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Abstract

Higher diet-dependent nonvolatile acid load is associated with faster chronic kidney disease 

(CKD) progression, but most studies have used estimated acid load or measured only components 

of the gold-standard, net acid excretion (NAE). Here we measured NAE as the sum of urine 
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ammonium and titratable acidity in 24 hour urines from a random subset of 980 participants in the 

Chronic Renal Insufficiency Cohort (CRIC) Study. In multivariable models accounting for 

demographics, comorbidity and kidney function, higher NAE was significantly associated with 

lower serum bicarbonate (0.17 mEq/L lower serum bicarbonate per 10 mEq/day higher NAE), 

consistent with a larger acid load. Over a median of 6 years follow-up, higher NAE was 

independently associated with a significantly lower risk of the composite of end stage renal 

disease or halving of estimated glomerular filtration rate among diabetics (hazard ratio 0.88 per 10 

mEq/day higher NAE), but not those without diabetes (hazard ratio 1.04 per 10 mEq/day higher 

NAE). For comparison, we estimated nonvolatile acid load as net endogenous acid production 

using self-reported food frequency questionnaires from 2,848 patients and dietary urine 

biomarkers from 3,385 patients. Higher net endogenous acid production based on biomarkers 

(urea nitrogen and potassium) was modestly associated with faster CKD progression consistent 

with prior reports, but only among those without diabetes. Results from the food frequency 

questionnaires were not associated with CKD progression in any group. Thus, disparate results 

obtained from analyses of nonvolatile acid load directly measured as NAE and estimated from 

diet, suggests a novel hypothesis, that the risk of CKD progression related to low NAE, or acid 

load, may be due to diet-independent changes in acid production in diabetes.
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Introduction

Metabolic acidosis is a modifiable risk factor for progression of chronic kidney disease 

(CKD).1-3 Treatment of CKD patients with sodium bicarbonate slowed progression in small 

randomized studies,4,5 but it remains unclear whether sodium bicarbonate exerts its 

beneficial effects by raising systemic pH, or by lowering the amount of acid that must be 

excreted in the urine, also known as the nonvolatile acid load.6 Prior studies suggest that 

higher nonvolatile acid load is associated with progression of CKD; however those studies 

relied on estimated acid load from dietary data rather than direct measurements, and many 

focused exclusively on patients with hypertensive kidney disease.7-9 Since patients with 

diabetes exhibit differences in urinary acidification and acid production compared to those 

without diabetes,10 the clinical impact of acid load on CKD progression may also differ in 

patients with diabetic nephropathy versus other forms of CKD.

Excreting the load of nonvolatile acids generated during metabolism is a critical homeostatic 

function of the kidneys. Nonvolatile acids (i.e. H+) are produced when: 1) sulfur-containing 

amino acids are oxidized to inorganic sulfate, and 2)the conjugate base of endogenously 

produced organic acids (e.g. citric acid) are excreted in the urine as an organic anion salt 

(e.g. sodium citrate).11-13 Alkali may be ingested in the form of alkali supplements or 

metabolizable organic anion salts found abundantly in fruits and vegetables, both of which 

may buffer nonvolatile acids, at least in part.9,14,15 Thus, the net load of nonvolatile acid that 

must be excreted by the kidney equals the difference between acids produced and alkali 

consumed in foods or supplements. The kidney excretes the nonvolatile acid load as 
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ammonium (NH4
+) or as titratable acid bound to anionic urinary buffers, such as phosphate 

and creatinine.16,17 Regulation of acid excretion and production maintains acid-base 

homeostasis in response to dietary changes or systemic acid-base perturbations.18,19

Since the daily net acid excretion approximates the daily nonvolatile acid load in the steady 

state, direct measurement of 24-hour urinary net acid excretion is the reference standard for 

measuring acid load.20 However, the relationship between 24-hour urine net acid excretion 

and renal outcomes in patients with CKD remains unknown. We hypothesized a priori that 

higher 24-hour net acid excretion would be associated with higher risk of CKD progression 

overall and particularly among those with diabetes since they have a greater predisposition 

to metabolic acidosis.21 To test this hypothesis, we directly measured net acid excretion in 

participants from the Chronic Renal Insufficiency Cohort Study (CRIC), a diverse CKD 

population including approximately equal number of patients with and without diabetes. 

Additionally, prior investigations have questioned whether nonvolatile acid load truly equals 

acid excretion in the setting of CKD.22-24 Thus, for comparison, we also estimated 

nonvolatile acid load from self-reported dietary intake data similar to prior reports.15

Results

Physiology of Acid Production and Excretion in CKD

We measured acid excretion in baseline 24-hour urine collections obtained in a randomly 

selected sample of 1000 participants from the Chronic Renal Insufficiency Cohort (CRIC) 

Study. We calculated net acid excretion as the sum of urinary ammonium and titratable 

acidity, calculated from urinary pH, phosphorus and creatinine. Nineteen urine samples with 

a pH ≥7.4 were excluded from further analysis due to concern for bacterial overgrowth. The 

ratio of urinary ammonium to urinary sulfate, a biomarker of acids produced from 

metabolism of sulfur-containing amino acids, was dramatically increased in these specimens 

(median 3.1 vs. 0.6 in urines with pH ≥7.4 compared with <7.4; p<0.01) suggesting 

exogenous ammonia production from urease positive bacteria. One additional sample had a 

urine pH value <4.0 that was deemed implausible, and therefore, was also excluded.

Characteristics of this subcohort of 980 individuals are similar to overall characteristics of 

the full CRIC cohort as previously published including mean age of 58 years, mean 

estimated glomerular filtration rate (eGFR) of 44 ml/min/1.73m2 and a population including 

43% females, 41% non-Hispanic whites and 51% of participants with diabetes.25 Mean (± 

standard deviation) net acid excretion was 33 ± 18 mEq/day (Supplemental Figure 1). The 

percentage of acid excreted as ammonium was 46% ± 17%. Total net acid excretion and the 

percentage of acid excreted as ammonium was lower with lower eGFR (Figure 1a). 

Participants with diabetes had overall higher acid excretion, lower urine pH and lower 

percentage of acid excreted as ammonium compared to those without diabetes (each 

p<0.05). Participants with diabetes consumed more dietary protein as estimated by food 

frequency questionnaire (p<0.01), which may, in part, explain their higher acid excretion.

Although net acid excretion should approximate nonvolatile acid load in steady state, this 

concept has been questioned in CKD with some studies suggesting daily acid retention due 

to net acid excretion that is lower than diet-dependent acid load.22-24 Therefore, we 
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evaluated the relationship between acid excretion and objective markers of acid production, 

including urine sulfate and citrate. Milliequivalents (mEq) of sulfate in the urine represent an 

equal amount of acids produced during the metabolism of organic sulfur in dietary protein. 

Similarly, mEq of urinary organic anion salts represent equal amounts of acids net produced 

by endogenous generation of organic acids in metabolic processes including the 

tricarboxylic acid cycle. Overall, urine citrate and sulfate were lower in participants with 

lower eGFR (Figure 1b; each p<0.01 from a continuous linear model), but both were higher 

in participants with diabetes independent of eGFR (each p<0.05).

Clinical Determinants of Acid Excretion in CKD

Clinical characteristics according to quartiles of net acid excretion are reported in Table 1. In 

these univariate analyses, higher net acid excretion associated with male sex, white race, 

greater body size and eGFR, and lower serum potassium, among other variables (Table 1). 

Consistent with the effect of diet on nonvolatile acid load, higher quartiles of net acid 

excretion also associated with higher caloric intake and higher estimates of acid load from 

dietary data (each p<0.01; Table 1). After standardization to a 2000 kcal diet, higher acid 

excretion was associated with greater relative intake of animal proteins, which are known 

sources of acid, and lesser relative intake of fruits and vegetables, which are known sources 

of base (Table 1).

Although not associated in univariate models, in multivariable models that account for 

demographics, diabetes and eGFR, higher net acid excretion was associated with lower 

serum bicarbonate (0.17 mEq/L lower serum bicarbonate per 10 mEq/day higher net acid 

excretion; p<0.01), consistent with a larger acid load. Relationships were similar in those 

with and without diabetes (data not shown). This result was similar if additionally adjusted 

for smoking status or if removing individuals with a current or former history of smoking 

(data not shown).

Acid Excretion and Outcomes

We used Cox proportional hazards models to quantify the association between net acid 

excretion and risk of CKD progression defined as a 50% reduction in eGFR or new-onset 

end-stage renal disease (ESRD). Sixty-four participants could not be evaluated for this 

outcome due to lack of follow-up creatinine measurements. Out of these 916 participants, 

296 experienced CKD progression over a median follow-up of 5.9 years (25th to 75th 

percentile: 3.0 to 7.7 years). Contrary to our initial hypothesis, higher quartiles of acid 

excretion were associated with lower risk of progression in a graded manner in unadjusted 

and adjusted models (Table 2). Expected acid production may relate to body size with the 

widely cited expectation of 1 mEq/kg of ideal body weight per day.26 The observed 

association partially attenuated with adjustment for 24-hour urine creatinine and body mass 

index in our primary modeling strategy (Table 2).

We performed pre-specified analyses stratified by diabetes, due to the impact of diabetes on 

acid-base physiology.21 In stratified models, the relationship between acid excretion and 

outcomes differed in patients with diabetes compared to those without (p value for 

interaction=0.06). Based on the continuous linear model, higher acid excretion was strongly 
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associated with lower risk of CKD progression only among those with diabetes (Table 3). 

Although the point estimates across quartiles are consistent with a graded effect, the test of 

the fourth quartile compared to the first quartile was not statistically significant, likely 

related to reduced power when compared with continuous analyses. When we examined 

individual components of acid excretion, we found that higher ammonium and titratable acid 

and lower urine pH each trended toward lower risk of CKD progression with the most robust 

result for urine pH (p-value for trend<0.01 and p value for interaction for association in 

those with diabetes vs. without diabetes=0.02; Figure 2; Supplemental Table 1).

Our primary results were similar after additional adjustment for serum bicarbonate (HR 0.88 

for each 10 mEq/d higher net acid excretion in participants with diabetes; p=0.02) or serum 

potassium (data not shown). To prevent residual confounding by body size, we also 

evaluated models in which net acid excretion was indexed to body surface area or ideal body 

weight. The results were qualitatively similar (Supplemental Table 2).

To ensure that our finding of higher risk of CKD progression associated with lower acid 

excretion was not driven by anorexia or inability to respond appropriately to metabolic 

acidosis, we evaluated our results stratified by estimated nonvolatile acid load from dietary 

data, 24-hour urine urea nitrogen, dietary protein intake, total caloric intake, body mass 

index and serum bicarbonate. Power was limited due to the highly stratified nature of these 

models; nonetheless, we found similar risk estimates within each stratum (Figure 3).

We performed several sensitivity analyses to determine the robustness of our results. We 

found similar point estimates when modeling risk of ESRD alone or risk of ESRD or death 

(Supplemental Table 3); when excluding participants who used alkali supplementation or 

those with urine pH>7.0; when adjusting analyses for UACR in lieu of 24 hour urine 

albumin (data not shown) or when including urine bicarbonate in the calculation of net acid 

excretion (Supplemental Table 4). To ensure that a paradoxical effect on survival did not 

influence our results, we confirmed that net acid excretion did not associate with ESRD-

censored death or death alone (Supplemental Table 3).

Estimated Nonvolatile Acid Load and Outcomes

Prior studies have reported higher risk of CKD progression associated with greater acid load 

as estimated from dietary data.7,8 To determine if inferences are consistent when using 

directly measured acid excretion versus dietary intake-based estimates of nonvolatile acid 

load, we evaluated the net endogenous acid production as an “intake-based” estimate of 

nonvolatile acid load. We calculated net endogenous acid production using intake reported in 

a food frequency questionnaire and, alternatively, using urinary biomarkers of diet (i.e. urine 

urea nitrogen and potassium).15

Higher net endogenous acid production measured by food frequency questionnaire 

(NEAPFFQ) demonstrated the expected associations with greater servings of meat/fish/

poultry and lower fruits and vegetables, but also was associated with greater caloric intake 

overall (Supplemental Table 5). Higher net endogenous acid production estimated from 

urine biomarkers (NEAPUrine) was more modestly associated with lower fruit and vegetable 
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intake and higher meat/fish/poultry intake, but was independent of total caloric intake 

(Supplemental Table 6).

Overall, nonvolatile acid load estimated directly from dietary intake as NEAPFFQ was not 

associated with CKD progression. NEAPUrine was associated with higher risk of CKD 

progression among those without diabetes (p=0.02 from continuous linear model; Table 4), 

similar to prior findings in patients with hypertensive CKD.5,7 Higher NEAPUrine was not 

associated with CKD progression in patients with diabetes (p=0.88 from continuous linear 

model), and there was evidence of interaction (p value for interaction=0.05).

Discussion

In this study of acid excretion, acid load, and CKD outcomes, we report that lower 24-hour 

net acid excretion is associated with higher risk of CKD progression in patients with 

diabetes. At face value, this finding may warn against efforts to lower acid load with alkali 

supplements in this population. However, “intake-based” estimates of acid load derived from 

dietary data were not associated with CKD progression in the patients with diabetes in this 

study. These otherwise conflicting findings may suggest that the 24-hour net acid excretion 

result is not primarily a reflection of diet in CKD. The reduction in urine citrate that we 

observed at lower eGFR suggests that modulation of the diet-independent components of 

acid load, such as the organic anion production rate, occurs in CKD. Bolstering this view, 

other groups have recently reported disagreement between estimated and measured acid load 

in patients with type 2 diabetes mellitus, which they similarly attribute to a potentially 

altered rate of organic anion production.27 Based on our current findings, we propose a 

novel hypothesis that a lower rate of diet-independent acid production in diabetes may be 

associated with risk of disease progression. This hypothesis could also potentially explain a 

lack of association between serum bicarbonate levels and outcomes in patients with diabetes 

as noted in other studies.28,29

There are several possible clinical scenarios that should be considered when interpreting our 

findings about low acid excretion and risk of CKD progression. First, reduced acid excretion 

could represent low overall food intake or altered body composition, which has been 

associated with increased risk of CKD progression.30 This does not fully explain our results, 

because we found similar relationships between those with high and low caloric intake, 

protein intake, body mass index, and urinary urea nitrogen. Second, lower acid excretion 

coupled with stable estimates of nonvolatile acid load across the eGFR spectrum may 

represent net acid retention that could be harmful. This scenario is also unlikely to explain 

our results because serum bicarbonate was actually higher, not lower, among those with 

lower acid excretion. A combination of high or preserved serum bicarbonate and lower acid 

excretion is more likely to represent a lower level of endogenous acid production as opposed 

to frank acid retention. Thus, we reason that low acid excretion could represent a low rate of 

diet-independent acid production, including a lower urinary excretion of organic anions, 

which has been previously shown in patients with diabetes complicated by CKD.31 Under 

this paradigm, low acid excretion could be a marker of a low rate of organic anion 

generation in energy producing reactions such as the tricarboxylic acid cycle, or may reflect 

increased tubular uptake and metabolism of organic anions as a compensation to normalize 
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acid-base status in the setting of reduced tubular function (Figure 4). In animal models, 

filtered organic anions, such as citrate, are reabsorbed in the proximal tubule in response to 

acidosis and largely converted to glucose.32-35 Increased tubular citrate uptake could also 

contribute to lipogenesis by conversion to acetyl-coA via ATP citrate lyase, an enzyme 

induced in the renal cortex in response to metabolic acidosis.36,37 It is possible that by 

augmenting renal gluconeogenesis or by diminishing fatty acid oxidation in the proximal 

tubule this otherwise adaptive response could worsen diabetic kidney disease.38 

Alternatively, the presence of these adaptations may be a marker of more advanced tubular 

disease. This could potentially lead to stronger findings in diabetic patients if hyperfiltration 

is otherwise masking the severity of underlying CKD.

Our results are consistent with a recent report from the Nephro Test cohort23 in which lower 

urinary ammonia was associated with higher risk of CKD progression, but those results were 

not stratified by diabetes status. Interestingly, in our study high urine pH was more strongly 

associated with CKD progression in patients with diabetes than was low urine ammonium. 

We do not believe this result is due to inclusion of urine collections with bacterial 

overgrowth because the reduced risk appeared graded across the spectrum of pH and was 

robust in sensitivity analyses excluding urines with a more conservative pH cutoff of >7.0. 

While this could be a chance finding, low urine pH is expected in patients with diabetes to 

compensate for reduced ammoniagenesis typical of diabetic physiology.10 Patients with 

diabetes who are unable to lower urine pH may have to invoke greater metabolic 

compensations to maintain acid-base status. Alternatively, high urine pH could be directly 

harmful. Nonetheless, urine pH is a simple measurement for further study as a risk marker or 

treatment target in diabetic CKD.

In our study, diet-based estimates of nonvolatile acid load were not associated with higher 

risk of CKD progression overall. However, consistent with prior studies in patients with 

hypertensive kidney disease,5,7 higher NEAP estimated using urine biomarkers of diet (i.e. 

urine urea nitrogen and potassium)was associated with greater risk of CKD progression in 

patients without diabetes. This result may reflect improved accuracy of urine-based versus 

questionnaire-based estimates of acid load, greater independence of these estimates from 

total energy intake, or the larger sample size. However, it is important to note that urine-

based biomarkers are not rigorously validated as indicators of intake in CKD patients.

Our study has several limitations. Urinary parameters were measured in samples that were 

under long-term storage at -80°C. Prior investigations reveal good recovery of acidification 

parameters when acidic urine is collected without oil and after freezing, although freezing in 

these studies was short-term.39,40 Furthermore, in our own quality control samples, we noted 

high concordance between urine pH before and after a freeze-thaw cycle. We also noticed 

minimal decreases in urine sulfate and citrate in urines stored at -80°C compared to quality 

control samples that had been stored at -20°C. As a result, exact values may not be precisely 

calibrated after our freezing method, however, discrimination of participants with higher 

versus lower levels was maintained. Titratable acidity was calculated in our study with the 

assumptions of a negligible contribution of non-phosphate and non-creatinine buffers in the 

urine, filtration of urine at a pH of 7.4 and a constant pKa for these buffers across urines of 

different ionic strength.41 Although some of these assumptions may theoretically be inexact, 
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similar methods have been used to measure titratable acidity in other landmark studies of 

acid base physiology.26 Furthermore, our inferences were similar in analyses of urine 

ammonium and urine pH alone, each of which were directly measured and thus did not 

depend upon the accuracy of our titratable acidity calculation. Supporting the validity of our 

measurements, our detailed physiologic investigations largely recapitulate the expected 

physiology described in prior studies.10,31,42 Another potential limitation is that our 

estimates of nonvolatile acid load were generated from food frequency questionnaire results 

which may not accurately reflect intake. It is possible that low acid excretion could merely 

reflect differences in diet that were not captured by questionnaire. However, analyses of 

more objective urinary biomarkers of diet, such as NEAPUrine, were consistent with our 

conclusions. Finally, the implications of acid excretion should ideally be determined within 

the context of the systemic acid-base status. We did not have direct measurements of blood 

pH available to precisely determine acid-base status. Additionally, our sample size was too 

limited with too few individuals with low serum bicarbonate, who are likely to have 

metabolic acidosis, to precisely evaluate relationships within bicarbonate strata. Thus, our 

study may be limited due to errors in measurement of urine net acid excretion in samples not 

initially collected for this purpose, inaccurate reporting by food frequency questionnaires, 

and reliance on serum bicarbonate as a metric of systemic acid-base status. Nonetheless, our 

study accounts for multiple indicators of acid-base homeostasis in CKD including diet, net 

acid excretion, objective markers of acid production and serum bicarbonate and is among the 

most comprehensive prospective studies in the field to date.

In sum, our results suggest that alterations in acid-base physiology are strongly associated 

with risk of CKD progression in those with diabetes. Whether these associations reflect 

underlying metabolic dysfunction in diabetes or a renal tubular response aimed at 

maintaining acid base homeostasis requires further study.

Methods

Study Population

The CRIC Study is a multicenter, longitudinal cohort of 3,939 patients with early to 

moderate CKD who enrolled between 2003–2008 at 13 centers across the United States. All 

participants had an eGFR between 20–70 ml/min/1.73m2 at study entry, and approximately 

half had diabetes. Any underlying etiology of kidney disease was included with the 

exception of polycystic kidney disease, multiple myeloma and glomerulonephritis requiring 

immunosuppression, however participants did not undergo renal biopsy to determine cause 

of kidney disease. Detailed inclusion and exclusion criteria have been reported previously.43

Exposure Measurements and Data Collection

We randomly selected 1000 participants with adequate 24-hour urine collections from the 

baseline visit to measure net acid excretion. Urines were collected without a preservative, 

immediately mixed, aliquoted and frozen at the clinical sites. Urine samples were stored at 

-80°C or -20°C prior to testing. Net acid excretion and markers of acid production were 

measured at Litholink Corporation between 2012–2014 in samples that had been stored at 

-80°C since collection. Urine pH was measured by pH electrode (n=1000); urine bicarbonate 
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by an enzymatic method using phosphoenol pyruvate (n=1000); urine ammonium by 

reaction with alpha ketoglutarate (n=1000); urine sulfate by turbidometric assay using 

barium chloride (n=648) and urine citrate by enzymatic method using citrate lyase (n=648). 

Measurements below the limit of detection were classified as the lower limit for all analytes. 

Bicarbonate was not included in the primary measure of net acid excretion because it was 

below the limit of detection in 93% of tested samples. Nineteen urines with pH≥7.4 were 

excluded from further analysis due to the concern for bacterial overgrowth, and one urine 

with pH<4.0 was considered implausible and therefore pH was classified as missing. Quality 

control samples provided by the laboratory indicated that urine pH values were highly 

concordant between samples tested immediately and after a freeze-thaw cycle (Supplemental 

Figure 2).

Urine phosphorus, creatinine, urea nitrogen, sodium and potassium were previously 

measured in samples stored at -20°C using standard assays.30,44,45 We performed duplicate 

testing of key analytes in 30 samples stored at -20 deg;C to ensure comparability across 

sample storage type. Ammonium and pH revealed comparable results, but we noted higher 

average values of citrate and sulfate in these samples with more variability across 

measurements (Supplemental Figure 3). Prior studies demonstrate the ability to recover 

urinary acidification parameters in acidic urine specimens collected without oil and after 

freezing.39,40

Titratable acid was calculated from total urine phosphorus, creatinine and urine pH using the 

Henderson Hasselbalch equation (pH = pKa + log ([A-]/[HA])) and pKa's for phosphate 

(6.8) and creatinine (4.92).41 Similar to direct titration methods, both urinary buffers were 

assumed to be filtered at a pH of 7.4. The calculation method that we employed has been 

used in prior studies in the field,26,46 and may circumvent limitations of direct titration 

methods which could include inadvertent titration of organic anions and the development of 

precipitates as the pH is increased.47 Total net acid excretion was measured as the sum of 

urine ammonium and titratable acid. Urine bicarbonate was considered negligible in our 

primary calculations, based on both our measurements and the expected concentrations in 

this pH range from prior literature.48 In sensitivity analyses we calculated net acid excretion 

including urine bicarbonate (net acid excretion= urine ammonium + titratable acid – urine 

bicarbonate each in mEq).

We estimated nonvolatile acid load from dietary data in the full CRIC study population 

(n=2,848) using previously published equations for net endogenous acid production 

[NEAP= 54.5*(dietary protein (g/d)/dietary potassium (mEq/day)) – 10.2].20 Seventy-three 

participants using alkali supplements were excluded because these are not accounted for in 

the diet-based estimates. Self-reported dietary intake data were collected using the National 

Cancer Institute's Diet History Questionnaire, a food frequency questionnaire targeting the 

intake of 255 common food items over the past year. Total nutrient intakes are calculated 

using Diet*Calc software (http://appliedresearch.cancer.gov/DHQ/dietcalc/) and 

adjudication of protein source as animal versus plant-based.49 We calculated net endogenous 

acid production using urine urea nitrogen as a biomarker of protein intake and 24 hour urine 

potassium as a biomarker of potassium intake (n=3,385), as previously described.7,50 

Participants using potassium chloride supplements were excluded (n=254) because urinary 
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potassium in this equation is a proxy of naturally occurring organic anion salts of potassium, 

as opposed to chloride salts. Additionally, we excluded participants on alkali supplements 

that lower acid load, but are not accounted for by this measure (n=90).

Participants' clinical characteristics were evaluated using questionnaires and standardized 

clinic-based measurements of blood pressure and body anthropometry. Diabetes was defined 

at baseline by a fasting blood glucose of ≥126 mg/dl or use of diabetic medications.

Outcomes

The primary outcome for this study was the development of ESRD or 50% reduction in 

eGFR compared to baseline using the CRIC study eGFR equation.51 ESRD was ascertained 

through active follow-up and linkage with the United States Renal Data System. Serum 

creatinine was measured annually to estimate eGFR. Due to discrete measurements of eGFR 

at annual visits, the time of 50% reduction in eGFR was interpolated from these values 

assuming a linear decline between visits. Additionally, eGFR at the time of ESRD was 

assumed to be the median national value at initiation of dialysis (10.9 ml/min/1.73m2) where 

relevant.51 Participants were censored at the time of death, renal transplantation or loss to 

follow-up. Secondary analyses included the development of ESRD alone or the occurrence 

of ESRD or death.

Statistical Analysis

To describe acid-base physiology in the CRIC cohort, levels of acid excretion and markers 

of acid production were described across categories of eGFR (<30; 30–44; 45–59; and 60–

90 ml/min/1.73m2) and diabetes. The proportion of acid excreted as ammonium was 

calculated for each individual and summarized by group. Urinary citrate, in mEq, is a 

marker of acids produced from organic anion generation and loss. Milliequivalents of citrate 

in the urine were calculated using the expected average valence at each participants' urine 

pH utilizing a pKa for citrate of 6.4. The relationship between acid excretion, acid 

production and serum bicarbonate was assessed using linear regression models adjusted for 

age, sex, race, eGFR and diabetes.

The relationship between baseline net acid excretion or estimates of nonvolatile acid load 

and clinical outcomes were evaluated using Cox proportional hazards models with 

sequential adjustment for demographics (age, sex, race/ethnicity), comorbidity (diabetes and 

history of cardiovascular disease), kidney function (eGFR and log 24-hour urine albumin) 

and body composition (24-hour urine creatinine and body mass index). We performed pre-

specified analyses stratified by diabetes and tested the interaction using multiplicative 

interaction terms with net acid excretion as a continuous variable. The proportionality 

assumption was assessed using Schoenfeld residuals. Age violated the proportionality 

assumption, but similar results were obtained for the parameters of interest in models 

stratified by age, therefore this was not deemed meaningful in these analyses.

Sensitivity Analyses

We performed a series of sensitivity analyses to determine the robustness of our primary 

findings. Due to concern for residual confounding by body composition we performed 
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analyses in which net acid excretion was indexed to body surface area and ideal body 

weight. Because total 24-hour urine phosphorus and creatinine contribute to our calculation 

of titratable acidity and also may associate with outcomes, we evaluated individual 

components of acid excretion separately including 24-hour urine ammonium, pH and 

titratable acid. Finally, to ensure that our results were not due to the influence of inadequate 

nutrition or frankly abnormal acid-base status, we performed stratified analyses across 

groups defined by serum bicarbonate, body mass index, total energy intake, protein intake, 

and urine urea nitrogen.

All analyses were performed using Stata SE 13.1 (College Station, Texas, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Median levels of acid excretion and markers of acid production by categories of 
eGFRand diabetes
Estimated GFR is grouped according to Kidney Disease: Improving Global Outcomes 

(KDIGO) categorizations as G2 (eGFR 60-90 ml/min/1.73m2); G3a (eGFR 45-59 ml/min/

1.73m2); G3b (eGFR 30-44 ml/min/1.73m2) and G4/5 (eGFR<30 ml/min/1.73m2).52 A) 

Median net acid excretion is depicted in mEq/day with the median percentage as ammonium 

depicted by dark gray bars. Urine ammonium was directly measured. Titratable acidity was 

calculated from urine pH, urinary phosphate and creatinine using the Henderson Hasselbalch 

equation.41 Median urine pH in each group is reported in text above the bars. P-values for 

difference in net acid excretion by diabetes status and kidney function are depicted above 

each set of bars. P-value for comparisons by diabetes are adjusted for eGFR. Overall, 

percentage of acid excretion as ammonium and urine pH each were lower at lower eGFR 

(each p value for trend<0.001 using a continuous linear model) and among patients with 

diabetes compared to those without (p=0.04 and 0.002, respectively). B) Biomarkers of acid 
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production are depicted in mEq/day. Urine sulfate (dark gray bars) represents equimolar 

amounts of acid produced during metabolism of organic sulfur. Urine citrate represents total 

urine citrate in mEq based on each participants' urine pH (light gray bars). Thus this 

represents amount of acid produced from intermediate metabolism with losses of citrate salts 

in the urine. Citrate represents only one potential organic anion in the urine, whereas total 

organic anion excretion is estimated at 0.5mEq/kg/day;18 therefore, total acid production is 

not depicted. Median serum bicarbonate concentration (HCO3
-) in each group is reported 

above the bars. P-values for difference in net acid excretion by diabetes status and kidney 

function are depicted above each set of bars. P-value for comparisons by diabetes are 

adjusted for eGFR. Overall, serum bicarbonate, urine citrate and urine sulfate were lower at 

lower eGFR (p value for trend<0.01 for each using a continuous linear model).
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Figure 2. Relative hazard of End-Stage Renal Disease or 50% decline in estimated glomerular 
filtration rate by metrics of acid excretion in participants A) without diabetes, and B) with 
diabetes
Hazard ratios are adjusted for age, sex, race, cardiovascular disease, estimated glomerular 

filtration rate, log (24-hour urine albumin), 24-hour urine creatinine, body mass index and 

stratified by diabetes. Point estimates are indicated by black circles and 95% confidence 

interval are indicated by error bars. P-values are for linear trend derived from a continuous 

linear model of acidification parameter and outcome. The p-value for interaction between 

net acid excretion (continuous model) and diabetes was 0.06. P-values are for linear trend 

derived from a continuous linear model of net acid excretion and outcome. The p-value for 

interaction between urine pH (continuous model) and diabetes was 0.02; between urine 

ammonium (continuous model) and diabetes was 0.38; and between urine titratable acidity 

(continuous model) and diabetes was 0.01.
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Figure 3. Relative hazard of End-Stage Renal Disease or 50% decline in estimated glomerular 
filtration rate per 10 mEq/d higher net acid excretion among diabetic participants and within 
strata
Hazard ratios are adjusted for age, sex, race, cardiovascular disease, estimated glomerular 

filtration rate, log (24-hour urine albumin), 24-hour urine creatinine, body mass index and 

stratified by diabetes. Point estimates are indicated by black circles and 95% confidence 

interval are indicated by error bars.
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Figure 4. Proposed relationship between diet-dependent acid load (DAL), net acid excretion 
(NAE), organic anion production rate (OAP) and systemic acid base status
High diet (DAL) and diet-independent (OAP) components of acid load impact NAE and 

affect steady-state serum bicarbonate concentration. Worsened systemic acid-base status 

may feedback to inhibit diet-independent components of acid load, contributing to falling 

NAE in CKD. Adverse associations between low NAE and outcomes may related to diet-

independent components of acid load which reflect greater metabolic compensation for acid-

base derangements or impaired tubular functions in CKD.
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Table 4
Hazard ratio (95% confidence interval) of ESRD or 50% decline in estimated glomerular 
filtration rate (eGFR) by quartiles of estimated acid load and stratified by diabetes 
mellitus

No Diabetes Diabetes

Unadjusted Adjusted† Unadjusted Adjusted†

NEAPFFQ
‡

 Q1 (<30.7mEq/d) 1.0 1.0 1.0 1.0

 Q2 (30.7–39.3 mEq/d) 0.84 (0.61, 1.16) 0.78 (0.56, 1.09) 0.86 (0.67, 1.11) 0.83 (0.64, 1.08)

 Q3 (39.4–50.3 mEq/d) 1.05 (0.76, 1.44) 0.76 (0.55, 1.05) 0.95 (0.74, 1.21) 1.00 (0.78, 1.29)

 Q4 (≥50.4 mEq/d) 1.17 (0.86, 1.60) 0.89 (0.64, 1.23) 0.89 (0.69, 1.13) 0.85 (0.65, 1.10)

Continuous per 10 mEq/d higher 1.03 (0.96, 1.11) 0.98 (0.90, 1.06) 1.00 (0.94, 1.05) 0.99 (0.94, 1.05)

P* 0.36 0.61 0.88 0.82

NEAPUrine
‖

 Q1 (≤42.2mEq/d) 1.0 1.0 1.0 1.0

 Q2 (42.3–57.9 mEq/d) 1.45 (1.06, 1.99) 1.16 (0.84, 1.59) 0.90 (0.74, 1.11) 1.01 (0.82, 1.25)

 Q3 (58.0–76.8 mEq/d) 1.32 (0.96, 1.81) 1.03 (0.74, 1.42) 0.67 (0.54, 0.83) 0.85 (0.68, 1.06)

 Q4 (≥76.9 mEq/d) 1.68 (1.24, 2.29) 1.18 (0.86, 1.61) 0.89 (0.73, 1.09) 0.96 (0.78, 1.18)

Continuous per 10 mEq/d higher 1.04 (1.02, 1.06) 1.03 (1.00, 1.06) 0.99 (0.96, 1.01) 1.00 (0.97, 1.02)

P* <0.01 0.02 0.31 0.88

*
p is for linear trend from a continuous model

†
Models are adjusted for demographics (age, sex, race/ethnicity), history of cardiovascular disease, eGFR, albuminuria (log 24-hour urine 

albumin), 24-hour urine creatinine and body mass index

‡
NEAPFFQ, Net endogenous acid production from dietary questionnaire; n=2,676 individuals with 813 events due to some individuals missing 

follow up serum creatinine values for evaluation of 50% reduction in eGFR

‖
NEAPUrine, Net endogenous acid production from urine biomarkers; n=3,175 individuals with 1,039 events due to some individuals missing 

follow up serum creatinine values for evaluation of 50% reduction in eGFR
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