concentration of
unmeasured anions remaining within the normal range. Thus,
individuals might have had an increment in AG even though
the absolute values did not appear high. Moreover, as shown in
some animal and patient studies by Wesson et al. (34–36,
38–40), acid retention in patients with CKD with reduced
eGFR might be present without a measurable decrease in
serum bicarbonate. Another study by Vallet et al. (31) showed
that as eGFR decreased over time, urine net acid excretion (the
renal contribution to maintain the acid-base balance with the
excretion of NH4

� and titratable acids) decreased slightly,

Table 5. Association of traditional anion gap, albumin-corrected anion gap, full anion gap, and serum bicarbonate with all-
cause mortality in United States adults with moderate chronic kidney disease (n � 1,145) with a followup of 12 yr using a
frailty model

Model

Relative Hazard for Mortality (95% Confidence Interval)a

Lowest tertile Middle tertile Highest tertile

Traditional anion gap (minimal�8.1 meq/l) (8.1–11.8 meq/l) (11.8�maximal meq/l)
Unadjusted 1.05 (0.92–1.18) 1.0 (reference) 1.28 (1.14–1.43)
Adjustedb 0.97 (0.84–1.09) 1.0 (reference) 1.16 (0.99–1.32)
Fully adjustedc 0.91 (0.78–1.06) 1.0 (reference) 1.18 (0.98–1.40)

Albumin-corrected anion gap (minimal�9.2 meq/l) (9.2–12.7 meq/l) (12.7�maximal meq/l)
Unadjusted 1.10 (1.00–1.21) 1.0 (reference) 1.25 (1.08–1.42)
Adjustedb 1.01 (0.87–1.15) 1.0 (reference) 1.14 (0.97–1.30)
Fully adjustedd 0.98 (0.81–1.10) 1.0 (reference) 1.13 (0.95–1.31)

Full anion gap (minimal�15.93 meq/l) (15.93–19.54 meq/l) (19.54�maximal meq/l)
Unadjusted 1.11 (0.96–1.25) 1.0 (reference) 1.23 (1.06–1.39)
Adjustedb 1.04 (0.90–1.19) 1.0 (reference) 1.15 (0.99–1.32)
Fully adjusted d 1.01 (0.85–1.16) 1.0 (reference) 1.20 (1.01–1.39)

Serum bicarbonate (minimal�26 mmol/l) (26–29 mmol/l) (29�maximal mmol/l)
Unadjusted 0.89 (0.89–1.00) 1.0 (reference) 0.97 (0.83–1.11)
Adjustedb 0.95 (0.83–1.07) 1.0 (reference) 0.99 (0.84–1.13)
Fully adjusted e 0.98 (0.80–1.15) 1.0 (reference) 1.01 (0.70–1.31)

Moderate chronic kidney disease was defined as an estimated glomerular filtration rate of 30–59 ml·min�1·1.73 m�2. These linkage data were limited to
linkage-eligible participants. All analyses included the total third National Health and Nutrition Evaluation Survey (NHANES III) MEC-examined sample final weight
to account for the complex sample design following the analytical guidelines for NHANES III data (32). For variance estimates, we used Fay’s balanced repeated
replication procedure, an approach for estimation of standard errors for multistage samples that consists of many sampling units. aFrom the frailty model; badjusted for
demographic factors (age, sex, and race), diabetes, hypertension, estimated glomerular filtration rate, and urinary albumin-to-creatinine ratio. cadjusted for demographic
factors (age, sex, and race), diabetes, hypertension, estimated glomerular filtration rate, urinary albumin-to-creatinine ratio, body mass index, serum albumin, total protein,
and serum bicarbonate; dadjusted for demographic factors (age, sex, and race), diabetes, hypertension, estimated glomerular filtration rate, urinary albumin-to-creatinine
ratio, body mass index, serum total protein, and serum bicarbonate; eadjusted for demographic factors (age, sex, and race), diabetes, hypertension, estimated glomerular
filtration rate, urinary albumin-to-creatinine ratio, body mass index, and serum anion gap.
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whereas net endogenous acid production (production of more
acid than is excreted because of consumption of a diet high in
acid precursors) remained unchanged, yielding an increase in
net acid balance. Authors found that the increase in net acid
balance was not associated with an accompanying decrease in
serum bicarbonate, which supports the presence of acid reten-
tion despite no decrease in serum bicarbonate. In our study, we
noted a statistically significant association between DAL and
serum AG after accounting for differences in comorbid condi-
tions, eGFR, and UACR. Our findings further strengthen the
argument that increased serum AG is, at least in part, due to
increase in the acid balance, even in the absence of decreased
serum bicarbonate. Also, high net acid balance may influence
the progression of eGFR decline, as shown by Wesson et al.
(34–36, 38–40). An increase in acid balance might exacerbate
CKD progression through mechanisms associated with adap-
tive responses meant to enhance acid excretion in the face of
progressive loss of kidney function (24a, 39). When the kidney
is challenged with acid, it increases levels of hormones (i.e.,
angiotensin II, aldosterone, and endothelin) that promote ex-
cretion of acid in the short term (15, 35), but high levels of
these hormones may worsen kidney function in the long term
(36, 39).

We observed that lower levels of serum bicarbonate were
not associated with a higher risk of progression in adults with
moderate CKD when adjusted for serum AG. This finding
suggests that the increase in the acid balance marked by serum
AG blunts the association between low serum bicarbonate
concentration and risk of ESRD. Our results are in contrast
with the findings of some observational studies (8, 23, 28) that
have reported lower serum bicarbonate concentrations as a risk
factor for CKD progression. In the Chronic Renal Insufficiency
Cohort for participants with eGFR � 45 ml·min�1·1.73 m�2,
low serum bicarbonate was an independent risk factor for
kidney disease progression (8). In the African-American Study
of Kidney Disease, each 1-meq/l increase in serum bicarbonate
level was associated with a 7% reduction in eGFR events
(defined as a GFR reduction by 50% or by 25 ml·min�1·1.73
m�2 from the mean of two GFR measurements at baseline)
(28). In the Modification of Diet in Renal Disease study,
patients in the lowest quartile of bicarbonate levels had higher
risk of kidney failure (hazard ratio � 2.22) compared with
patients in the highest quartile. However, this association was
rendered nonsignificant with adjustment for eGFR (23). None
of these studies adjusted for serum AG, which eliminated the

association between lower serum bicarbonate levels and risk of
ESRD in our analysis.

This study provides further evidence in patients with CKD
that states of “acid stress” that fall short of metabolic acidosis
reflected by relevant changes in serum acid-base parameters
(including reduced serum bicarbonate) not outside their clini-
cally adjudged “normal” ranges nevertheless subject patients
with CKD to an increased risk for progression to ESRD. As
noted earlier, in patients with CKD with reduced GFR and with
no metabolic acidosis eating acid-producing diets, acid reten-
tion when corrected by oral NaHCO3 (and not KHCO3) slows
or stops GFR decline and further reduces urine excretion of
endothelin and aldosterone, whose high levels are associated
with progressive nephropathy (34, 39). There exists an associ-
ation between the slowed eGFR decline and reduced urine
excretion of endothelin. In addition, as eGFR decreases in
patients with CKD, acid-base imbalance worsens (12). We
further demonstrated a significant association between DAL
and increased risk of ESRD in adults with CKD (3). Together,
these data support that increase in acid balance in adults with
CKD can be caused by a combination of high DAL and
reduced eGFR. We propose that the level of AG reflects the
algebraic sum of DAL and reduced eGFR and is a simple,
clinically available way by which to determine if an adult with
CKD has underlying acid retention not associated with meta-
bolic acidosis. AG can be increased by a very high DAL with
a modestly reduced eGFR or conversely by a modest DAL with
a very low eGFR. The data reported in this study support that
AG serves this purpose better than serum bicarbonate. Future
studies should attempt to replicate these results in other cohorts
and evaluate the underlying mechanism as well as validate
clinically meaningful threshold values.

The major strength of this analysis is the large sample
representative of the United States population and the longitu-
dinal design with moderately long followup for ESRD. Al-
though metabolic acidosis is concomitant of advanced CKD,
AG has not been identified as a risk factor for progression in
moderate CKD until now. Large prospective followup cohorts
are needed to validate our conclusions. We attempted to
address potential confounders between AG and progression of
CKD such as reduced eGFR, UACR, serum albumin, total
protein, and serum bicarbonate.

Despite the strengths, there are several limitations. First, the
observational design certainly precludes conclusions about
causation. Second, we did not have laboratory followup data
beyond baseline measurements. Thus, there is a possibility of
misclassification from measurements at a single time point.
Third, our results may have been influenced by unmeasured
confounders. Fourth, we did not have information on condi-
tions that might lead to the accumulation of lactate and keto
acids and therefore could not account for these factors that
affect endogenous acid production. Fifth, this survey was
conducted in the early 1990s with a followup that ended in
2006. However, we used this cohort because it is the most
recent nationally representative sample that is linked to the
ESRD registry with a long followup and data for AG measure
and serum bicarbonate.

In conclusion, our findings suggest that a greater AG is
present even among individuals with moderate CKD and that
high serum AG, independent of low serum bicarbonate, gives

Fig. 2. Conceptual framework of our hypotheses. CKD, chronic kidney
disease.
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insight to an acid-base mechanism contributing to CKD pro-
gression in adults with moderate CKD.

APPENDIX

Figures A1, A2, and A3 show distributions of traditional AG by
sex, race/ethnicity, and CKD stage, respectively. We did not find
statistical significance by the tertiles of AG.
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