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Abstract

Purpose To examine the associations and substitutions of dietary sugars [extrinsic (free) or intrinsic (non-free)] as well as
dietary starch and fiber intakes for indices of body fat and cardiometabolic health.

Methods Dietary intake was assessed at multiple times using multi-day 24-hour recalls over 18-months for indices of body
fat (body fat %, waist circumference, BMI, and weight change) (n=1066) and at baseline and 12 months for cardiometabolic
outcomes (LDL, HDL, HbAlc) (n=736). Bayesian modeling was applied to analyze the probabilistic impact of dietary
carbohydrate components using credible intervals for association and substitution analyses with repeated measures random
effects modeling.

Results A higher starch intake significantly associated with higher body fat %, BMI and waist circumference (WC) (all
CrI>0). Conversely, intrinsic sugar and fiber intakes were significantly linked to lower body fat indices, while free sugar
showed no association. A 20 g substitution of free sugars with intrinsic sugars significantly associated with lower body fat
(Crl: -4.2; -1.0%), BMI (Crl: -1.8; -0.4) and WC (Crl: -4.2; -1.0 cm), while substituting intrinsic sugars with starch resulted
in significantly higher body fat, BMI, WC and weight change. Replacing starch with fiber associated with higher HDL-C
(CrI: -0.0; 0.3) and lower LDL-C (Crl: -0.6; 0.1). Replacing free sugars with starch associated with a higher HbAlc level
(CrI: 0.0;0.2).

Conclusion These results underscore the importance of distinguishing between intrinsic versus extrinsic sugars and high-
light the potential benefits of increasing intrinsic sugars and fiber while reducing starch for better body fat management and
cardiometabolic health.
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Abbreviations
BMI Body mass index
Crl Credible Interval

HbAlc  Glycated hemoglobin Alc
NoHoW  Navigating to a Healthy Weight
HDL High density lipoprotein

LDL Low density lipoprotein

WHO World Health Organization
Introduction

Dietary sugars are often considered significant contribu-
tors to the development of cardiometabolic diseases, but
inconsistencies remain [1—4]. International dietary guide-
lines from the World Health Organization (WHO) suggest
a free sugar intake of <10% of total energy intake (E%),
ideally less than 5% energy [5], however do not directly link
sugar intake to increased risk of chronic disease. This is par-
tially due to inconsistent findings arising from differences
in types, amounts, sources, and forms of sugar as well as
inadequate study design.

Observational studies have shown that both starch and
added sugar contribute to increased weight gain over time
[6]. A meta-analysis of cohort studies showed an overall
association between higher sugar consumption and higher
weight, but not in the subgroup of studies that adjusted for
overall energy consumption [7]. In ad libitum and excess
energy settings, added sugars appear to promote weight gain
but not when exchanged for starches or other carbohydrates
[8—10], suggesting that changes in body fatness are medi-
ated via changes in energy intakes for both sugars and starch
[5]. Studies comparing isocaloric substitution of fructose for
glucose or sucrose have reported conflicting results [11-13].
Meta-analyses on the substitution of fructose or sucrose with
other sources of carbohydrates reported a reduction in LDL
cholesterol [14] and an improvement in long-term glycemic
control [15]. In yet other studies, the isocaloric exchange of
carbohydrates with fructose promoted the development of
hepatic insulin resistance [13] and had no adverse effects on
blood lipids [16].

The health effects of sugars can vary significantly based
on the overall nutritional profile of sugar-containing foods
and the form in which they are consumed. Sugars may be
categorised as free/extrinsic sugars (all monosaccharides
and disaccharides added to foods, plus sugars naturally
present in honey, syrups, and unsweetened fruit juices) or
non-free/intrinsic sugars (all sugars excluded from the defi-
nition for free sugars, mostly naturally occurring in fruit,
vegetables, and dairy products) [17, 18]. Intrinsic or natu-
rally-occurring sugars are often accompanied by essential
nutrients that provide health benefits and help mitigate the
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potential negative effects of sugar. Free/extrinsic sugars, on
the other hand, are often found in nutrient-poor foods that
provide empty calories without essential nutrients. Further
investigation is needed to evaluate the impact of replacing
extrinsic with intrinsic sugars or other carbohydrates as
these substitutions are likely to be the norm among persons
in energy balance.

Bayesian inference and causal modeling are gaining
popularity in the statistical analysis of nutritional data [19].
Bayesian analysis diverges from frequentist methods by
focusing on the inspection and summarization of posterior
distributions of fitted parameters rather than hypothesis
testing. In this NoHoW sub-study, we aimed to investigate
the substitution of dietary sugar sources (both intrinsic and
extrinsic) with each other and other carbohyrate types such
as starch and fiber on indices of body fat (body fat, waist
circumference and BMI) and cardiometabolic outcomes
(HbAlc, LDL, HDL) during an 18-month weight loss main-
tenance trial using Bayesian inference and causal modeling.

Methods
Study population

The present analysis is an ancillary study based on data
collected on participants from the Navigating to a Healthy
Weight (NoHoW) trial, an 18-month randomized con-
trolled trial for which the aim was to test the efficacy of
an evidence-based digital toolkit, targeting self-regulation,
motivation, and emotion regulation on weight loss mainte-
nance among British, Danish, and Portuguese adults. Before
enrolment, participants were > 18 years and had achieved a
verified weight loss of >5% and had a BMI of >25 kg/m?
prior to losing weight. Participants were enrolled between
March 2017 and March 2018. A detailed description of the
NoHoW trial can be found elsewhere [20]. The present
study analyzed the data from an observational point of view
by pooling all participants from the three study centres, irre-
spective of original randomization. This study is reported
according to the Strengthening of the Reporting of Observa-
tional Studies in Epidemiology (STROBE) checklist.

Dietary assessment

During the 18-month follow-up period, the diet was assessed
within seven days of all four clinical investigation dates
(CID) (at baseline, 6, 12 and 18 months) using 24-hour-
web-based dietary recalls (INTAKE 24 [21]) on at least
four consecutive days, including at least one weekend day.
The sugar category of free sugars were labeled as non-milk
extrinsic sugars and were defined as all monosaccharides
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and disaccharides added to foods by the manufacturer, cook
or consumer, plus sugars naturally present in honey, syrups
and unsweetened fruit juices. Under this definition, lactose
naturally present in milk and milk products and the sugars
contained within the cellular structure of foods were consid-
ered to be intrinsic sugar and were excluded.

Outcome assessments

The anthropometric variables of body fat percentage, waist
circumference and BMI were measured at baseline, 6, 12,
and 18 months. For cardiometabolic risk outcomes, LDL
(mmol/L), HDL (mmol/L), and HbAlc (%) were assessed at
baseline and 12 months. Thus, these cardimetabolic disease
risk outcomes were analyzed separately. Excluded were
those with missing data for the main carbohydrate predic-
tors or outcomes (n= 128 for cardiometabolic risk; n=46 for
indices of body fat) as well as those who reported implausi-
ble energy intakes (<600 or >3500 kcal for women (n=25),
<800 or >4200 kcal/day for men (n=16)) [6]. Finally, those
without baseline values (n=680), or who did not return for
follow-up (n=441), i.e., those who had baseline measure-
ments only were excluded. This resulted in a total popula-
tion of 1066 participants in the indices of body fat group
(266, 385, 415 participants had exactly 1, 2, or 3 follow
ups, respectively) and 736 participants in the indices of car-
diometabolic risk group for final analysis (each had one 12
month follow up). For indices of cardiometabolic risk, these
participants represented the countries of Denmark (n=274),
Portugal (n=188), and the UK (n=274) and for indices of
body fat group of Denmark (n=369), Portugal (n=290),
and the UK (n=407).

Body weight (£0.1 kg) was measured using a Seca 704 s
instrument (SECA, Germany) in participants wearing light
clothing. Multifrequency whole bioimpedance spectros-
copy was measured by ImpediMed (SFB7, Queensland,
Australia), which measures impedance over a spectrum of
frequencies for the estimation of body fat percentage. Fasted
capillary blood samples were collected to determine HbAlc
(mmol/mol, %) and full lipid profiles, including low-density
lipoprotein, high-density lipoprotein (HDL) and low-den-
sity lipoprotein assayed using a benchtop analyser (Alere
Afinion AS100 Analyser, Alere, Stockport, UK) [21].

Bayesian modeling

Bayesian inference offers several advantages, such as
informed priors that encode theoretical knowledge, opti-
mal conditioning of models on data via Bayes’ Theorem,
accurate error propagation, and the intuitive interpretation
of results through posterior distributions [22]. All poten-
tial confounding factors were selected a priori based on

previous research, biological plausibility, and availability of
variables. To help isolate the causal impact of the dietary
predictors and to identify confounding variables, theoreti-
cal considerations were mapped out using directed acyclic
graphs (DAGs) as recommended for epidemiological stud-
ies (see Figure S1) [23, 24]. In the construction of mod-
els, the covariates of age, sex, participant effect, and study
center were included in model 1; model 2 further included
saturated fat, protein, fiber, and alcohol intake; and model 3
further included remaining energy intake. For blood-based
outcomes, body fat percentage was included in models 2 and
3. We use 89% credible intervals throughout the analysis, as
this is common in Bayesian analyses as a balance between
interpretability and informativeness, further it avoids the
readers viewing them as significance tests [22].

For association analyses, general linear models (GLM)
were fitted using Markov Chain Monte Carlo, where the
posterior distribution of the model parameters was approxi-
mated by a multivariable normal distribution. Posterior
distributions for the B estimates of the primary predictors
were obtained. Instead of the traditional use of p-values,
statistical significance was assessed by evaluating whether
the 89% credible intervals of the posterior distributions
excluded zero and was indicated with symbols. The exclu-
sion of zero within these intervals indicated that the predic-
tor’s effect was credibly different from zero, analogous to
rejecting the null hypothesis in a frequentist t-test. To evalu-
ate the effects of intake on outcome, intake amounts needed
to be converted to kilocalories, logarithmically transformed,
standardized to z-scores using population means and stan-
dard deviations, and then multiplied by the B estimates. For
more details on Bayesian modeling see SI. Bayesian mod-
els were fitted with R and the rethinking package leveriging
STAN. Results were summarized and figures created with
Python and matplotlib.

To account for changes in diet over time, dietary variables
were averaged per participant, and the participant effect
was included in a hierarchical repeated measures random
effect model. This approach captures the variability due to
changes in diet measured over time by modeling individ-
ual participant variability. Adjusting for total energy intake
may lead to multicollinearity in some analyses owing to the
highly correlated nature of dietary variables. Thus in model
3 we adjusted for remaining total energy intake of dietary
variables not included in the model, as recommended by
Tomova et al. [25]. Remaining energy was calculated as the
total energy subtract all energy contribution from included
dietary covariates and predictor variables. Both intakes and
outcomes were analyzed as continuous variables. Outcomes
were predicted in original units (the original measured units
of the outcomes, without transformation or scaling).
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Substitution analyses

The substitution analyses were performed by using covari-
ates from model 2, the substitute variable in question, and
total energy intake, as recommended by established substi-
tution modeling methods [26]. In a Bayesian framework,
substitution effects were assessed by first deriving posterior
distributions for the predictor and substitute variables from
a specified model. The changes in these variables were then
standardized, and the posterior samples were used to esti-
mate the expected change in the outcome. This approach
yielded a distribution of potential outcomes, offering a
probabilistic assessment of the substitution effects instead
of a singular point estimate. Here, posterior distributions
from fitted models that included continuous changes in the
same multivariable model of simultaneously-tested dietary
intakes were sampled 10,000 times to simulate the effect
of substituting 20 g of intake variables (5 g for fiber). The

Table 1 Baseline characterstics of NoHoW (navigating to a healthy
weight) study participants

Indices of body fat
outcome group

Cardiometabolic
risk outcome group

(up to 18-months (12-months
follow-up) follow-up)
Characteristic n Mean+SD n Mean=+SD
Age (years) 1066 452+11.7 736 46.6+11.8
Sex (% male) 1066 259 736 24.7
Dietary Factors
Energy (kcal) 1066 1782+£621 736  1704+561
Fat (g) 1066 69.1+32.5 736 659+304
Saturated fat (g) 1066 19.5+11.8 736 18.4+10.9
Protein (g) 1066 87.8+33.5 736 82.9+29.7
Carbohydrate (g) 1066 187.7£76.0 736  180.9+70.7
Fiber (g) 1066 8.8+6.7 736 8.6+6.7
Intrinsic sugars (g) 1066 26.1£26.0 736  24.9+253
Free sugars (g) 1066 24.6+249 736 24.1+£253
Starch (g) 1066 76.3+49.1 736 74.8+49.2
Total sugars (g) 1066 52.3+42.0 736 50.6+41.8
Alcohol (g) 1066 8.8+£16.0 736 8.3+14.7
Cholesterol (mg) 1066 286+183 736 265+164
Anthropometric
Outcomes
BMI (kg/m?) 1066 29.5+5.2 736 29.4+5.1
Body fat (kg) 1066 32.5£12.0 736 32.3£12.0
Body fat (%) 1066 38.0+£8.9 736 38.0+8.8
Waist circumference 1066 93.7+139 736 93.1+£133
(cm)
Cardiometabolic
Outcomes
HbAlc (%) 736  52+0.4
HDL (mmol/L) 736  1.7+0.4
LDL (mmol/L) 736 2.7+0.9

Data are baseline means+standard deviations. BMI: body mass
index; HbAlc: glycated hemoglobin Alc; HDL: high-density lipo-
protein; LDL: low-density lipoprotein
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posterior distributions of beta coefficients were sampled and
multiplied by the mean intake+the substitution amount to
estimate the effect on the outcome. The distribution of dif-
ferences for each predictor and substitute yielded a distribu-
tion visualized as a histogram. Values at 0, less than zero, or
greater than zero indicated no change, decrease, or increaser
in the outcome due to the substitution, respectively. This
approach compares to the established B coefficient analysis
in frequentist substitutions [6], but visualizes expected pop-
ulation effects and credible intervals more clearly through
distributions.

Sensitivity analysis

Sensitivity analyses were conducted on model 3 to assess
the robustness of the main findings. Specifically, we ana-
lyzed the impact of excluding individual covariates on the
posterior distributions of the regression coefficients for free
and intrinsic sugars intakes with body fat, LDL cholesterol,
and HbAlc (see Table S2). A second sensitivity analysis
excluded dropout participants whose last investigation visit
was at 6 months (n=193 dropouts for indices of body fat
group, see Tabel S3).

Results

Table 1 shows the baseline characteristics of 1066 partici-
pants (736 participants for the indices of cardiometabolic
risk group) with a mean age of 46.2 years and a BMI of
29.5 kg/m?. For the indices of body fat group, the mean
free sugars intake and intrinsic sugars was 24.6 and 26.1 g/
day, respectively. Mean fiber intake was relatively low at
8.8 g/day. The mean baseline levels of HDL, LDL, TG,
and HbA lc were in optimal ranges for the cardiometabolic
risk outcome group. Table S4 reports these characteristics
at the last available CID. Table S5, Figure S2, and Figure
S3 reports that nutrient intake decreased slightly over time,
unspecific to any given nutrient.

Indices of body fat

A higher intake of starch was significantly associated with
a higher body fat, BMI and waist circumference (see Fig. 1;
Table 2), while free sugar intake had no association. In
contrast, the intake of intrinsic sugars was linked to a sig-
nificantly lower body fat %, BMI, and weight change. Spe-
cifically, intake of 26.1 g of intrinsic sugars resulted in a
0.3%, 0.2, and 0.2 kg lower body fat %, BMI, and change
in weight, respectively (Model 3). Similarly, dietary fiber
intakes were significantly inversely associated with body fat
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Fig. 1 Associations of free sugars, intrinsic sugars, starch and fiber
with indices of body fat Posterior distributions of B estimates for
body fat percentage, BMI (body mass index), waist circumference,
and weight change measurements due to free sugars, intrinsic sugars,
starch and fiber intakes (n=1066). Model 1 adjusted for age, sex, par-

%, BMI, waist circumference and weight change (all 89%
Crl<0).

Markers of cardiometabolic risk

A higher intake of dietary starch was significantly associ-
ated with a lower HDL at 12 months (models 2 & 3 89%
Crl<0; see Fig. 2). Both dietary fiber and free sugar intakes
were associated with significantly lower LDL in all three
models. Free sugar intake was inversely associated with
HbA1c (models 2 & 3), with intrinsic sugars and fiber show-
ing inverse trends.

ticipant effect, intervention center, Model 2 additionally adjusted for
protein, alcohol, saturated fat, fiber, and Model 3 additionally adjusted
for remaining energy intake. Arrows (1, |) indicate significant asso-
ciations (89% of posterior credible interval did not include zero). @
indicates non-significant associations

Substitution analyses

Figure 3 reports the effects of substituting 20 g of free sug-
ars, intrinsic sugar, and starch, or 5 g of fiber with each other
for indices of body fat (see Table S3). A 20 g substitution of
free sugars with intrinsic sugars was associated with signifi-
cantly lower body fat % (Crl: -4.2; -1.0) and BMI (CrI: -3.0;
-0.8). For dietary fiber substitutions, replacing 20 g of free
sugars with 5 g of fiber was associated with significantly
lower indices of body fat (body fat % (Crl: -3.4; -1.3), BMI
(Crl: -1.8; -0.4), waist circumference (Crl: -3.3; 0.1) and the
20 g replacement of dietary starch with 5 g of dietary fiber

@ Springer



68 Page 6 of 12

European Journal of Nutrition (2025) 64:68

Table 2 Associations of free sugars, intrinsic sugars, starch and fiber intakes with indices of body fat (n=1066)

Free Sugar Intrinsic Sugar Starch Fiber

E,T,l Q’T,l Z’T’l Q’T,l
Intake (g/d)”  24.0 (5.9, 34.5) 24.2 (6.7, 34.9) 78.5(36.9, 110.2) 78.5(36.9, 110.2)
Body Fat (%)
Model 1 -0.1 I -0.8 1 -0.1 I -0.8 l

-0.3; 0.1 -1.1;-0.5 -0.4; 0.1 -1.0;-0.5
Model 2 0.1 % -0.5 1 0.3 i -0.8 1

-0.2;0.3 -0.9;-0.2 0.0; 0.6 -1.1;-0.6
Model 3 0.1 I -0.5 1 0.3 i -0.8 1

-0.2;0.3 -0.9; -0.2 0.0; 0.6 -1.1;-0.5
BMI
Model 1 -0.1 l -0.4 1 0.0 I -0.3 l

-0.3; 0.0 -0.6; -0.2 -0.1;0.2 -0.5;-0.1
Model 2 0.0 I} -0.5 1 0.3 i -0.4 1

-0.2; 0.1 -0.7;-0.2 0.1;0.5 -0.6;-0.2
Model 3 0.0 I} -0.5 1 0.3 i -0.4 1

-0.2; 0.1 -0.7;-0.2 0.1;0.5 -0.6;-0.3
Waist Circumference (cm)
Model 1 -0.1 I} -0.4 1 0.0 I -0.4 l

-0.5;0.2 -0.9; 0.0 -0.4;04 -0.9; 0.0
Model 2 0.1 o -0.4 I 0.3 o -0.6 !

-0.3; 04 -0.9;0.2 -0.1; 0.8 -1.0;-0.1
Model 3 0.1 o -0.4 o 0.3 il -0.6 !

-0.3; 0.5 -0.9; 0.2 -0.1; 0.8 -1.1;-0.2
Weight Change (kg)
Model 1 0.0 o -0.2 ! 0.0 o -0.2 !

-0.2; 0.1 -0.4;-0.0 -0.1;0.2 -0.3; 0.0
Model 2 0.0 & -0.2 ! 0.1 o -0.1 !

-0.2; 0.1 -0.5;0.0 -0.1; 0.3 -0.3; 0.0
Model 3 0.0 o -0.2 | 0.1 o -0.2 !

-0.2; 0.1 -0.4; 0.0 -0.1; 0.3 -0.4; 0.0

Values are means (89% Crls) of  estimate posterior distributions unless otherwise indicated. Transformations of variables for analysis: z-scores
of logs of intakes in kcal. Model 1 adjusted for age, sex, participant effect, intervention center; Model 2 additionally adjusted for protein, alco-
hol, saturated fat, and fiber; Model 3 additionally adjusted for remaining energy. ~ Values are unadjusted medians (25th, 75th percentiles) in
grams per day. Arrows (7, |) indicate significant associations (89% credible interval did not include zero), i.e., significant increases or decreases
in the outcome observed in 89% of the samples. @ indicates non-significant findings (credible intervals included zero)

also associated with significant decreases in body fat, BMI
and waist circumference.

The substitution of 20 g of free sugars with 20 g of starch
intake was associated with a significantly higher body fat %
(Crl: -0.3; 2.5) and BMI (Crl: 0.5; 2.4). The substitution of
intrinsic sugars with starch was associated with all four indi-
ces of body fat: a significantly higher body fat % (Crl: 1.4;
4.9), BMI (Crl: 1.8; 4.1), waist circumference (Crl: -0.3;
5.3 cm) and change in weight (Crl: -0.2; 2.2).

For the cardiometabolic outcomes, the 20 g substitution
of starch with 5 g of fiber intake was associated with a sig-
nificantly higher HDL (Crl: -0.0; 0.3) and a significantly
lower LDL (CrI: -0.6; 0.1) (Fig. 4, Table S3). For the out-
come long-term glycemia, a 20 g substitution of free sug-
ars with starch was associated with a significant increase in
HbAlc (Crl: 0.0; 0.2), with a similar trend indicated for a
starch-with-fiber substitution.

@ Springer

Discussion

In this 18-month longitudinal study of overweight individu-
als, a higher intake of starch was associated with an increase
in indices of body fat. Conversely, higher intakes of intrin-
sic sugars and dietary fiber were inversely linked to all four
measures of body fat, while free sugar intake showed no
association. The substitution of free sugars with intrinsic
sugar was associated with significantly lower body fat,
while replacing intrinsic sugar with starch and free sugar
intake was associated with higher body fat. Substituting free
sugar with starch intake was associated with significantly
higher BMI and body fat percentage. For cardiometabolic
risk outcomes, starch intake was inversely associated with
HDL, and replacing starch with fiber showed a significant
association with higher HDL. For HbAlc, replacing free
sugar with starch led to significant increases. These findings
may provide important insights into the differing impacts of
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Fig. 2 Associations of free sugars, intrinsic sugars, starch and fiber
with cardiometabolic health Plasma levels of low-density lipoprotein
(LDL), high-density lipoprotein (HDL), and HbAlc (glycated hemo-
globin) percentage of free sugars, intrinsic sugars, starch and fiber
intakes for the cardiometabolic risk outcome group (n="736). Data are
posterior distributions of  estimate of predictor for Model 1 (adjusted
for age, sex, CID, intervention center), Model 2 (additionally adjusted

various carbohydrate sources on body fat indices and car-
diometabolic risk factors.

The concept of free sugars primarily distinguishes
between intrinsic sugars (those naturally integrated into
the cellular structure of whole foods like fruit, vegetables,
and dairy) and extrinsic sugars (all sugars added to foods
and beverages by manufacturers, cooks, or consumers,
as well as sugars naturally present in honey, syrups, and
fruit juices). These distinctions underscore the importance
of the source of sugars in dietary recommendations and
health outcomes. The overall nutritional profiles of sugar-
containing foods determine their health benefits. Intrinsic or
naturally-occurring sugars are often accompanied by essen-
tial nutrients such as vitamins, minerals, fiber, and bioac-
tive polyphenols. Free/extrinsic sugars, on the other hand,
are often found in nutrient-poor foods that provide empty
calories without essential nutrients. The beneficial associa-
tions of intrinsic sugars versus free sugars in our study may
reflect these components in the food matrix or the type of
sugar (glucose, fructose, sucrose, lactose) present.

Our findings align with previous studies showing that
naturally occurring sugars in whole fruits do not carry the

for protein, alcohol, saturated fat, fiber), and Model 3 (additionally
for remaining energy intake). Arrows (1, |) indicate significant asso-
ciations (89% of posterior credible interval did not include zero) i.e.,
significant increases or decreases in the outcome observed in 89% of
the samples. @ indicates non-significant findings (credible intervals
included zero)

same health risks as free sugars, which can promote weight
gain and adverse health outcomes by increasing overall
caloric intake without satiety. A high intake of fruits that are
naturally high in fructose is associated with good metabolic
health [27]. For instance, fruit consumption is consistently
associated with a lower risk of T2D, whereas fruit juice,
with its higher glycemic load and lack of fiber, is linked to
an increased risk [28, 29]. Interestingly, our findings also
highlighted the differential impact of starch and free sugar
intakes. Increased starch intake strongly related to higher
body fat percentage, BMI, and waist circumference while
an intake free sugar intakes was not related. Indeed, replac-
ing free sugar with starch in the substitution models resulted
in significant gains in body fat % and BMI. These results
suggest that while starches can negatively impact body
fat indices, free sugar consumed in lower amounts can be
included as part of a healthy diet. Comparing sugars to other
macronutrients, a cross-sectional analysis from the UK Bio-
bank study reported that while sugar intake was associated
with obesity in British adults, there were much stronger
dose-response associations with starch, fat, and protein [7].
It was concluded by the Scientific Advisory Committee of

@ Springer
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predictor decreased ¢ and substitute increased from the mean. Green
indicates beneficial and red harmful substitution effects. Values less
than zero indicate a decrease in the outcome, values greater than zero
an increase in the outcome. Density indicates that distributions are

Nutrition that the available body of evidence from prospec-
tive cohorts did not show a positive relationship between
obesity and added/free sugar intakes in isocaloric exchange
with other macronutrients [30]. Our findings suggest that
the substitution of free sugar with intrinsic sugars may lead
to significant decreases in body fat %, and BMI (see Fig. 3).
Higher dietary fiber and intrinsic sugar intakes were linked
to reductions in body fat in our study, emphasizing a pos-
sible protective role of higher-quality carbohydrates that
protect against obesity-related outcomes.

Although anecdotally many health professionals assume
that sugar intake increases risk markers for cardiometabolic
disease, the results from the present study suggest that free
sugars in moderate amounts may not have a direct detri-
mental impact on chronic disease risk markers. Free sug-
ars intake was in fact related to a decrease in LDL and
HbAlc in our study. Although free sugars, particularly in
liquid forms like sugar-sweetened beverages (SSBs), have
been linked to increased type 2 diabetes (T2D) risk [3, 31]
and coronary heart disease [32], epidemiological evidence
has shown that average amounts of comprehensive added

@ Springer

proper posteriors, i.e. integrate to 1. Arrows (1, |) indicate significant
associations (89% of posterior credible interval did not include zero)
i.e., significant increases or decreases in the outcome observed in 89%
of the samples. @ indicates non-significant findings, i.e., no change due
to the substitution (credible intervals included zero). BMI: body mass
index, Waist Cir.: Waist Circumference

sugars intake have either no relationship [1, 33-35], or even
a beneficial association [2, 36, 37] with chronic disease risk.
Indeed, foods that are sweetened with added sucrose have
shown a protective association (whole-grain cereals, fruit,
yogurt) with T2D [38]. This indicates that the amount and
form or source in which sugars are consumed plays a crucial
role in mediating health outcomes.

The impact dietary starch has on body fat and cardio-
metabolic outcomes can depend on its quality, or how rap-
idly digestible the starch is, often measured as the glycemic
index (GI) of foods [39]. While GI was not measured in this
study, fiber intake, another indicator of carbohydrate qual-
ity, was relatively low in the present population, suggesting
that the type of starch consumed was of a lower quality or
more refined. Numerous studies have shown that the hypo-
lipidemic effect of whole foods are influenced by the fiber
content [40, 41]. Dietary fiber in this study was inversely
related to LDL cholesterol and the substitution of 20 g
of starch for 5 g of fiber resulted in significant decreases
in LDL and increases in HDL cholesterol. Considering
dietary sugars, pooled analyses indicate that fructose only
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Fig.4 Substitution analyses of carbohydrate components for indices of
cardiometabolic health. Substitution analyses for blood lipids. Histo-
grams are posterior distributions of differences for each 20 g (5 g fiber)
of each predictor decreased ¢ and substitute increased from the mean.
Green indicates beneficial and red harmful substitution effects. Values
less than zero indicate a decrease in the outcome, values greater than

adversely affects lipid targets when it was added to diets in
excess (+21-35% energy). When isocalorically exchanged
for other carbohydrates, fructose had no adverse impact on
blood lipids [16]. In our study, free sugar was protectively
associated with LDL. On another note, when free sugar
was substituted with starch intake, a significant increase in
HbA 1c was observed. This indicates that dietary starch may
be more impactful on long-term glycemia than moderate
intakes of free sugars [39].

There are notable strengths of the present study. First,
we provide new evidence of the associations of intrinsic
and extrinsic sugars compared with each other as well as
dietary starch and fiber during a weight loss maintenance
period, which is more likely to address an issue for over-
weight individuals. Secondly, we determined these associa-
tions in a free-living context and an ab libitum diet. Thirdly,
because dietary and anthropometric markers were collected
regularly over 18 months, we were able to leverage repeated
and real-time data over the 18 months. This large dataset
allowed for multiple outcome indices of both body fat and
cardiometabolic health and it allowed for the adjustments of
multiple confounders. In addition, we performed substitu-
tion analyses which go beyond basic associations to attempt
the determination of causality in diet and health relations.
Finally, the findings may be more generalizable because

zero an increase in the outcome. Density indicates that distributions
are proper posteriors, i.e. integrate to 1. Arrows (1, |) indicate signifi-
cant associations (89% of posterior credible interval did not include
zero) i.e., significant increases or decreases in the outcome observed
in 89% of the samples. @ indicates non-significant findings, i.e., no
change due to the substitution (credible intervals included zero)

three different European countries, albeit relatively similar
in terms of economy and food availability, were represented.

Several limitations should also be noted. Dietary sugar
intakes were calculated from self-reported 24-hour recalls.
Although these records estimate food intake more accurately
than food-frequency questionnaires, misreporting can occur
[42]. Tt is possible that sugar-rich foods were selectively
underreported due to their perceived unhealthiness [43]. It
should be noted in the interpretation of these results that
because the reporting bias of sugar is higher, the relatively
low intake of free sugars may limit the ability to observe
an association with body fat and cardiometabolic risk. On
the other hand, these findings confirm that sugar consumed
in moderate amounts may not cause harm. Further, intrin-
sic sugar intake may be a proxy for a certain type of diet,
including one which is rich in fruit, vegetables, legumes,
berries, and dairy foods. It is important to note that our anal-
yses did not account for the quality or specific food sources
of starch, which could potentially influence its associations
with body fat indices and cardiometabolic outcomes. For
example, starchy foods that are minimally processed or
have a lower glycemic index (e.g., legumes or whole grains)
may have different health effects than refined or high-GI
starches. This limitation precludes more granular insights
into the observed associations and substitutions, underscor-
ing the need for future research to incorporate detailed food
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source data and measures of carbohydrate quality. Although
we have tested and adjusted for dietary macronutrient com-
position, there are other dietary components (e.g., vitamins,
minerals, and polyphenols) that we could not adjust for,
hence residual and unmeasured confounders may exist. In
addition, the starch category could not be divided into rap-
idly digestible starch, slowly digestible starch, and resistant
starch. Further, intakes and outcomes were analyzed at the
same timepoints, limiting the ability to infer causal relation-
ships by temporal sequencing. Additionally, the analysis
does not account for dietary changes occurring during the
intervention trial prior to the baseline assessment, which
could provide further context to the discussion. Finally, as
the participants were generally overweight, our findings
may not be relevant to individuals with normal weight.

In conclusion, this 18-month weight-loss maintenance
study reveals that a higher intake of starch was linked to
increases in body fat indices. Conversely, higher intakes of
intrinsic sugars and dietary fiber were associated with lower
body fat indices, while free sugar intake was not related.
Substitution analyses confirm that replacing free sugars with
intrinsic sugars may reduce body fat while replacing intrin-
sic sugars with free sugars and starch may increase it. Starch
intake was also linked to lower HDL levels and replacing
starch with fiber resulted in significantly higher HDL. For
HbAlc, replacing free sugars with starch led to significant
increases. These results underscore the importance of dis-
tinguishing between dietary sugar types (intrinsic versus
extrinsic) for weight control and disease prevention and
highlight the neutrality of free sugars consumed in moderate
amounts. Our findings suggest potential benefits of decreas-
ing dietary starch while increasing intrinsic sugars and fiber
for better body fat management and cardiometabolic health.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00394-0
25-03583-3.

Author contributions KDC and BLH conceived the research project.
KDC and DDC were responsible for the statistical analyses and DC
assisted with them. KDC and BLH interpreted the data. KDC wrote
the manuscript. GH prepared and provided the data. BLH, JS, and AP
contributed to the implementation of the experimental trial.

Funding No funding was received to assist with the preparation of
this manuscript.

Declarations

Ethics approval and consent to participate The study complies with
relevant EC legislation, international conventions and declarations re-
lating to ethical research practices [44].

Competing interests All authors have no competing interests to de-
clare that are relevant to the content of this article.

@ Springer

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share
adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1. Khan TA, Sievenpiper JL (2016) Controversies about sugars:
results from systematic reviews and meta-analyses on obe-
sity, cardiometabolic disease and diabetes. Eur J Nutr 55(Suppl
2):25-43

2. Tsilas CS, de Souza RJ, Mejia SB, Mirrahimi A, Cozma Al,
Jayalath VH, Ha V, Tawfik R, Di Buono M, Jenkins AL (2017)
Relation of total sugars, fructose and sucrose with incident type
2 diabetes: a systematic review and meta-analysis of prospective
cohort studies. CMAJ 189(20):E711-E720

3. Hu FB, Malik VS (2010) Sugar-sweetened beverages and risk
of obesity and type 2 diabetes: epidemiologic evidence. Physiol
Behav 100(1):47-54

4. Siervo M, Montagnese C, Mathers JC, Soroka KR, Stephan BC,
Wells JC (2014) Sugar consumption and global prevalence of
obesity and hypertension: an ecological analysis. Public Health
Nutr 17(3):587-596

5. Organization WH (2015) Guideline: sugars intake for adults and
children. World Health Organization

6.  Wan Y, Tobias DK, Dennis KK, Guasch-Ferré M, Sun Q, Rimm
EB, Hu FB, Ludwig DS, Devinsky O, Willett WC (2023) Asso-
ciation between changes in carbohydrate intake and long term
weight changes: prospective cohort study. bmj 382

7. Malik VS, Popkin BM, Bray GA, Després J-P, Willett WC, Hu
FB (2010) Sugar-sweetened beverages and risk of metabolic
syndrome and type 2 diabetes: a meta-analysis. Diabetes Care
33(11):2477-2483

8. Sievenpiper JL, de Souza RJ, Mirrahimi A, Yu ME, Carleton
Al, Beyene J, Chiavaroli L, Di Buono M, Jenkins AL, Leiter LA
(2012) Effect of fructose on body weight in controlled feeding
trials: a systematic review and meta-analysis. Ann Intern Med
156(4):291-304

9. Te Morenga L, Mallard S, Mann J (2013) Dietary sugars and
body weight: systematic review and meta-analyses of randomised
controlled trials and cohort studies. Bmj 346

10. Saris WH, Astrup A, Fau - Prentice AM, Prentice Am Fau - Zunft
HJ, Zunft Hj Fau - Formiguera X, Formiguera X, de Fau - WP,
Verboeket-van de Venne Wp Fau -, Raben A, Raben A, Fau - Pop-
pitt SD, Poppitt Sd Fau - Seppelt B, Seppelt B Fau - Johnston
S, Johnston S Fau - Vasilaras TH, Vasilaras Th Fau - Keogh GF,
Keogh GF (2000) Randomized controlled trial of changes in
dietary carbohydrate/fat ratio and simple vs complex carbohy-
drates on body weight and blood lipids: the CARMEN study. The
Carbohydrate Ratio Management in European National diets. Int


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1007/s00394-025-03583-3
https://doi.org/10.1007/s00394-025-03583-3

European Journal of Nutrition (2025) 64:68

Page 11 of 12 68

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

J Obes Relat Metab Disord 24 (10):1310-1318. https://doi.org/10
.1038/sj.1j0.0801451

Della Corte KW, Perrar 1, Penczynski KJ, Schwingshackl L,
Herder C, Buyken AE (2018) Effect of dietary sugar intake on
biomarkers of subclinical inflammation: a systematic review and
meta-analysis of intervention studies. Nutrients 10(5):606

Evans RA, Frese M, Romero J, Cunningham JH, Mills KE (2017)
Chronic fructose substitution for glucose or sucrose in food or
beverages has little effect on fasting blood glucose, insulin, or
triglycerides: a systematic review and meta-analysis. Am J Clin
Nutr 106(2):519-529

Ter Horst KW, Schene MR, Holman R, Romijn JA, Serlie MJ
(2016) Effect of fructose consumption on insulin sensitivity in
nondiabetic subjects: a systematic review and meta-analysis of
diet-intervention trials. Am J Clin Nutr 104(6):1562-1576
Schwingshackl L, Neuenschwander M, Hoffmann G, Buyken AE,
Schlesinger S (2020) Dietary sugars and cardiometabolic risk fac-
tors: a network meta-analysis on isocaloric substitution interven-
tions. Am J Clin Nutr 111(1):187-196

Cozma Al, Sievenpiper JL, De Souza RJ, Chiavaroli L, Ha V,
Wang DD, Mirrahimi A, Yu ME, Carleton AJ, Di Buono M (2012)
Effect of fructose on glycemic control in diabetes: a systematic
review and meta-analysis of controlled feeding trials. Diabetes
Care 35(7):1611-1620

Chiavaroli L, de Souza RJ, Ha V, Cozma Al, Mirrahimi A, Wang
DD, Yu M, Carleton AJ, Di Buono M, Jenkins AL (2015) Effect
of fructose on established lipid targets: a systematic review and
meta-analysis of controlled feeding trials. J Am Heart Association
4(9):e001700

Hood LF, Wardrip EK, Bollenback G (1977) Carbohydrates and
health

Swan GE, Powell NA, Knowles BL, Bush MT, Levy LB (2018)
A definition of free sugars for the UK. Public Health Nutr
21(9):1636-1638

Gleason PM, Harris JE (2019) The bayesian approach to decision
making and analysis in nutrition research and practice. J Acad
Nutr Dietetics 119(12):1993-2003

Scott SE, Duarte C, Encantado J, Evans EH, Harjumaa M, Heit-
mann BL, Horgan GW, Larsen SC, Marques MM, Mattila E
(2019) The NoHoW protocol: a multicentre 2x 2 factorial ran-
domised controlled trial investigating an evidence-based digital
toolkit for weight loss maintenance in European adults. BMJ
open 9(9):¢029425

Simpson E, Bradley J, Poliakov I, Jackson D, Olivier P, Adamson
Al, Foster E (2017) Iterative development of an online dietary
recall tool: INTAKE?24. Nutrients 9(2):118

McElreath R (2018) Statistical rethinking: a bayesian course with
examples in R and Stan. Chapman and Hall/CRC

Digitale JC, Martin JN, Glymour MM (2022) Tutorial on directed
acyclic graphs. J Clin Epidemiol 142:264-267

Berrie L, Arnold KF, Tomova GD, Gilthorpe MS, Tennant PW
(2024) Depicting deterministic variables within directed acyclic
graphs (DAGs): an aid for identifying and interpreting causal
effects involving derived variables and compositional data.
American Journal of Epidemiology:kwael53

Tomova GD, Arnold KF, Gilthorpe MS, Tennant PW (2022)
Adjustment for energy intake in nutritional research: a causal
inference perspective. Am J Clin Nutr 115(1):189-198

Ibsen DB, Laursen ASD, Wiirtz AML, Dahm CC, Rimm EB,
Parner ET, Overvad K, Jakobsen MU (2021) Food substitu-
tion models for nutritional epidemiology. Am J Clin Nutr
113(2):294-303

Ludwig DS (2013) Examining the health effects of fructose.
JAMA 310(1):33-34

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bazzano LA, Li TY, Joshipura KJ, Hu FB (2008) Intake of fruit,
vegetables, and fruit juices and risk of diabetes in women. Diabe-
tes Care 31(7):1311-1317

Harding A-H, Wareham NJ, Bingham SA, Khaw K, Luben R,
Welch A, Forouhi NG (2008) Plasma vitamin C level, fruit and
vegetable consumption, and the risk of new-onset type 2 diabetes
mellitus: the European prospective investigation of cancer—Nor-
folk prospective study. Arch Intern Med 168(14):1493-1499
(SACN) SACoN (2015) Carbohydrates and Health. Public Health
England, London

Meng Y, Li S, Khan J, Dai Z, Li C, Hu X, Shen Q, Xue Y (2021)
Sugar-and artificially sweetened beverages consumption linked to
type 2 diabetes, cardiovascular diseases, and all-cause mortality:
a systematic review and dose-response meta-analysis of prospec-
tive cohort studies. Nutrients 13(8):2636

Huang C, Huang J, Tian Y, Yang X, Gu D (2014) Sugar sweetened
beverages consumption and risk of coronary heart disease: a meta-
analysis of prospective studies. Atherosclerosis 234(1):11-16
Schulze MB, Schulz M, Heidemann C, Schienkiewitz A, Hoff-
mann K, Boeing H (2008) Carbohydrate intake and incidence
of type 2 diabetes in the European prospective investigation
into Cancer and Nutrition (EPIC)-Potsdam Study. Br J Nutr
99(5):1107-1116

Villegas R, Liu S, Gao Y-T, Yang G, Li H, Zheng W, Shu XO (2007)
Prospective study of dietary carbohydrates, glycemic index, gly-
cemic load, and incidence of type 2 diabetes mellitus in middle-
aged Chinese women. Arch Intern Med 167(21):2310-2316
Janket S-J, Manson JE, Sesso H, Buring JE, Liu S (2003) A
prospective study of sugar intake and risk of type 2 diabetes in
women. Diabetes Care 26(4):1008-1015

Ahmadi-Abhari S, Luben RN, Powell N, Bhaniani A, Chowd-
hury R, Wareham NJ, Forouhi NG, Khaw K-T (2014) Dietary
intake of carbohydrates and risk of type 2 diabetes: the European
prospective investigation into Cancer-Norfolk study. Br J Nutr
111(2):342-352

Della Corte KA, Penczynski K, Kuhnle G, Perrar I, Herder C,
Roden M, Wudy SA, Remer T, Alexy U, Buyken AE (2021) The
prospective association of dietary sugar intake in adolescence
with risk markers of type 2 diabetes in young adulthood. Front
Nutr 7:615684

Aune D, Norat T, Romundstad P, Vatten LJ (2013) Dairy prod-
ucts and the risk of type 2 diabetes: a systematic review and
dose-response meta-analysis of cohort studies. Am J Clin Nutr
98(4):1066-1083

Della Corte K, Jalo E, Kaartinen NE, Simpson L, Taylor MA,
Muirhead R, Raben A, Macdonald 1A, Fogelholm M, Brand-
Miller J (2023) Longitudinal associations of Dietary sugars and
Glycaemic Index with indices of glucose metabolism and body
fatness during 3-Year weight loss maintenance: a PREVIEW
Sub-study. Nutrients 15(9):2083

Anderson JJ, Celis-Morales CA, Mackay DF, Iliodromiti S, Lyall
DM, Sattar N, Gill JMR, Pell JP (2017) Adiposity among 132 479
UK Biobank participants; contribution of sugar intake vs other
macronutrients. Int J Epidemiol 46(2):492-501

Anderson JW, Garrity TF, Wood CL, Whitis SE, Smith BM, Oelt-
gen PR (1992) Prospective, randomized, controlled comparison
of the effects of low-fat and low-fat plus high-fiber diets on serum
lipid concentrations. Am J Clin Nutr 56(5):887-894

Park Y, Dodd KW, Kipnis V, Thompson FE, Potischman N,
Schoeller DA, Baer DJ, Midthune D, Troiano RP, Bowles H
(2018) Comparison of self-reported dietary intakes from the auto-
mated self-administered 24-h recall, 4-d food records, and food-
frequency questionnaires against recovery biomarkers. Am J Clin
Nutr 107(1):80-93

Heitmann BL, Lissner L (1995) Dietary underreporting by obese
individuals—is it specific or non-specific? BMJ311(7011):986-989

@ Springer


https://doi.org/10.1038/sj.ijo.0801451
https://doi.org/10.1038/sj.ijo.0801451

68

Page 12 of 12

European Journal of Nutrition (2025) 64:68

44,

Association WM (2013) World Medical Association Declaration
of Helsinki: ethical principles for medical research involving

human subjects. JAMA 310(20):2191-2194

@ Springer



	﻿Association and substitution analyses of dietary sugars, starch and fiber for indices of body fat and cardiometabolic risk– a NoHoW sub-study
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study population
	﻿Dietary assessment
	﻿Outcome assessments
	﻿Bayesian modeling
	﻿Substitution analyses
	﻿Sensitivity analysis

	﻿Results
	﻿Indices of body fat
	﻿Markers of cardiometabolic risk



