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Abstract

Summary Because kidney dysfunction reduces the ability
to excrete dietary acid excess, we hypothesized that un-
derlying kidney function may have confounded the mixed
studies linking dietary acid load with the risk of osteopo-
rosis and fractures in the community. In a relatively large
survey of elderly men and women, we report that dietary
acid load did neither associate with DEXA-estimated
bone mineral density nor with fracture risk. Underlying
kidney function did not modify these null findings. Our
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results do not support the dietary acid-base hypothesis of
bone loss.

Introduction Impaired renal function reduces the ability to
excrete dietary acid excess. We here investigate the associa-
tion between dietary acid load and bone mineral density
(BMD), osteoporosis, and fracture risk by renal function
status.

Methods An observational study was conducted in 861
community-dwelling 70-year-old men and women (49 %
men) with complete dietary data from the Prospective
Investigation of the Vasculature in Uppsala Seniors
(PIVUS). The exposure was dietary acid load as estimated
from 7-day food records by the net endogenous acid
production (NEAP) and potential renal acid load (PRAL)
algorithms. Renal function assessed by cystatin C estimat-
ed glomerular filtration rate was reduced in 21 % of the
individuals. Study outcomes were BMD and osteoporosis
state (assessed by DEXA) and time to fracture (median
follow-up of 9.2 years).

Results In cross-section, dietary acid load had no significant
associations with BMD or with the diagnosis of osteoporosis.
During follow-up, 131 fractures were validated. Neither
NEAP (adjusted hazard ratios (HR) (95 % confidence interval
(CD), 1.01 (0.85-1.21), per 1 SD increment) nor PRAL (ad-
justed HR (95 % CI), 1.07 (0.88—1.30), per 1 SD increment)
associated with fracture risk. Further multivariate adjustment
for kidney function or stratification by the presence of kidney
disease did not modify these null associations.

Conclusions The hypothesis that dietary acid load associates
with reduced BMD or increased fracture risk was not support-
ed by this study in community-dwelling elderly individuals.
Renal function did not influence on this null finding.

Keywords Bone mineral density - Dietary acid load -
Fractures - Osteoporosis - Renal function
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Introduction

Osteoporosis and its complications, in particular osteoporosis-
related fractures, represent major public health problems
among elderly [1, 2]. Apart from aging, osteoporosis is also
affected by comorbidities, hormonal changes, lifestyle, and
dietary factors. The acid-base theory postulates that bone acts
as a primary buffer system for basic components in foods such
as calcium, phosphate, potassium, and magnesium while acid
ions in foods act as proton (H") donors [3, 4], and that bone
loss and osteoporosis may ensue due to release of alkaline
salts from bone to maintain acid-base balance [5]. Acid-
producing foods include meats, fish, hard cheeses, cereal
grains, salted foods, and legumes, whereas alkaline, base-
producing foods are fruits and vegetables [6, 7]. Thus, long-
term exposure to an acidic environment may induce calcium
loss [7], leading to the decline of bone mineral density (BMD)
and subsequently to osteoporosis-related fractures.

Adherence to a Western diet, characterized by high con-
sumption of animal protein, has been associated with chronic
metabolic acidosis [8, 9], and diets rich in meat and low in
vegetables lead to both increased dietary net acid load [10] and
hip fracture risk in postmenopausal women [11]. In vivo,
metabolic acidosis has been suggested to suppress the activity
of the bone-forming osteoblasts [12]. Metabolic acidosis as-
sociates also with negative calcium balance, attributed to the
mobilization of calcium carbonate from the skeleton [4, 13].
Correcting metabolic acidosis by administration of NaHCO;
may lead to modest improvement in the negative calcium
balance in patients with severe renal insufficiency [14].

In nutritional epidemiology, the net endogenous acid pro-
duction (NEAP) and the potential renal acid load (PRAL)
calculated from dietary recalls are often used to estimate the
dietary acid load [15]. Several large population studies have
used NEAP and potential renal acid load (PRAL) to investi-
gate the association of dietary acid load and BMD, but the
results are mixed and inconsistent [15—19]. The same incon-
sistency is seen in the fewer studies addressing the association
between dietary acid load and fracture risk [20, 21]. A poten-
tial limitation of previous studies is the lack of consideration
of underlying kidney function, as the consequences of dietary
acid load in the community may depend on the ability of the
body to excrete acids and calcium into the urine [22]. This
may be of particular relevance given that previous studies
included eminently elderly individuals [15-21, 23]. Indeed,
kidney function declines with age, and as many as 50-60 % of
individuals above 65 years of age are considered to have
moderate to advanced kidney disease in national screening
programs [24]. In this study, we examined the association
between dietary acid load, BMD, and fracture risk in a
population-based cohort of elderly men and women, taking
underlying kidney function into account as a potential con-
founder and/or modifying cofactor.
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Subjects and methods
Subjects

This is an ancillary analysis from the population-based Swed-
ish cohort Prospective Investigation of the Vasculature in
Uppsala Seniors (PIVUS), involving 1061 women and men
aged 70 years, whose recruitment and clinical assessment took
place between 2001 and 2004 [25]. The primary aim of
PIVUS was to investigate vascular risk factors among the
elderly. For this specific analysis, 200 individuals were a priori
excluded due to the lack of dietary data, leaving 861 eligible
subjects (49 % males). The study was approved by the Ethics
Committee of Uppsala University, and informed consent was
obtained from all participants.

Dietary assessment

Dietary assessment was made with a 7-day food-frequency
questionnaire which has been validated by pre-coded menu
book from Swedish National Food Administration (NFA)
[26]. The dietary intake of energy and nutrients was calculated
using a database from the NFA. The macro- and
micronutrients in this study were corrected for total energy
intake by normalizing all intakes to a diet of 8.29 MJ (or
1982 kcal) by regression analysis of the residual method
[27]. PRAL was calculated with the algorithm of Remer
et al. [28]: PRAL (mEq/day)=0.49 xprotein intake (g/d)+
0.037xphosphorus (mg/day)—0.021 x potassium (mg/day)—
0.013 xcalcium (mg/day)—0.026 xmagnesium (mg/day). Es-
timation of the NEAP was calculated according to the equa-
tion of Frassetto et al. [29]: NEAP (mEq/day)=(54.4 x protein
intake (g/day)/potassium (mEq/day))—10.2.

Bone mineral density assessment

BMD of total body, lumbar spine (LS) (L1-L4), femoral neck
(FN), and total hip were measured by DEXA (DPX, Lunar
Prodigy, Lunar Corp., Madison, WI, USA). The BMD of the
femoral neck and total hip were measured on both sides.
Osteoporosis was clinically diagnosed using BMD measure-
ments at multiple sites (lumbar spine, total hip, or femoral
neck) and defined as a T-score <—2.5 standard deviation (SD)
from the National Health and Nutrition Examination Survey
(NHANES) III reference database in Caucasian women aged
20-29 years [30]. The precision error of DEXA measurements
of BMD was between 0.8 and 1.5 % by a triple measurement
performed in 15 subjects.

Identification of fractures during follow-up

As the main outcome, fractures occurring in study participants
after enrollment through 31 December 2011 were identified
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by matching to the Patient Register of the Uppsala County.
Complete linkage is enabled by use of the individual personal
identification number provided to all Swedish citizens. Frac-
tures considered were those from the neck down, as specified
by the International Classification of Diseases (ICD) 10 codes
S12, S22, S32, S42, S52, S62, S72, S82, and S92. The first
registered fracture for each individual was used.

Other covariates

Body mass index was calculated as weight (kg) at baseline
divided by the square of height (m?). Smoking status was
recorded as current smoker or not. Education levels were
grouped at least college level or below. Physical activity was
categorized into low and high based on a calculation of both
light and heavy physical activity. Venous blood samples were
drawn in the morning after an overnight fast and then stored at
=70 °C pending analysis. Serum cystatin C was measured by
latex-enhanced reagent (N Latex Cystatin C, Dade Behring,
Deerfield, IL, USA) with a Behring BN ProSpec analyzer
(Dade Behring). The total analytical imprecision of the meth-
od was 4.8 % at 0.56 mg/L and 3.7 % at 2.85 mg/L. Parathy-
roid hormone (PTH) levels were analyzed using the Immulite
2000 intact PTH assay (Diagnostic Products Corporation, Los
Angeles, CA, USA). All analysis of other biomarkers was
performed at the Swedish Board for Accreditation and Con-
formity Assessment (SWEDAC) accredited laboratory of De-
partment of Chemistry, University Hospital, Uppsala. Estimat-
ed glomerular filtration rate (¢GFR) was calculated by serum
cystatin C concentrations (mg/L) by the following formula:
eGFR=77.24x Cystatin C ~'*°** which has been validated to
be closely correlated with iohexol clearance [31]. As a
sensitivity/confirmatory analysis, we also estimated GFR with
the recent international, assay-independent estimated, cystatin
C-based GFR (CAPA-eGFR) equation: NCC-eGFR=130x
Cystatin C "% xage 177 [32].

Statistical analysis

Variables are reported as means+SD, median (interquartile
range) or percentages, respectively, unless otherwise speci-
fied. Participants were divided into four groups according to
quartiles of NEAP distribution. The linearity of variables
among groups was tested with Jonckheere-Terpstra (F) test.
Person-years at risk were calculated from the date of entry at
the cohort to the date of the first fracture event, date of death,
or the end of the follow-up period (31 December 2011),
whichever came first. Multiple linear regression analysis was
used to determine whether NEAP and PRAL were indepen-
dent predictors of BMD. Cox proportional hazards models
were used to estimate the hazard ratios (HRs) with 95 %
confidence intervals (CIs) for fractures. Both per SD incre-
ment as well as per quartiles of PRAL and NEAP were tested

as exposures. In multivariate analyses, the following serial
adjustments were performed: (1) minimal adjustment for sex
and energy intake; (2) further adjustment for BMI and con-
founding lifestyle factors (alcohol intake, smoking, physical
activity) and education level; (3) further adjustment for eGFR.
The association between dietary acid load and osteoporosis
was investigated with multivariable logistic regression model
using quartiles of diet acid load and the same multivariable
adjustments as above. Cox regression models also included
threshold models (highest quartile versus the rest) and strati-
fication by the presence/absence of CKD (defined as eGFR
<60 ml/min/1.73 m?). Finally, a power calculation for our
fracture risk analysis was performed to assess the robustness
of our null findings. P<0.05 was considered as statistically
significant. All statistical analyses were performed by using
Stata version 12.0 (Stata Corporation, College Station, TX,
USA).

Results
Baseline characteristics

The median NEAP and PRAL of the study population were
40.1 mEq/day (interquartile range (IQR) 35.6 to 45.0; range
16.7-78.2) and 1.05 mEg/day (IQR —4.40 to 6.9; range
—32.7-43.4), respectively. NEAP closely correlated with
PRAL (Rho=0.95, p<0.001). Median eGFR was 74.2 ml/
min/1.73 m?, and 182 individuals (21 %) were considered to
have CKD defined as eGFR <60 ml/min/1.73 m? with mod-
erate (n=181, eGFR 30.9-58.9 ml/min/1.73 m?) or, in one
individual, severe (¢GFR=21.8 ml/min/1.73 m?) impairment
of renal function. Baseline characteristics of study subjects
stratified by quartiles of NEAP are shown in Table 1. Along
with increasing NEAP, the proportion of men increased,
whereas no differences were observed as regards to the pro-
portion of diabetes, CVD, or levels of BMI and eGFR. Alco-
hol intake, energy intake, and lean body mass increased across
increasing NEAP quartiles.

Dietary acid load and bone mineral density

Along with increasing NEAP quartiles, T-scores for total body
BMD, and BMD for the femoral neck, spine, and hip were
rather similar for Q1—Q3 but higher for Q4 (Table 2). The
multivariate regression analysis (Table 2) failed, however, to
show any statistically significant association between dietary
acid load and DEXA measures when confounders were con-
sidered. Null associations were also observed when including
T-scores serving as the dependent variable (data not shown).
Osteoporosis was clinically identified in 18 % (157 cases) of
individuals. The proportion of individuals with osteoporosis
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Table 1 Clinical and biochemical characteristics of study participants (n=861) according to net endogenous acid production (NEAP)

Q1 (n=215) Q2 (n=216) Q3 (n=215) Q4 (n=215) P trend
NEAP, mEq/day <35.6 35.6-40.1 40.1-45.0 >45
General
Men, % 33 40 59 68 <0.001
Diabetes,% 8 14 14 11 0.30
CVD, % 13 16 14 19 0.15
BMI, kg/m? 26.5+4.3 27.7+4.6 26.4+3.8 27.3+4.3 0.16
¢GFR, ml/min/1.73 m? 77.8£20.9 76.3+£19.5 77.4+18.4 75.7£18.3 0.57
Lifestyle
Smokers, % 10 10 8 9 0.80
High physical activity®, % 32 24 22 31 0.07
High education®, % 49 60 60 55 0.09
Mineral biomarkers
Phosphorus, mmol/l 1.13+0.16 1.11+0.17 1.10£0.18 1.07+0.16 <0.001
Calcium, mmol/l 2.38+0.14 2.35+0.13 2.35+0.12 2.35+0.12 0.07
PTH, pg/ml 43.6+20.3 48.7+18.4 46.5+£20.2 48.2+21.7 0.14
Dietary intake®
Energy intake, kJ 7426+1983 7782+2039 8162+1886 827342417 <0.001
Alcohol intake, ml 600 (100-1322) 600 (200—-1200) 660 (200-1420) 900 (400-1732) <0.001
Vitamin D, pg/kg/day 0.07+0.03 0.08+0.03 0.08+0.03 0.07+0.03 0.63
Phosphorus, mg/kg/day 17.7+5.3 18.2+5.6 19.0+£5.2 18.0+5.8 0.78
Calcium, mg/kg/day 12.545.2 12.9+4.9 13.7+4.7 12.74£5.2 0.92
Potassium, mg/kg/day 48.0+13.6 43.5+12.4 42.5+11.1 36.5+11.2 <0.001
Magnesium, mg/kg/day 4.6+1.3 43+13 43+1.13 3.84+1.2 <0.001
Protein intake, g/kg/day 0.92+0.25 0.98+0.28 1.05+0.27 1.03£0.30 0.001
Body composition
Lean body mass 44.9+9.7 46.1+10.3 48.2+9.5 51.4+10.1 <0.001
Fat body mass 25.3+8.5 27.24+9.4 23.4+8.7 25.8+9.0 0.29
PRAL, mEq/day -11.3+7.26 -1.46+2.73 3.9+2.8 12.3£5.9 <0.001

All the data are shown as mean+SD, median (interquartile) and percentage

CVD cardiovascular disease, BMI body mass index, eGFR estimated glomerular filtration rate, PTH parathyroid hormone, PRAL potential renal acid load

*High self-reported physical activity

" Equal to or above college education level

¢ Corrected for total energy intake by regression analysis of the residual method

decreased with increasing quartiles of dietary acid load: 27 %
in Q1,21 % in Q2, 19 % in Q3, and 14 % in Q4, respectively,
based on NEAP. Nevertheless, the risk of osteoporosis did not
associate with dietary acid load (Fig. 1). Adjustment for renal
function did not modify this null association. We identified
182 individuals with manifest CKD (eGFR <60 ml/min/
1.73 m?). Stratification by the presence of CKD yielded
similar results in each stratum (Fig. 2).

Dietary acid load and the risk of fractures
The men and women in PIVUS were assessed after a follow-

up time of 9.2+2.4 years (IQR 8.8-10.8 years, range 0.1—
11.8 years). During the follow-up, 131 cases of fractures were
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validated. In Cox regression models, neither PRAL nor NEAP
associated with fracture risk (Table 3). Additional adjustment
for possible confounders including eGFR did not modify
these null associations. Stratification by the presence of
CKD did not modify the results (Fig. 2).

Because lean body mass increased across the categories of
NEAP likely due to a higher proportion of men, we further
tested, as a sensitivity analysis, lean body mass as an addi-
tional confounder in Cox regression models. Resulting haz-
ards were largely unaffected (data not shown). Consideration
of the CAPA-eGFR equation to estimate kidney function
yielded similar results (Supplemental figure and table). In
the setting of a HR equal to 1.22 (95 % CI 0.86—-1.17) (high
NEAP group versus low NEAP group divided by median
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Table 2 DEXA-estimated bone mineral density (BMD), expressed as T-
scores, in relation to quartiles of dietary acid load estimated by net
endogenous acid production (NEAP), and associations of T-scores with

dietary acid load calculated according to NEAP and the potential renal
acid load (PRAL) by linear regression in study participants (n=861)

Variables Ql Q2 Q3 Q4 NEAP, mEqg/day PRAL, mEq/day
(n=215) (n=216) (n=215) (n=215) Model A® Model B® Model A® Model B
B @) B @) B @) B ®)
Total body T-score —0.62+126 —0.52+139 —0.64+126 —0.18+139 —0.02(0.53) —0.05(0.08) 0.009 (0.78) —0.02 (0.51)
Lumbar spine T-score  —0.55+£1.86 —0.42+2.04 —0.39+1.86 0.06£1.93  0.004 (0.89) —0.03 (0.29)  0.008 (0.98) —0.02 (0.63)
Femoral neck T-score  —1.47+1.15 —1.50£1.13  —143£1.09 —1.16=1.13  —0.02 (047) —0.05(0.09)  0.010 (0.78)  —0.02 (0.54)
Total hip T-score —0.89+1.11 —0.89+1.16 —0.92+1.03 —0.67+1.08 —0.02(0.52) —0.06(0.10) 0.007 (0.84)  —0.02 (0.63)

T-scores were derived from the National Health and Nutrition Examination Survey (NHANES) III reference database for femoral neck measurements in

Caucasian women aged 20-29 years [30]
NEAP net endogenous acid production, PRAL potential renal acid load
#Model A was adjusted by sex and energy intake

®Model B was adjusted by sex, energy intake, body mass index, lifestyle factors (alcohol intake, smoking, physical exercise, education), and eGFR

value of NEAP) including 861 subjects and 131 events (over-
all events ratio=0.123), the power of our study is 0.82, which
we take as reasonably good to support our statements.

Discussion

The dietary acid load (estimated both by PRAL and NEAP)
did not associate with BMD, osteoporosis, or fracture risk
among elderly Swedish individuals. Taking kidney function
into consideration did not modify these null findings.

A Western diet contains typically a NEAP score of about
50 mEq/day [29]. This fits well with NEAP estimates from

Model A Model A
Q1 . Q1 )
Q2 —— Q2 —————i
Q3 ——i Pyeni=0.96 Q3 —————i Pyen=0.23
Q4 [ — Q4 [ —
Model B Model B
Q1 4 Q1 3
Q2 e ——1 Q2 L ————1
Q3 o Pyens=0.67 Q3 —e——— P,..,~0.92
Q4 L — Q4 e o |
T 1 T 1
0 1 2 3 0 1 2 3
Odds Ratio of Osteoporosis Odds Ratio of Osteoporosis
PRAL

Fig.1 Odds ratios (and 95 % CI) for the presence of osteoporosis across
quartiles of the distribution of dietary acid load calculated by net endog-
enous acid production (NEAP) and potential renal acid load (PRAL)
algorithms, respectively. The percentages of osteoporosis across dietary
acid load quartiles of distribution were 27 % in Q1, 21 % in Q2, 19 % in
Q3, and 14 % in Q4, respectively; model A was adjusted by sex and
energy intake; model B was adjusted by sex, energy intake, body mass
index, lifestyle factors (alcohol intake, smoking, physical exercise, edu-
cation), and eGFR

nationally representative US populations reporting an average
dietary acid load of 48 mEq/day [6] and 45 mEq/day [33]. The
estimated dietary acid load in the current study was, however,
slightly lower (40 mEq/day), which may reflect different
dietary habits in the Nordic countries or a selection bias of
more health-oriented individuals accepting to participate in
our survey. Thus, the putative negative effect of acid load on
bone could have been concealed since the body could correct
the acid-base imbalance in the low range of acid load intake.
Furthermore, the calculation of NEAP and PRAL uses protein
intake as a surrogate of sulfur amino acid production; this is an
inherent limitation of the applied algorithms as one cannot
separate the potentially harmful effects of acid production
from the anabolic effects of protein intake which should have
a favorable impact on bone health. In our study, the daily

A B
Non-CKD Ere—1 Non-CKD —_——
CKD —— CKD —_—
! 1 T 1
0 1 2 0 1 2
Odds Ratios of Osteoporosis Odds Ratios of Osteoporosis
c 1-SD.NEAF D 1-SD PRAL
Non-CKD —— Non-CKD ——
CKD [ —— CKD _——t
5 1 T 1
0 1 2 0 1 2
Hazard Ratios of Fracture Hazard Ratios of Fracture
1-SD NEAP 1:SDIRRAL

Fig. 2 Odds ratios (and 95 % CI) for the presence of osteoporosis (a, b)
and hazard ratios (and 95 % CI) for the risk of fractures (¢, d) associated to
dietary acid load and after stratification by the presence of CKD (<60 ml/
min/1.73 m?). Models are fully adjusted by sex, energy intake, body mass
index, and lifestyle factors (alcohol intake, smoking, physical exercise,
education)
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Table 3 Cox models (HR and 95 % CI) showing the association between acid load (NEAP and PRAL) and time to fracture event

Crude model

Adjusted
model 1

Adjusted
model 2

Adjusted
model 3

Range HR (95 % CI)
Events/total Incidence rate
(per 1000
person-years)
NEAP, mEq/day
Continuous model 1 SD 131/861 15.39
Multi-category model
Quartile 1 <35.6 38/215 18.02
Quartile 2 35.640.1 37/215 17.55
Quartile 3 40.1-45.0 21/216 9.44
Quartile 4 >45 35/215 16.60
P for trend
PRAL, mEq/day
Continuous model 1 SD increment  131/861 15.39
Multi-category model
Quartile 1 <—4.40 38/215 18.02
Quartile 2 —4.40-1.05 31/215 14.70
Quartile 3 1.05-6.95 31/216 14.16
Quartile 4 >6.95 31/215 14.70
P for trend

0.95 (0.80-1.13)

Reference

0.96 (0.61-1.51)
0.52 (0.31-0.89)
0.90 (0.58-1.43)
0.56

0.96 (0.81-1.13)

Reference

0.79 (0.49-1.27)
0.73 (0.45-1.17)
0.75 (0.46-1.20)
0.15

1.04 (0.88-1.24)

Reference

1.00 (0.64-1.59)
0.63 (0.37-1.07)
1.15(0.72-1.84)
0.95

1.09 (0.89-1.31)

Reference

0.82 (0.51-1.31)
0.81 (0.50-1.31)
1.04 (0.63-1.72)
0.88

1.01 (0.85-1.21)

Reference

1.01 (0.64-1.61)
0.58 (0.33-1.02)
1.10 (1.68-1.77)
0.92

1.07 (0.88-1.30)

Reference

0.82 (0.51-1.32)
0.76 (0.46-1.24)
0.99 (0.59-1.64)
0.90

1.00 (0.83-1.20)

Reference

1.05 (0.62-1.77)
1.16 (0.67-2.01)
1.03 (0.57-1.85)
0.63

1.05 (0.87-1.28)

Reference

0.83 (0.51-1.35)
0.75 (0.45-1.23)
0.93 (0.55-1.55)
0.66

Model 1 included as covariates energy intake and sex; model 2 additionally included as covariates body mass index and lifestyle factors, such as alcohol
intake, smoking, physical exercise, and education; and model 3 included covariates in model 2 and additionally eGFR

protein intakes had a similar range (1.0+£0.3 g/kg/day) as that
reported for individuals in their 70s, or above, from the USA
[34]. Metabolic acidosis, to which an increased protein intake
could contribute, stimulates protein degradation and leads to
muscle loss [35]. On the other hand, it is likely that any
negative association between dietary acid load and bone
health-related parameters may be neutralized by positive ana-
bolic effects of an increased dietary intake of protein or
calcium [36], as well as by an increased alkalinogenic impact
from sufficient intake of fruits and vegetables [37]. This could
perhaps additionally contribute to explain our null findings.
The observation that lean body mass was higher in individuals
with increased dietary acid load in our study is in line with
these individuals having a higher protein intake, and comple-
ments a very recent study reporting that a higher alkaline
dietary load is associated with greater indexes of skeletal
muscle mass in women [38]. Thus, a protective effect on bone
of increased weight loading and muscle strength associated
with higher lean body mass linked to higher protein intake
could have masked the putative negative effect of acid load on
the investigated parameters.

We did not observe an association between dietary acid
load and risk of fractures, adding to previous prospective
observational studies and meta-analyses [15, 23, 39] refuting
the dietary acid load hypothesis of bone loss. One possible
explanation is that in nutritional epidemiology, we assume that
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dietary intake remains constant over time, but changes in acid
intake can possibly vary throughout seasons (higher intake of
fruits and vegetables during summer/spring) and throughout
life. However, the effect of fruit and vegetables on bone
resorption seems, at least in rats, to be independent of the
acid-base balance [40]. It has been proposed [41] that age-
related metabolic acidosis due to renal function deterioration
could be pathophysiologically implicated in the increase of
osteoporosis prevalence with aging. However, and for the sake
of completeness, other studies do not support this relationship
[42, 43]. In our study, we hypothesized that age-related dete-
rioration in kidney function could confound and amplify the
effect of dietary acid load on bone and fractures by virtue or
impaired ability to excrete excess acid. Our hypothesis proved
negative in this study, but we must acknowledge that the
design of the cohort, with individuals of same age, ethnicity,
and geographical location may provide a too narrow range of
both dietary acid load and kidney function to fully capture this
effect.

The present study has several strengths including the use of
7-day food records which provides reasonably reproducible
measurements of dietary intake [44]. We were also able to
assess associations with bone density and fracture risk in the
same individuals and benefited from a richness of data usually
not available in large population cohorts. The validation of
cases in registers with limited loss to follow-up and high
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validity also offers a strength compared with self-reports.
Also, both adjustments for kidney function and stratification
by kidney disease further strengthens our considerations of
confounders. However, several limitations should be recog-
nized: Although the subjects in our study had similar age,
ethnicity, and geographical distribution, which may be a
strength towards population homogeneity, this limits the gen-
eralizability of our statements. Overall, the range of kidney
function in this population was narrow, and CKD individuals
were mostly in the range of moderate impairment. We cannot
therefore not exclude that an effect would be seen in individ-
uals with more advanced disease stages. However, those
individuals would have received dietary counselling to reduce
protein intake and acidic load as a disease prevention strategy.
Bicarbonate levels were unfortunately not available in our
cohort in order to test if an increased dietary acid load associ-
ated with metabolic acidosis. However, community screen-
ings from the USA have suggested that this is the case [9].
Furthermore, the relatively small number of cases of fractures
could influence the statistical power and, to some extent,
induce a type Il error, thus, further explorations in larger
sample size cohorts are warranted. Moreover, although efforts
were made to adjust for confounders, residual confounding of
other potential factors is a limitation of this or any observa-
tional study. In particular, we acknowledge the lack of other
bone turnover markers, serum vitamin D, and urinary calcium
excretion.

Conclusions

Dietary acid load did not associate with BMD, osteoporosis,
or fracture risk in Swedish community-dwelling elderly men
and women. Our results add to previous evidence challenging
the acid-base hypothesis of bone loss.
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