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Abstract
Background—A maximal exercise respiratory exchange ratio (RERmax) ≥1.10 is commonly
used as a criterion to determine if a “true” maximal oxygen uptake (VO2max) has been attained
during maximal-effort exercise testing. Because RERmax is heavily influenced by CO2 production
from acid buffering during maximal exercise, we postulated that dietary acid load, which affects
acid-base regulation, might contribute to variability in RERmax.

Purpose—To determine if a habitual dietary intake that promotes systemic alkalinity results in
higher RERmax during VO2max testing.

Methods—Sedentary men and women (47-63y, n=57) with no evidence of cardiovascular
disease underwent maximal graded treadmill exercise tests. VO2max and RERmax were measured
with indirect calorimetry. Habitual diet was assessed for its long-term effect on systemic acid-base
status by performing nutrient analysis of food diaries and using this information to calculate the
potential renal acid load (PRAL). Participants were grouped into tertiles based on PRAL.

Results—The lowest PRAL tertile (alkaline PRAL) had higher RERmax values (1.21±0.01,
p≤0.05) than the middle tertile (1.17±0.01) and highest PRAL tertile (1.15±0.01). There were no
significant differences (all p≥0.30) among PRAL tertiles for RER at submaximal exercise
intensities of 70%, 80%, or 90% VO2max. After controlling for age, sex, VO2max, and maximal
heart rate (HRmax), regression analysis demonstrated that 19% of the variability in RERmax was
attributed to PRAL (r=−0.43, p=0.001). Unexpectedly, HRmax was lower (p≤0.05) in the low
PRAL tertile (164±3 beats/min) versus the highest PRAL tertile (173±3 beats/min).
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Conclusion—These results suggest that individuals on a diet that promotes systemic alkalinity
may more easily achieve the RERmax criterion of ≥1.10 which might lead to false-positive
conclusions about achieving maximal effort and VO2max during graded exercise testing.
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Introduction
Maximal graded exercise tests with indirect calorimetry (GXTs) are commonly used to
determine maximal oxygen uptake (VO2max) for purposes including general fitness
assessment, performance testing of athletes, or in clinical settings, as a means for
determining the severity of advanced heart failure. During these tests, respiratory exchange
ratio during maximal effort exercise (RERmax) is typically measured to gain insights into the
validity of the measured VO2max value. RERmax values of ≥1.10, along with other criteria,
suggest that a “true” VO2max has been attained (23), although specific cut-points vary
considerably among studies (12).

Unlike respiratory exchange ratios during rest or steady state exercise, RERmax is largely a
function of non-metabolic carbon dioxide (CO2) production from bicarbonate buffering of
hydrogen ions produced during maximal-intensity exercise (23). Numerous factors can
affect the production of non-metabolic CO2 during progressive incremental exercise to
exhaustion. These factors, which may also contribute to variability in RERmax, include the
rate at which hydrogen ions are buffered by bicarbonate, the sensitivity of central and
peripheral chemoreceptors that stimulate ventilation in response to pH perturbations, and the
size of whole-body carbon dioxide stores (which affects the rate at which CO2 accumulates
in blood). In light of these potential sources of variation in RERmax, it is conceivable that
environmental and/or genetic factors can affect RERmax. However, to our knowledge, none
has been identified.

Variation in the composition of common western diets can affect the pH of blood [by ∼0.03
pH units (8; 32)] and urine[(∼1.0 pH units (5)]. The physiology of these effects is complex
and involves the mineral and protein content of the diet, intestinal absorption rates of
specific nutrients, sulfur metabolism, and urinary acid excretion (21). However, in general,
fruits and vegetables promote systemic alkalinity while grains, meats, and cheeses promote
acidity (21). Not surprisingly, the pH altering qualities of various diets impact physiology
and health. For example, alkaline-promoting diets appear to protect against osteoporosis (5;
24; 30) and decrease uric acid kidney stones formation (3). If diet composition can affect
systemic pH, it seems plausible that it could also affect RERmax, which is largely
determined by exercise-induced acidosis.

Although RERmax is a useful and objective measure for determining if a “true” VO2max
was obtained during a GXT, it is not clear why some individuals are able to attain RERmax
values of ≥1.10 long before reaching exhaustion while others may never reach values of
≥1.10 despite their greatest effort during a GXT (17). In light of the potential for habitual
diet to affect systemic pH, and because it seems plausible that systemic pH could affect
RERmax, it seems reasonable to propose that alkaline/acid promoting dietary qualities could
contribute to this variability. Therefore the purpose of this study was to determine if the
alkaline/acid promoting qualities of habitual dietary intake affect RERmax. More
specifically, we hypothesized that alkaline-promoting diets are associated with greater RER
values during maximal exercise.
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Methods
Data were collected and analyzed from two intervention trials: One that was performed at
Washington University School of Medicine (Phase 1 CALERIE study -Comprehensive
Assessment of the Long-term Effects of Restricted Intake of Energy) and another that was
started in August 2008 and is ongoing at both Saint Louis University and at Washington
University School of Medicine (CREG Study - Calorie Restriction, Exercise, and
Glucoregulation Study). Data for the present analysis included baseline data from both trials.

Subjects
All subjects were recruited from the St. Louis, Missouri metropolitan area. For both studies,
participants underwent a medical evaluation which included a medical history, physical
examination, fasting hematological assessment. Volunteers were excluded if they had a
history or clinical evidence of diabetes, heart disease, stroke, recent malignancy, or other
major diseases. Recent or current smokers, and physically active volunteers (i.e. performing
vigorous exercise >2 d/wk and ≥20 min/d) were excluded. Women were required to be
postmenopausal. For the CALERIE study, participants had to have a BMI in the 23.5 - 29.9
kg/m2 range and had to be 50 to 60 years of age. For the CREG study, BMI had to be 25.0 -
29.9 kg/m2 and age had to be 45 - 65 years. Written informed consent was obtained from all
participants. The studies were reviewed and approved by the Washington University School
of Medicine Human Research Protection Office and the Saint Louis University Institutional
Review Board.

Graded Exercise Testing
Maximal effort incremental treadmill tests were performed with ECG monitoring
(CALERIE study: Marquette Max 1, Marquette Electronics, Inc., Milwaukee, WI; CREG
study: MedGraphics CardiO2, Medical Graphics Corportation, St. Paul, MN), blood
pressure assessments, and indirect calorimetry (CALERIE study: True Max 2400,
ParvoMedics, Salt Lake city, UT; CREG study: MedGraphics CardiO2, Medical Graphics
Corportation, St. Paul, MN). Prior to each test, a 3-liter air syringe (Hans Rudolph, Inc.,
Shawnee, KS) was used to generate a series of flow profiles for calibrating the pneumotach
flow meter on the indirect calorimeters. The carbon dioxide and oxygen analyzers were
calibrated prior to each test with medical grade gases of known carbon dioxide and oxygen
concentrations. The GXT was initiated at a speed determined during warm-up to increase
HR to ∼70% of age-predicted maximal heart rate (HRmax) and a grade of 0%. Thereafter,
the grade was increased by 2 percentage points every 2 minutes until the subject could no
longer continue due to fatigue or medical complications. Tests that were terminated due to
medical complications were excluded from the analysis for the current report. Peak VO2
was considered “true VO2 max” if two of the following criteria were met: 1) measured
HRmax ≥ age-predicted HRmax minus 10 beats/min, 2) VO2 increased <150 ml/min during
the last two stages of the test, and 3) RERmax was ≥ 1.10. HRmax was determined from at
least five R-R intervals, as measured on an ECG that was printed during maximal exercise.
Age predicted HRmax was calculated as 208 - 0.7 × age (yr) (28) and was used to calculate
HRmax as a percentage of age-predicted HRmax. Ventilatory equivalent for CO2 production
during maximal exercise (VE/VCO2max) was calculated as an index of ventilatory
efficiency.

For tests performed as part of the CALERIE study, the coefficient of variation for outcomes
from duplicate exercise test results performed 1-3 weeks apart were 3% for VO2max, 2% for
RERmax, and 2% for HRmax. Reproducibility data were not available for repeat exercise
tests performed as part of the CREG study; however, the same investigator (EPW) provided
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direct oversight for testing procedures and technician training for both studies and
performed all routine maintenance on the indirect calorimeter equipment.

Submaximal RER values were determined by establishing a linear regression equation for
each test/subject that described the relationship between oxygen uptake and RER. Metabolic
data from early in the test, when RER values temporarily decline, and during a VO2 plateau,
if present, were not used in the development of the regression equations. The subject-
specific equations were then used to determine RER values at oxygen uptakes equivalent to
70%, 80%, and 90% of VO2max.

Dietary Assessment
Participants in the CALERIE study completed 7-day food diaries and those in the CREG
study completed 3-day food diaries. The study dietitians met with participants prior to the
diary recording period to give specific instructions on how to measure and record all food
and liquids consumed. After the diary period, the study dietitians again met with the
participant so that any ambiguities in the diary could be clarified. Computerized nutrient
analysis was performed on the diaries by the study dietitians (CALERIE study: Nutrition
Data System for Research, versions 4.05, 4.06, and 5.0, Nutrition Coordinating Center,
University of Minnesota, Minneapolis, MN; CREG study: Food Processor SQL, version 10,
ESHA Research, Salem, OR).

The effect of habitual diet on systemic acid load was estimated by calculating potential renal
acid load (PRAL) from the analyzed food diaries by using validated methods (2; 19; 20; 31).
PRAL is highly correlated with net acid excretion (NAE) in urine (19; 20). Low (more
negative) PR..AL corresponds with a low intake of acid equivalents (i.e. an alkaline diet)
while high PRAL corresponds with a large acid-load. The equation used to calculate PRAL
is as follows (21; 31):

Where P, K, Ca, and Mg are daily dietary intakes of phosphorus, potassium, calcium, and
magnesium, respectively.

Plasma Electrolytes and Carbon Dioxide
After the subjects fasted overnight, venous blood was collected from a superficial arm vein
into lithium heparin-containing tubes. Plasma was isolated by using centrifugation and
analyzed for concentrations of sodium, potassium, chloride, and carbon dioxide (CO2) by
the medical center's CLIA certified clinical laboratory.

Statistical Analysis
Comparisons of subject characteristics from the two studies (CALERIE and CREG studies)
were performed by using independent t-tests. Subjects were grouped into tertiles according
to PRAL and ANOVAs with protected F-tests (LSD) were used to compare means among
PRAL tertile groups. Analysis of covariance was used for follow-up analysis, which
included potential confounding factors as covariates. Stepwise multiple linear regression
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analysis and Pearson correlations were used to identify relationships between variables. Data
are presented as means ± standard errors unless otherwise noted. Analyses were performed
with PASW Statistics software (version 18.0.0). P-values of ≤0.05 were considered
significant.

Results
Subjects

On average, the participants were in the middle of the targeted age ranges and were
moderately overweight, according to BMI (Table 1). Approximately 2/3rds of the
participants were women.

Metabolic Responses to Maximal Exercise
Based on normative data (26), VO2max values indicate that these subjects had below
average cardiovascular fitness according to age and sex, as would be expected for
individuals who are sedentary or perform low levels of physical activity (Table 1). Although
the present study only included data that from tests that continued until volitional
exhaustion/fatigue, some tests did not meet the criteria for “true” VO2max, as commonly
occurs (10; 27). The percentage of GXTs that did not meet the criteria for “true” VO2max
were 19% for the CALERIE study and 7% for the CREG study, which was not significantly
different between groups (χ2 = 0.24, p = 0.63). A representative plot of the breath-by-breath
increases in RER that occur with progressive intensity exercise is depicted in Figure 1.

Dietary Potential Renal Acid Load
Average PRAL (Table 1) was greater than those reported for European adults (−4 to −7
mEq/d) (31) and slightly greater than those reported for postmenopausal women in the
United States (2 mEq/d) (29), but similar to those for children in the United States (6-8 mEq/
d)(19) and considerably lower than those for adolescent males (19 mEq/d) (19). Therefore,
these data indicate that on average, our study participants consumed a diet resulting in a net
systemic acid load as is common in the United States and is characteristic of diets containing
large amounts of meat and grain (acid promoting foods) and low intakes of vegetables and
fruits (alkaline promoting foods).

Relationships between potential renal acid load and metabolic outcomes
RERmax was significantly greater in the lower PRAL (alkaline) tertile than in the upper
PRAL (acid) tertile and middle tertile (Figure 1). There were no differences among PRAL
tertiles at any of the submaximal exercise intensities (i.e. 70%, 80%, or 90% of VO2max;
Figure 1). HRmax was lower in the lowest PRAL tertile as compared to the highest PRAL
tertile (Table 2). There were no differences among PRAL tertiles for VO2max or VE/VCO2
(Table 2). Plasma electrolytes and CO2 levels did not differ among PRAL tertiles (Table 3).
The effect of PRAL on RERmax and HRmax remained significant after exclusion of data
from the 9 subjects who did not meet the criteria for “true” VO2max (data not shown).

In light of the possibility that the differences in HRmax among PRAL tertiles could have
contributed to the differences in RERmax among tertiles, a covariate analysis was performed.
RERmax remained significantly different among PRAL tertiles (p=0.001) after accounting
for variation in HRmax among tertiles, although the differences in RERmax among groups
became slightly larger (RERmax values: lowest tertile, 1.22±0.01; middle tertile, 1.17±0.01;
highest tertile, 1.14±0.01). Furthermore, inclusion of VO2max, age, and height as possible
confounders did not alter the findings.
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Correlation analysis indicated that lower (more alkaline) PRAL was associated with higher
RERmax values (r = −0.43, p = 0.001; Figure 2). There were tendencies for higher RERmax
values to correlate with lower intakes of protein (r = −0.25, p = 0.06) and phosphorous (r =
−0.23, p = 0.08); none of the other nutrients used in the calculation of PRAL (i.e. dietary
intakes of potassium, calcium, and magnesium) correlated with RERmax (all p ≥ 0.34).
PRAL was not correlated with VO2max regardless of whether expressed in absolute terms (r
= 0.20, p = 0.14) or relative to body weight (r = 0.04, p = 0.74). Furthermore, VE/VCO2max,
as a marker of ventilatory efficiency, was not correlated with PRAL (r = 0.10, p = 0.48).
However, a weak to moderate correlation was evident between lower PRAL and lower
HRmax (Figure 2); this association remained significant (r = 0.33, p = 0.01) after accounting
for age by expressing HRmax as a percentage of age-predicted HRmax. PRAL was not
associated with plasma concentrations of sodium (r = 0.05, p = 0.73), potassium (r = −0.15,
p = 0.27), chloride (r = −0.003, p = 0.98), or CO2 (r = −0.16, p = 0.23). There was no
correlation between RERmax and VO2max (Figure 2), indicating that variation in RERmax
could not be attributed to variation in cardiorespiratory fitness. After exclusion of data from
the 9 subjects who did not meet the criteria for “true” VO2max, the correlations of PRAL
with RERmax (r = −0.40, p = 0.004) and HRmax (r = 0.42, p = 0.003) remained significant.

Using multiple linear regression analysis with RERmax as the dependent variable and PRAL,
HRmax, sex, age, and VO2max (mL/kg/min) as independent variables, only PRAL (19% or
the variance explained, p=0.001) and HRmax (7% of the variance explained, p=0.03) were
related to RERmax:

No autocorrelations was present in the model (Durbin Watson Statistic = 1.66).

Discussion
The main finding of the present study is that diets resulting in a low systemic acid load (low
PRAL) are associated with the attainment of a higher respiratory exchange ratio at the end of
maximal-intensity treadmill exercise tests (∼1.20 vs. 1.14). As a result, individuals who
habitually consume low PRAL diets might achieve the RER ≥ 1.10 criterion for a “true”
VO2max at submaximal exercise intensities and VO2max would be underestimated if the
test stopped when RER reached 1.10. Alternatively, individuals consuming an acid-
promoting diet, which is common in the United States (19), would be less likely to achieve
the true VO2max criterion of RER ≥ 1.10. In our study, all of the 19 participants with
negative (alkaline) PRAL values reached an RER ≥ 1.10, while 34 of 38 participants (89%)
with positive (acid) PRAL values achieved an RER ≥ 1.10, although these frequencies were
not statistically different (p=0.34). It is conceivable diets that result in a greater acid load
than those observed in the present study, or other conditions that increase systemic acid load
(e.g. medications) might have more extreme effects on RERmax. Others have reported on the
substantial heterogeneity of RERmax values from graded exercise tests (17), thereby
bringing into question the use of RER ≥ 1.10 as a criterion for a valid or “true” VO2max.
However, the factors that contribute to this variability in RERmax have been unknown. Our
study demonstrates that habitual dietary patterns that influence systemic acid load account
for 19% of the variability in RERmax. Further studies are needed to determine if the PRAL-
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related effects on RERmax are associated with alterations in pH, CO2 pressure, and
bicarbonate levels in arterial blood.

PRAL, as a measure of dietary acid load, reflects the tendency for food to alter systemic pH,
or the amount of acid that must be cleared or buffered in order to prevent pH changes. It is
based on the absorption of specific nutrients and the capacity of these nutrients to produce
anions and cations in circulation (18), but is not necessarily related to the acidity of the food
ingested. For example, lemon juice is acidic (pH ∼ 2) outside of the body but it has a
modestly low (alkaline) PRAL (-2.5 mEq/100 g) and therefore has an acid-load lowering
effect on systemic pH (21). Furthermore, PRAL does not necessarily reflect systemic pH;
rather, it reflects the physiologic burden to maintain the optimal systemic pH, with the
kidney being the main organ responsible for long-term pH homeostasis (13). If the kidneys
(and other pH control systems such as the bicarbonate buffering system) are able to maintain
systemic pH in the face of a high systemic acid load, the urine will become acidic and
optimal blood pH will be maintained. However, if the acid load exceeds the systemic
capacity to excrete acid (for example, with compromised kidney function), systemic pH will
decrease with an acid-promoting diet (11).

It is biologically plausible that a low PRAL diet would permit greater non-metabolic CO2
production during maximal exercise, resulting in a greater RERmax. In presence of a low
systemic acid load (i.e. alkaline-promoting diet), circulating bicarbonate levels are elevated
(7), thereby increasing bicarbonate availability for acid buffering during high-intensity, acid-
producing exercise (13). This would allow for more H+ buffering and greater CO2
production during high-intensity exercise, thereby increasing maximal exercise VCO2 and
RER (15). In support of this proposition, Peronnet et al. (16) demonstrated that during a
ramp exercise test to exhaustion, bicarbonate infusion prevented the exercise-induced
reductions in bicarbonate and pH and resulted in significantly higher RERmax values
compared to a control condition (RERmax: 1.21 vs. 1.13). We did not measure circulating
bicarbonate or blood pH in our preliminary study; although plasma CO2 content is partly
reflective of plasma bicarbonate levels (9), we did not observe an association between
PRAL and plasma CO2.

In contrast to maximal exercise RER values, RER values during submaximal exercise were
not associated with PRAL. Bicarbonate buffering system activity is a major determinant of
maximal exercise RER values; however, it has little or no influence on RER during
submaximal exercise. Therefore, the finding that PRAL is associated with maximal but not
submaximal exercise RER suggests dietary PRAL influences RERmax through effects on
bicarbonate buffering.

An unexpected finding was that low-acid diets were associated with lower maximal heart
rates. One possible explanation for this would be that, by chance, the subjects consuming a
low PRAL diet did not give as much physical effort during maximal exercise. However, if
this were the case, the RERmax differences among PRAL tertiles would be underestimated.
Indeed, after accounting for differences in HRmax among PRAL tertiles, the differences in
RERmax became slightly larger. Another explanation is that variations in PRAL might have
altered plasma electrolyte concentrations, which could have cardiac effects; however, we
saw no evidence of associations between PRAL and plasma electrolytes. Lastly, it is
possible that diet-related alterations in blood pH had direct or indirect (for example,
involving sympathetic nervous system activity) cardiac effects. At rest, acidosis has been
shown to decrease contractility (14) and to either increase (6; 25) or decrease (1) heart rate.
However, to the best of our knowledge, the effects of acid-base alterations on maximal
exercise cardiac function have not been studied.
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It cannot be determined, based on our study, whether the effects of PRAL on RERmax and
HRmax are attributable to acute or chronic effects because we assessed habitual diet and
these dietary patterns were presumably practiced by the participants for many years. In one
respect, it seems likely that the effect of PRAL on RERmax would occur rapidly (i.e. in hours
or days), as acute changes in diet have been shown to alter blood and urinary pH (5; 8).
However, it is also possible that chronic exposure to mild acidosis/alkalosis has effects that
develop over months, years, or decades. For example, acidosis in humans has clear effects
on the growth hormone (GH)/insulin-like growth factor (IGF)-1 axis in humans (4). Because
the GH/IGF-1 system has major effects on the heart (e.g. effects on cardiac growth and
development and myocardial substrate metabolism and contractility) and has been
implicated in clinically relevant cardiac dysfunction (reviewed in (22)), it is possible that
chronic sub-clinical acidosis could affect cardiovascular function by altering long-term GH/
IGF-1 function.

Because of the preliminary nature of this study, there are limitations. First, this was a cross-
sectional study involving observation of habitual dietary intakes. Therefore, unidentified
confounding factors might be responsible for some or all of the reported effects. To advance
these preliminary cross-sectional findings, we are initiating an intervention study in which
we are increasing PRAL (by using an isoenergetic diet rich in meats, cheeses and grains and
low in fruits and vegetables) or decreasing PRAL (by using an isoenergetic diet rich in fruits
and vegetable and low in meats, cheeses, and grains) to determine if 7 days of a low or high
PRAL diet also alters RERmax. Another limitation is that we depended on estimates of
dietary acid load from food diaries and nutrient analysis rather than direct measures of
systemic pH or urinary measures of anion/cation content or pH. However, information from
this study can be used to justify more advanced studies involving better measures of acid
load and physiologic responses to exercise and randomization to controlled feeding
interventions.

In conclusion, dietary qualities that result in a low systemic acid load (i.e. alkaline diets) are
associated with the attainment of higher peak values for respiratory exchange ratio during
maximal-intensity exercise testing. Such diets would typically be very rich in vegetables and
fruits and low in meats, grains, and dairy. The implications of this finding are twofold. First,
because maximal exercise RER ≥ 1.10 is commonly used as a criterion for determining
whether a “true” VO2max has been attained during an exercise test, this finding brings into
question the use of maximal RER as a true VO2max criterion. Secondly, although more
preliminary, this finding also suggests that dietary acid load affects acid-base regulation
during high-intensity exercise. In this context, future studies to investigate the possibility
that dietary acid load affects physical performance during acidosis-inducing exercise are
perhaps warranted.
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Figure 1.
Respiratory exchange ratios during submaximal- and maximal-intensity exercise. The top
panel depicts the breath-by-breath changes in respiratory exchange ratio during progressive-
intensity exercise to exhaustion from a representative exercise test. The bottom panel depicts
the mean (± SEM) respiratory exchange ratio values for subjects in each PRAL tertile during
submaximal- and maximal-intensity exercise. P-values are from ANOVA tests comparing
means among potential renal acid load (PRAL, mEq/day) tertiles. * p ≤ 0.05 versus the
middle and high PRAL tertiles.
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Figure 2.
Association between potential renal acid load (PRAL, mEq/day) and maximal respiratory
exchange ratio (top panel), PRAL and maximal heart rate (middle panel) and maximal
respiratory exchange ratio and maximal oxygen uptake (mL/kg/min) (bottom panel).
Correlation coefficient is from Pearson correlation analysis.
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Table 1

Subject characteristics.

All Subjects N=57 CALERIE Study N=43 CREG Study N=14 P-Value

Age, y 55.8 ± 3.5 55.9 ± 3.3 55.5 ± 4.3 0.73

Sex, % female 67 63 79 0.28

BMI, kg/m2 27.6 ± 2.0 27.4 ± 2.1 28.2 ± 1.8 0.22

PRAL, mEq/day 8.2 ± 17.3 6.6 ± 16.0 13.2 ± 20.6 0.21

VO2max, L/min 2.05 ± 0.54 2.07 ± 0.55 1.98 ± 0.53 0.59

VO2max, ml/kg/min 25.5 ± 4.7 26.0 ± 4.6 24.1 ± 5.0 0.19

HRmax, beats/min 169 ± 7 169 ± 12 171 ± 13 0.56

HRmax, % of predicted HRmax 100 ± 7 100 ± 7 101 ± 7 0.59

Exercise test duration, min 9.2 ± 1.5 9.1 ± 1.5 9.3 ± 1.7 0.72

Values are means ± SD except for sex data, which are presented as percentages. P-values are from independent t-tests comparing data from the
CALERIE and CREG studies except for P-values for sex, which is from a Chi-square analysis. BMI, body mass index; PRAL, potential renal acid
load of the diet (mEq/day) calculated based on nutrient analysis of 3- or 7-day food diaries; VO2max, maximal oxygen uptake; HRmax, maximal

heart rate.
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