Storz and Ronco BMC Nutrition (2022) 8:43
https://doi.org/10.1186/540795-022-00537-4

BMC Nutrition

RESEARCH Open Access
®

Check for
updates

Quantifying dietary acid load in U.S. cancer
survivors: an exploratory study using NHANES
data

Maximilian Andreas Storz" ® and Alvaro Luis Ronco?>*

Abstract

Background: Diet is an important determinant of systemic pH and acid-base regulation. A frequent consump-
tion of acid-inducing foods (including processed meats and cheese) combined with a low intake of base-inducing
foods (such as fruits, legumes and vegetables) increases Dietary Acid Load (DAL), which has been associated with an
increased risk for certain cancers. DAL also appears to be of paramount importance in cancer survivors, in whom it
was associated with increased mortality and poor overall physical health. Literature on DAL in cancer survivors, how-
ever, is scarce and limited to a few studies.

Methods: Using cross-sectional data from the National Health and Nutrition Examination Surveys (NHANES), we
sought to quantify DAL in U.S. cancer survivors and contrasted the results to the general population. DAL was esti-
mated using established formulas (Potential Renal Acid Load (PRAL) and Net Endogenous Acid Production (NEAP)).

Results: Our study comprised 19,413 participants, of which 1444 were self-reported cancer survivors. Almost 63% of
cancer survivors were female (weighted proportion) with a mean age of 61.75 (0.51) years. DAL scores were consist-
ently higher in cancer survivors (as compared to the general population) after adjustment for confounders in multi-
variate regression models. These differences, however, were not statistically significant (p =0.506 for NEAP, 0.768 for
PRALR and 0.468 for NEAPg, respectively). Notably, DAL scores were positive throughout (>0mEg/d) in cancer survi-
vors, suggesting an acidifying diet. Specific examples include mean PRAL scores > 11 mEqg/d in cancer survivors aged
55years and mean NEAP; scores >50 mEq/d in cancer survivors aged 40-60 years).

Conclusions: The acidifying diet in this sample of cancer survivors warrants caution and requires further investiga-
tion. Comparably high DAL scores have been associated with adverse health outcomes and an increased mortality in
previous studies in breast cancer survivors. Thus, increased awareness as well as additional clinical trials in this field are
urgently warranted.
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Background

Diet affects the human acid-base status [1], and may
influence systemic pH, metabolism and acid—base home-
ostasis [2, 3]. Dietary acid load (DAL) is determined by
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the balance of base-inducing foods (such as fruits and
vegetables) and acid-inducing foods (including meats,
eggs, and cheese) [4, 5]. Plant foods are abundant in
metabolizable organic anions and generally decrease
DAL, with green leafy vegetables (celery, broccoli, spin-
ach), raisins and berries having a particularly alkalinizing
effect [5, 6]. In contrast, the oxidation of sulfur-contain-
ing amino acids (methionine, cysteine and homocysteine)
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found in meat and meat products generates sulfate and
thereby increases DAL [7, 8].

A high DAL has been positively associated with insulin
resistance and type-2-diabetes [4, 9], chronic kidney dis-
ease [10], and cardiovascular disorders [11] in numerous
epidemiological studies.

It has been argued that diet-dependent acid load could
also predispose individuals to an increased cancer risk
[12, 13], given that chronic acid—base imbalances can
affect cellular and molecular activities that lead to tissue
inflammation and cell transformation, which both may
stimulate carcinogenesis or tumor progression [13-16].
Keramati et al. recently performed a systematic review
and meta-analysis exploring potential association of a
high DAL and cancer risk [17]. The authors emphasized
that a high DAL may lead to a decreased adiponectin
secretion (which plays a pivotal role in the development
and progression of multiple malignancies [18]) and to an
elevation of cortisol production and circulating IGF-1
levels [17]. The latter is a potent stimulant of several sign-
aling pathways through binding to its cell surface recep-
tor and induces cancer cell proliferation, survival, and
migration [17, 19]. The authors also suggest that an aci-
dogenic diet may increase carcinogenesis by elevation of
insulin resistance [17].

In fact, DAL has been associated with an increased risk
for certain types of cancer in various epidemiological
studies [12, 20-26]. Positive associations of a high DAL
have been reported with regard to prostate [20], breast
[12, 22], lung [23], colorectal [24, 25], and pancreatic can-
cer [21]. In their meta-analysis, Keramati et al. pooled 10
studies and found that individuals with the highest DAL
scores had a 66% increased risk of cancer (compared to
those with the lowest DAL, p<0.001) [17].

Although the total number of available studies in this
particular field is still limited, there is now accumulating
evidence that DAL could be an important modifiable risk
factor to prevent from certain cancers.

Of note, the majority of studies focused on DAL as
a risk factor in healthy individuals, while few studies
addressed the role of DAL in cancer survivors [27-31].
Data from the Women’s Healthy Eating and Living
(WHEL) study suggested that a higher DAL increased
total mortality and breast cancer-specific mortality in a
cohort of 2950 early stage breast cancer survivors [27].
An increased DAL was also significantly associated with
increased plasma C-reactive protein (CRP) and hemo-
globin Alc (HbAlc) levels, and reduced overall physi-
cal health in breast cancer survivors [28, 29]. In light of
this mounting evidence, several experts called for adding
DAL scores to dietary guidelines for breast cancer survi-
vors [27]. However, the data supporting this call is based
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on a single cohort of breast cancer survivors from the
WHEL study.

Additional trials and investigations using data from
other cohorts are urgently warranted to gain a better
(and more detailed) understanding of DAL in cancer
survivors. We sought to address this gap in the litera-
ture and investigated DAL in U.S. cancer survivors from
the National Health and Nutrition Examination Surveys
(NHANES). The main aims of our study were twofold: a)
to quantify DAL in U.S. cancer survivors, and b) to com-
pare the results to the general U.S. population.

Methods

Study design and population

Our investigation is based on cross-sectional, popula-
tion-based data from the NHANES [32]. NHANES is a
major program of the National Center for Health Statis-
tics (NCHS) designed to assess the health and nutritional
status of non-institutionalized adults and children in the
United States of America. The NHANES program began
in the early 1960s and examined approximately 5000 peo-
ple annually in 15 different counties across the country
since 1999 [33]. The NHANES is an ongoing program
which has two major components: an interview and an
examination component. The interview includes demo-
graphic, socioeconomic, dietary, and other health-related
questions [32]. The examination component consists of
physiological and medical measurements, as well as labo-
ratory tests administered by specialized medical person-
nel. Detailed information on both components may be
obtained from the NHANES website [32].

NHANES data has been frequently used to investi-
gate cancer-related and health-related questions [34—
40]. For our present study, we used data from multiple
NHANES cycles (2007/2008, 2009/2010, 2011/2012, and
2013/2014) to increase the potential sample size for anal-
yses stratified by population subgroups. NHANES was
approved by the National Center for Health Statistics
research ethics review board [41]. Written informed con-
sent was obtained from all participants.

Data collection

We used data from various NHANES modules, including
demographic data, anthropometric data, dietary data and
questionnaire data. Demographic data included age (in
years), gender (female and male), race/ethnicity (Mexican
American, Other Hispanic, Non-Hispanic White, Non-
Hispanic Black, Other Race - Including Multi-Racial),
marital status (married or living with a partner, widowed/
divorced/separated, never married), education level (less
than 9th grade, 9-11th grade, high school graduate/ gen-
eral education diploma or equivalent, some college or
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associate degree, college graduate or above) and annual
household income (under $20,000 or over $20,000).

Examination data comprised body weight, height
and body mass index (BMI), which were obtained from
the body measures dataset and treated as a continuous
variable.

Dietary data

Dietary data were obtained from the nutritional assess-
ment component of the NHANES, which included a
24-hour dietary recall interview for all participants [42].
The main objective of this module was to obtain detailed
dietary intake information from NHANES participants
[43]. All dietary interviews were carried out in private
rooms in the NHANES mobile examination centers and
were conducted in person by specifically trained dietary
interviewers fluent in both English and Spanish [42, 43].
The specifically equipped dietary interview room con-
tained a standard set of measuring guides that were used
to help the respondent report the volume and dimen-
sions of the food items consumed. The dietary intake data
were used to estimate the types (and amounts) of foods
and beverages consumed during the 24-hour period prior
to the interview (midnight to midnight). Based on these
data, energy intake and nutrient intake were estimated.

The NHANES dietary interview component, called
“What We Eat in America” is conducted as a partner-
ship between the U.S. Department of Health and Human
Services and the U.S. Department of Agriculture (USDA)
[42]. All “What We Eat in America” data was collected
using USDA’s dietary data collection instrument, called
the Automated Multiple Pass Method [44]. The AMPM
is a fully computerized recall method designed to pro-
vide accurate means of collecting intakes for large-scale
national surveys [42, 44]. Additional information may be
obtained from the NHANES website. The detailed die-
tary examination protocol and data collection methods
are fully documented in the NHANES dietary interview-
er’s procedure manuals [45].

Dietary data used for this study included daily energy
intake (kcal/d), fiber intake (g/d), and intake of macronu-
trients (protein, fat and carbohydrate; all reported in g/d)
and selected micronutrients necessary for the DAL esti-
mations (calcium, magnesium, phosphorus and potas-
sium; all reported in mg/d).

Cancer status

Cancer survivorship status was self-reported and based
on the question “Have you ever been told by a doctor or
other health professional that you had cancer or a malig-
nancy of any kind?” from the medical conditions sec-
tion. To stratify analyses by cancer sites, we made use of
the question “What kind of cancer was it?;, which was
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included in the same module. In a first model, we com-
bined all cancer types regardless of their site, except for
skin cancers (non-melanoma and unspecified skin can-
cers) which were not included in this model. Afterwards,
we performed sub-analyses stratified by specific cancer
sites, including prostate cancer and breast cancer. Breast
and prostate cancer were chosen in light of their afore-
mentioned associations with DAL [20, 22, 27-30], and
because of the modest case numbers (at least 60 cases for
each cancer type) per cycle.

Dietary acid load estimations

We described the employed methods for the calculation
of DAL in our previous publications in detail [5, 22]. In
brief, we used the formulas developed by Remer & Manz
and Frassetto et al. to calculate Net Endogenous Acid
Production (NEAP) [2] and Potential Renal Acid Load
(PRAL) from diet [6, 46, 47]. PRAL; (in mEq/d) was cal-
culated according to the modified Remer formula:

PRALy (mEq/ day) = (0.49 x* total protein intake)
+ (0.037 * phosphorus intake)
— (0.021 * potassium intake)
- (0.026 * magnesium intake)

—(0.013 * calcium intake).

Net endogenous acid production was estimated based
on Remer’s formula (NEAP) and included average intes-
tinal absorption rates of ingested protein and micronu-
trients (PRALy) and anthropometry-based estimates for
organic acid excretion (OAest) [6]:

Estimated NEAP,(mEq/d) = PRAL (mEq/d) + OAest (mEq/d)

OAest (mEq/d) was calculated as follows:
Individual body surface area x 41/1.73

Body surface area was calculated with the formula of
Du Bois and Du Bois:

Body surface area (mz) = (0.007184 x height (cm)®7% x weight (kg)0'425>

NEAP. was estimated based on the formula by
Frassetto et al., which considers daily total protein intake
and potassium intake.

NEAP; = (mEq/d) = (54.4 X protein (g/d)/potassium (mEq/d)) — 10.2

The reader is referred to the work of Parmenter et al.
for additional background information on all three
employed formulas [48, 49]. Negative DAL scores
(PRAL,<0OmEq/d) indicate an alkaline-forming poten-
tial, whereas positive scores (PRAL;>0mEq/d) indicate
an acid-forming potential.
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Statistics

We used STATA 14 statistical software (StataCorp. 2015.
Stata Statistical Software: Release 14. College Station,
TX: StataCorp LP) for our statistical analysis. Stata sur-
vey commands were used to account for the NHANES
survey design characteristics and population weights.
Based on the NHANES guidelines, we generated an
8-year weight (2007-2014) to obtain weighted percent-
ages adjusted to the US adult population. We compared
all aforementioned variables between self-identified can-
cer survivors and the general population (who denied
a previous diagnosis of cancer). Participants were not
matched for age, sex, ethnicity, cancer status or any other
variable. For this study, only participants with a full data-
set were considered in the final analysis.

Continuous variables were described with their mean
and standard error in parenthesis (if normally-distrib-
uted) or median and interquartile range in parenthesis
(when not-normally distributed). For categorical vari-
ables we reported the number of observations (n) as well
as the weighted proportions in parenthesis. Reliabil-
ity of estimated proportions was assessed based on the
2017 NCHS guidelines [50], which consider the Korn—
Graubard confidence interval (CI), CI widths, sample
size, and degrees of freedom to assess reliability of a pro-
portion and to determine whether it can be presented
[51]. For this step, we also made use of the user-written
post-estimation command “kg_nchs” in Stata [51]. Unre-
liable proportions, that is proportions that did not met
the NCHS standards were clearly marked.

Continuous and normally distributed variables were
compared between cancer survivors and the general pop-
ulation using two-sample Student’s t-tests. We assessed
potential associations between cancer survivorship
status and categorical variables using STATA’s design-
adjusted Rao-Scott test. Moreover, we conducted a series
of linear regression analyses to examine the relationship
between all 3 DAL scores (NEAP, PRAL, NEAPg) and a
selected set of independent variables. Predictor variables
were chosen based on previous studies in the field and
included age, gender, race/ethnicity, body mass index,
total energy intake and cancer status [52-54].

Adjustment for total energy intake was necessary
because cancer survivors were, on average, significantly
older and had a lower total energy intake as compared
to the general population. Only candidate predictors
of interest and a bivariate relationship of significance
(p<0.25) with the response variables (DAL scores) were
included in the multivariate logistic models. Multivariate
linear regression models were constructed for all can-
cer sites combined, and for breast and prostate cancer,
respectively. Margin plots were used to display marginal
predicted values of NEAP, PRAL; and NEAPy, stratified
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by cancer survivorship status at all possible increments of
5units in age. Statistical significance was determined at
a=0.05 and all employed tests for statistical significance
were two-sided.

Results

The total sample for this study comprised 19,413 par-
ticipants. Our sample included 1444 self-reported cancer
survivors. The remaining 17,696 participants denied a
diagnosis of cancer in the past.

Cancer survivors had a mean age of 61.75years and
almost 63% (weighted proportion) were female (Table 1).
More than 80% of cancer survivors were of Non-Hispanic
White origin, and almost 2/3 were married or lived with
a partner. Mean BMI was slightly higher in cancer sur-
vivors (29.20kg/m?) as compared to the general popu-
lation (28.85kg/m?), however, this difference was not
statistically significant (p=0.210). Table 1 shows other
demographic data characterizing our sample of cancer
survivors.

Energy intake survivors signifi-
cantly lower as compared to the general population
(1881.02kcal/d vs 2201.78kcal/d). Table 2 shows daily
energy-adjusted nutrient intake (in g/1000kcal or
mg/1000kcal, respectively) for both groups.

Energy adjusted intake of fat, fiber, potassium, mag-
nesium, and calcium was significantly higher in can-
cer survivors. Energy-adjusted phosphorus intake also
tended to be higher in this group (670.76 mg/1000 kcal
vs 656.18 mg/1000kcal), however, the difference was not
statistically significant.

We ran multiple linear regression analyses to predict
DAL scores (NEAP, PRAL;, NEAPR) from gender, age,
race/ethnicity, total energy intake, BMI, and cancer sur-
vivor status (which indirectly defined nutrient intake
as shown in Table 2). After adjusting for covariates, we
found no significant associations between being a self-
identified cancer survivor and all 3 DAL scores (NEAP,
PRALg, NEAPy). Figure 1 displays marginal predicted
values of NEAP, PRAL; and NEAP; in cancers survivors
at all possible increments of 5units in age. DAL scores
tended to be higher in cancer survivors, however, the
differences were not statistically significant. DAL scores
declined with higher age but remained positive through-
out (e.g. PRALR>0mEq/d), indicating an acidifying
potential. Whether cancer survivors modified their diet
subsequent to their cancer diagnosis was not ascertain-
able from out data.

Marginal predicted values of NEAP, PRAL; and
NEAPy, in breast cancer and prostate cancer survivors are
shown in Fig. 2. Again, all 3 DAL scores tended to decline
with higher age but remained positive throughout.
DAL scores were not significantly higher in breast- and

in cancer was
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Table 1 Demographic, anthropometric and clinical
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characteristics — a comparison between cancer survivors and the general

population
General population Cancer Survivors: p?
n=17,969 n=1444
Gender <0.001
Male n=28783 (48.66) n=632(3721)¢
Female n=9186(51.34) n==812(62.79) ¢
Ethnicity <0.001
Mexican American n=2781(8.75) n=106 (3.04)
Other Hispanic n=1800 (5.48) n=96(2.80)
Non-Hispanic White n=7730 (66.94) n=911(83.35)
Non-Hispanic Black n=3918(11.76) n=266 (7.40) ¢
Other Race - Including Multi-Racial n=1740 (7.06) n=65(3.22)°¢
Marital Status <0.001
Married/living with a partner n=10,570 (62.97) n==870 (65.19)
Widowed/Divorced/Separated n=3842(17.28) n=477 (28.59)
Never married n=3557(19.74) n=97(6.21)¢
Annual household income 0.586
Under $20,000 n=4000 (15.05) n=354(15.69)
Over $20,000 n=13,969 (84.95) n=1090 (84.31)
Education level 0.144
Less than 9th grade n=1799 (5.29) 52 (5.04)
9-11th grade ® n=2756 (11.82) n= 216( 0.78)
High school graduate/GED or equivalent n=4136(22.68) n=314(20.46)
Some college or AA degree n=>5252(31.50) n=404 (31.69)
College graduate or above n=4026 (28 71) n=358 (32. 02) ¢
Age (in years) 45.36(0.28) 61.75(0.51) <0.0014
Body mass index (in kg/m?) n=28.85 (0.08) n=29.20(0.26) 0210

Categorical variables are shown as n (weighted %), continuous variables as means (standard error)

2 The p-value is based on a design-based Rao-Scott F-Test and tests for a potential association between cancer survivor status and the respective demographic,

anthropometric or clinical characteristics (available for categorical variables only)

® includes 12th grade without diploma

¢ indicates significant differences in the proportions

4 indicates significant differences in the means

Table 2 Nutrient intake — a comparison between cancer survivors and the general population

General population Cancer Survivors: p

n=17,969 n=1444
Energy intake (kcal/day) 2201.78 (10.67) 1881.02 (28.90) <0.001
Protein intake (g/1000kcal) 39.19(0.16) 39.32(0.49) 0.796
Carbohydrate intake (g/1000 kcal) 121.87 (0.38) 121.50 (1.05) 0.712
Fat (9/1000kcal) 37.23(0.14) 38.13(0.33) 0.016
Magnesium intake (mg/1000 kcal) 146.60 (0.81) 153.88 (2.02) <0.001
Potassium intake (mg/1000 kcal) 1307.81 (6.69) 142201 (17.81) <0.001
Calcium intake (mg/1000 kcal) 464.54 (2.44) 493.46 (7.88) <0.001
Phosphorus intake (mg/1000 kcal) 656.18 (2.13) 670.76 (7.52) 0.051
Fiber intake (g/1000 kcal) 8.16 (0.07) 8.75(0.19) 0.001

Data shown as mean and standard error in parenthesis. A p-value <0.05 indicates significant differences between both groups
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in the general population
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Fig. 1 Plots of marginal predicted values for NEAP; (1), PRAL; (2) and NEAPy (3) based on the employed regression models in cancer survivors and

Page 6 of 12




Storz and Ronco BMC Nutrition (2022) 8:43 Page 7 of 12

‘ Breast cancer survivors

‘ Breast cancer survivors

‘ Breast cancer survivors Prostate cancer survivors

Fig. 2 Plots of marginal predicted values (and confidence intervals) for NEAP; (2.1 and 2.2), PRAL (2.3 and 2.4) and NEAP; (2.5 and 2.6) based on the
employed regression models in breast cancer survivors (pink) and prostate cancer survivors (emerald)
N\

prostate cancer survivors as compared to the general from gender, age, race, total energy intake, BMI, and can-
population after adjusting for covariates. cer survivor status.

Table 3 shows the multivariate linear regression mod- Apart from cancer survivor status, all entered variables
els to predict DAL scores (NEAP,, PRALg, and NEAP;)  added statistically significantly to the prediction.
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Table 3 Multivariate linear regression models to predict DAL scores from gender, age, race, total energy intake, BMI, and cancer

survivor status

NEAP p-value PRALg p-value NEAP, p-value
Gender

Male - - -

Female —4.53(=540-(—3.66)) <0001 —3.69(—4.55-(—2.83)) <0001 —949(—1034-(—-864) <0.001
Ethnicity

Mexican American - - -

Other Hispanic 0.68 (—1.14-2.49) 0.460 —3.09(—4.82-(—1.35)) 0.001 —258(—432-(—084)) 0004

Non-Hispanic White —2.14 (=360 - (—0.67)) 0.005 —396(=539-(—254)) <0001 —1.07(—254-0.39) 0.148

Non-Hispanic Black 6.12 (4.66-7.58) <0001 —0.78(—=2.19-062) 0.273 1.75(0.31-3.20) 0.018

Other Race - Including Multi-Racial  —0.39 (—2.51-1.73) 0714 —3.06(—511-(=1.01)) 0.004 —224(—428-(—=020) 0032
Cancer Survivor

No - - -

Yes 0.54 (—1.07-2.14) 0.506 0.21 (—1.19-1.60) 0.768 0.50 (—0.92-1.92) 0486
Body mass index (in kg/m?) 0.34(0.26-042) <0001  028(0.22-0.35) <0.001 091 (0.84-0.97) <0.001
Total energy intake (in kcal/d) 0.0014 (0.001-0.0018) <0.001  0.0098 (0.0089-0.0105) <0.001  0.010(0.092-0.0108) <0.001
Age (in years) —056 (=071 -(—040) <0001 —038(—052-(—024) <0001 —027(=041-(=0.12  <0.001
Age squared (in years) 0.0025 (0.001-0.004) <0.001  0.0019 (0.0005-0.0032) 0.009 0.0003 (—0.0011-0.0018)  0.635

Coefficients are displayed with their 95% confidence intervals and p-values. The symbol “

Discussion

The present study sought to quantify DAL in U.S. cancer
survivors. All examined acid load scores (NEAPg, PRAL,
NEAPg) were higher in cancer survivors (compared to
the general population) after adjustment for confound-
ers. The differences, however, were not statistically signif-
icant. DAL scores were positive throughout (>0mEq/d),
and suggested that cancer survivors in general consumed
an acidifying diet that has been associated with adverse
effects in the existing studies in cancer survivors [27-30].

Notably, it is important to highlight that we did not
perform a case-control study, and that we did not match
participants on any characteristics (which poses a bias-
susceptible technical challenge because our data stem
from a complex multistage, stratified, clustered and
probability sampling design). Moreover, the employed
NHANES data did not allow us to examine whether can-
cer survivors modified their diet after receiving a cancer
diagnosis.

It is now widely accepted that a change in unhealthy
lifestyle behaviors (e.g. smoking cessation, improving diet
quality and increasing physical activity) in cancer survi-
vors may help to reduce cancer treatment sequelae, and
also reduces the risk for other common diseases such as
cardiovascular disorders and obesity [55]. Several stud-
ies reported significant and long-term changes in dietary
intake in cancer survivors [56—58].

A large Chinese trial found a substantial reduction
in the consumption of red meat (p<0.001), processed
meat (p<0.001), poultry (p<0.001), and dairy products

-“indicates the reference category

(p<0.001) in cancer survivors at 18-months post-diag-
nosis [56]. A French study using data from the NutriNet-
Santé cohort observed comparable trends, and reported
a decrease in total energy intake (—377.2 £ 243.5kcal/d)
and protein intake (— 17.44+12.5g/d) in cancer survivors
[57]. The latter was also observed in a study from Malay-
sia examining dietary intake 2years after a diagnosis of
breast cancer [58]. An Australian study with more than
500 cancer survivors attending the Sydney Cancer Sur-
vivorship Center reported that the majority of survivors
modified their diet after their cancer diagnosis [59].

We could not examine these associations due to the
cross-sectional nature of our data and due to the lack of
information on cancer-related comorbidities. As such,
our data serve as a mere description of DAL scores in
cancer survivors. The comparison to the general popu-
lation (denying any prior cancer diagnosis) is there-
fore difficult, as well. We may only speculate why total
energy intake was lower in cancer survivors and the same
applies for the slightly higher energy-adjusted fat intake
in the cancer survivor group (38.13 vs 37.23 g/1000kcal,
p =0.016). It is conceivable that the lower total energy
intake is related to the higher age of cancer survivors
(61.75 vs 45.36years). Yet, the cross-sectional nature of
our data does not allow for causal attributions. Other sce-
narios (e.g. unintended therapy side-effects and seque-
lae including lack of appetite and nausea that lead to a
reduced food intake) are also possible. Again, we cannot
not prove or reject these hypotheses based on the type of
our employed data.
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As described in detail earlier, the major aim of this
study was acid load quantification in the cancer survivor
group. It is possible that cancer survivors in our cohort
also modified their diet post diagnosis, but this remains
subject to speculation. Although it is conceivable that
this was the case (in light of the existing literature on
dietary modifications in cancer survivors [56-59]), we
may not prove it. Nonetheless, DAL scores were positive
throughout in our cohort of cancer survivors, suggesting
an acidifying diet (e.g. NEAP} ranging from 50mEq/d to
60mEq/d in cancer survivors aged 50 to 60) [60, 61]. This
was the case in all 3 models examining cancer survivors
in general (Fig. 1), and breast and prostate cancer survi-
vors in particular (Fig. 2).

DAL scores in the range of 50mEq/d to 60 mEq/d have
been associated with adverse health effects and reper-
cussions in analyses using data from the WHEL study in
breast cancer survivors [27-30]. Comparable PRAL and
NEAP scores have also been associated with an increased
mortality in breast cancer survivors [27], and may con-
tribute to reduced overall physical health [28]. Moreover,
Wu et al. also reported associations between DAL and
elevated plasma CRP and HbAlc levels in breast cancer
survivors [29]. Both are important risk factors associ-
ated with cancer recurrence and comorbidities in in this
particular group [62, 63]. A high DAL may contribute to
systemic inflammation and hyperglycemia in cancer sur-
vivors [29], which, in turn, has been associated with a
worse prognosis.

It is now widely accepted that a high DAL is associated
with numerous health repercussions in both healthy and
sick individuals [64, 65]. A high acid load decreases blood
pH towards the lower end of the normal physiological
range and induces low-grade mild metabolic acidosis that
causes tissue damage and inflammation [4, 29, 64]. The
latter is of particular concern in cancer patients, who have
a reduced capacity to adjust their acid-base balance [66].
Local inflammation subsequent to an acidic microenvi-
ronment may initiate genomic instability on normal cells
through the activation of cytokines, which may stimulate
tumor invasion and metastases [15, 16, 67]. The combined
evidence from basic research [13-16] and epidemiological
investigations [29, 30, 32, 33] warrants consideration, and
additional trials should investigate potential adverse effect
of a high DAL in cancer survivors.

Our study provides evidence that a high diet-dependent
acid load is common in cancer survivors in the NHANES
and emphasizes the need for additional research in this
area of current oncological interest. It is of utmost impor-
tance to highlight that DAL is an easily modifiable risk
factor, as dietary interventions promoting more plant-
based diets were shown to reduce acid load from diet [5,
68, 69]. The fact that our results still revealed a higher
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acid load in cancer survivors (who most likely modified
and improved their diet after diagnosis) as compared to
the general population reinforces this call.

Strengths and limitations

This study has several strengths and limitations that war-
rant further discussion. To the best of our knowledge,
it is one of the first studies to quantify DAL in a large
and nationally-representative cohort of cancer survi-
vors (NHANES). As such, we may have built the foun-
dation for additional research in the future in this field.
Although we did not match participants (e.g. “cases and
controls”) due to the specific nature of our data (complex
multistage, stratified, clustered data), we used state-of-
the-art multivariate linear regression techniques to adjust
for confounders (such as age and total energy intake). An
additional asset of our studies is the fact the we employed
3 different DAL scores (NEAP, PRALy, NEAPy), and did
not restrict our analysis to PRAL; and NEAPy, which is
often the case in epidemiological research. As such, our
study also includes a marker based on anthropometric
data (NEAPy).

Weaknesses include the missing cancer-specific param-
eters (e.g. duration since cancer diagnosis, the exact can-
cer stage, treatments received, hormonal status for breast
cancer, etc.). This information would have been valuable to
allow for a more detailed description of cancer cases. Dis-
cussing these parameters in the context of acid load scores
would have certainly enriched our study but unfortunately
they were not available in the NHANES. On the other
hand, none of these cancer-specific parameters is directly
related to the DAL calculations, which is based on nutri-
ents and anthropometric data. Moreover, cancer status
was self-reported (see methods) which could theoretically
lead to bias. The lack of matching methods in the sense of a
case-control study could also be interpreted as a weakness.
Yet again, the major aim of this study was to quantify DAL
in cancer survivors to gain a first overall impression, and
to investigate whether elevated DAL scores were eventu-
ally a topic in cancer survivors or not. Our results suggest
that additional trials in this field are urgently warranted,
particularly with regard to specific cancers. Future studies
should also examine additional associations between spe-
cific clinical outcomes and an elevated DAL.

Conclusions

The present study investigated DAL in U.S. cancer survi-
vors from the NHANES and revealed a higher (yet non-
significant) diet-dependent acid load in this cohort. DAL
scores >0mEq/d suggested an acidifying diet in cancer
survivors. This warrants attention, as comparable acid
load scores have been associated with adverse health out-
comes in previous studies in breast cancer survivors.
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