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Abstract

Introduction Muscle mass is vital for physical activity and fundamental physiological processes supporting long-term
health. While aging is inevitable, certain modifiable factors positively influence muscle preservation and overall well-being.
However, the relationship between the consumption of ultra-processed foods (UPF) and muscle mass is not yet clear.
Methods This study included 7,173 men and nonpregnant women aged 20—59 years with valid 24-hour dietary recalls and
accessible whole-body dual-energy x-ray absorptiometry (DXA) scans from NHANES 2011-2018. UPFs were identified
through the NOVA classification system, and the percentage of energy derived from UPF consumption was evaluated in
quintiles. Muscle mass measures were derived from DXA scans and quantified by the total and regional muscle mass index
(MM, kg/m?) and appendicular muscle mass index (AMMI, kg/m?). Multivariable-adjusted generalized linear regression
models were applied to investigate the association between consumption of UPFs and muscle mass measures overall and by
sociodemographic subgroups.

Results The multivariable-adjusted differences of total MMI from the lowest to highest quintile of UPF consumption were
0 (reference), -0.03 (95% CI, -0.13, 0.07), -0.13 (95%CI, -0.24, -0.04), -0.12 (95% CI, -0.23, -0.01), and —0.17 (95% CI,
-0.27, -0.08) (P for trend < 0.001). Subtotal MMI followed a similar magnitude of associational pattern as total MMI. For
trunk MMI, corresponding values from the lowest to highest quintiles of UPF consumption were 0 (reference), -0.02 (95%
CIL, -0.07, 0.02), -0.05 (95%CI, -0.11, 0.00), -0.07 (95% CI, -0.13, -0.01), and —0.07 (95% CI, -0.12, -0.01). For AMMI,
corresponding values from the lowest to highest quintiles of UPF consumption were 0 (reference), -0.004 (95% CI, -0.07,
0.06), -0.08 (95%CI, -0.14, -0.02), -0.05 (95% CI, -0.11, 0.02), and —0.10 (95% CI, -0.16, -0.04) (All P for trend <0.001).
While most subgroups maintained similar overall patterns, heterogeneous findings were also observed. For example, the
multivariable-adjusted differences in total MMI between the lowest and highest quantile of UPF consumption were —0.19
(95% CI, -0.32, -0.06) for non-Hispanic Whites, 0.18 (95% CI, 0.01, 0.36) for non-Hispanic Blacks, -0.25 (95%CI, -0.45,
-0.04) for Hispanics, -0.25 (95% CI, -0.51, 0.05) for non-Hispanic Asians and —0.32 (95% CI, -0.75, 0.12) for others (P for
interaction < 0.001).

Conclusion Higher consumption of UPFs was significantly associated with lower values of total and regional muscle mass.
Specifically, comparing the highest quantile of UPF consumption to the lowest, total MMI decreased by 0.93%, trunk MMI
decreased by 0.76%, and AMMI decreased by 1.25%. The differences in associational patterns between UPF consumption
and muscle mass across sociodemographic subgroups require further investigation.
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Introduction

Muscle mass is a critical component of body composi-
tion, constituting approximately 40% of total mass [1]. It
plays an important role in facilitating physical activity and
many essential physiological processes that are fundamen-
tal for maintaining long-term health and an enhanced qual-
ity of life [2]. Robust muscle mass plays a pivotal role in
maintaining bone health, enhancing physical performance,
elevating metabolic rates, and improving blood sugar regu-
lation, among other vital functions [3, 4]. While the amount
of muscle mass can differ among individuals, advancing age
is the primary driver for the progressive and general loss of
muscle mass. It is estimated that approximately 35-40% of
muscle mass could be lost between the ages of 20 and 80
years [5, 6]. Though aging is an inherent aspect of the life
course, there are well-established modifiable factors known
to positively influence the preservation of muscle mass and
promotion of overall well-being [7, 8]. A substantial body
of research underscores the profound impact of a healthy
diet on maintaining muscle mass and its related functions
[9-11].

In recent decades, ultra-processed foods have become
increasingly prevalent, accounting for more than half of
daily US calories due to their convenience and extended
shelf life [12]. These food products are defined as items that
have undergone multiple industrial processes and typically
contain substantial amounts of added sugar, salt, unhealthy
fats, and various additives [13, 14]. A growing body of stud-
ies has documented the adverse health impacts associated
with UPFs such as obesity, diabetes, cardiovascular dis-
eases, cancer, and various chronic conditions [15-20]. The
consumption of food has been demonstrated to have a signif-
icant impact on muscle mass, particularly through the intake
of protein, which notably enhances muscle protein synthe-
sis [21]. However, research on the association of UPF con-
sumption with body composition remains relatively limited.
Our prior study examined associations of UPF consumption
with whole and regional body fat distribution among U.S.
adults [22]. Several studies have investigated the relation-
ship between UPF consumption and muscle mass, mainly
among Brazilian adults and adolescents [23-25]. In addi-
tion, potential differences in the association of UPFs with
muscle mass across socioeconomic status are unknown.

To address those research gaps, this study aimed to
examine the associations of UPF consumption and muscle
mass among nationally representative U.S. adults, overall
and across sociodemographic strata.
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Methods
Study population

The National Health and Nutrition Examination Survey
(NHANES) is a series of cross-sectional surveys designed
to assess the health and nutritional status of Americans. It
is typically conducted in a two-year cycle by the Centers
for Disease Control and Prevention. To ensure a nationally
representative sample of U.S. non-institutionalized civil-
ians, NHANES employs a complex survey design including
stratified, multi-stage, and probability sampling. Details on
the study design, protocol, and data collection have been
documented elsewhere [26]. Written informed consent was
obtained from all participants. The present analysis included
data from four NHANES cycles (2011-2012, 20132014,
2015-2016, 2017-2018). Dietary information was obtained
through 1-2 24-hour dietary recalls, collected by trained
staff using the computer-assisted multiple-pass method dur-
ing interviews [27]. Body composition was measured by
anthropometry and dual energy X-ray absorptiometry (DXA)
using Hologic QDR 4500 A fan-beam bone densitometers.
The DXA whole-body scan was performed on individuals
aged 8 to 59 years, with pregnant women being excluded
from the scan [28]. The final analytical sample comprised
7,173 adults including men and non-pregnant women aged
20-59 years with available information on dietary intake
and whole-body DXA scans (Appendix Fig. 1).

Measures

Each food item reported by the participants was classified
according to the extent of industrial processing using the
Nova classification system [29]. Nova has 4 groups. Group
1 is unprocessed or minimally processed foods including
foods that have undergone no processing or processing like
grinding, roasting, pasteurization, and freezing. Group 2 is
processed culinary ingredients including sugar, oils, fats,
salt, and other substances that have been extracted, pressed,
or centrifuged from group 1 foods or from nature, and are
used to make culinary preparations. Group 3 is processed
foods that are manufactured by adding salt or sugar or other
processed culinary ingredients to unprocessed or minimally
processed foods to prolong their durability and modify their
palatability. Group 4 is UPFs that are industrial formulations
containing no or small amounts of whole foods, and typi-
cally contain food cosmetic additives such as flavors, colors,
sweeteners, emulsifiers, and other substances to disguise
undesirable qualities of the final products. Further details of
the Nova classification are presented elsewhere [29]. In this
study, the exposure of interest was the percentage of daily
energy intake consumed from UPFs. This measure adjusted
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for total energy intake using the nutrient density approach
[30]. The percentage of energy intake from macronutrients,
such as protein, carbohydrates, and fats, was determined by
multiplying their respective weights by the energy coeffi-
cient assigned to each nutrient per gram.

Whole-body DXA scans were conducted by certified
radiologists in the NHANES mobile examination center.
These scans measured the amounts of fat, bone, and lean
tissue (like muscle) for the total body and body regions. The
outcome of interest is muscle mass which is quantified by
the total and regional muscle mass index (MMI, kg/m?) and
appendicular muscle mass index (AMMI, kg/m?). These
included total MMI (whole body MMI), subtotal MMI
(whole body except head MMI), upper limb MMI (right and
left arms MMI), lower limb MMI (right and left legs MMI)
and AMMI (upper and lower limb MMI). This way, we can
minimize the potential impact of height on the distribution
and overall amount of muscle mass [31]. Specifically, MMI
(kg/m?) was calculated by dividing muscle mass (kg) by the
square of height (m) [32].

Sociodemographic and lifestyle factors, including bio-
logical sex, age, race and ethnicity, education, income,
smoking status, and physical activity were self-reported
during household interviews. Race and ethnicity were
grouped based on fixed categories provided by the CDC
as non-Hispanic White, non-Hispanic Black, non-Hispanic
Asian, Hispanic and others. Education was categorized into
four levels: less than high school, high school graduate,
some college, college graduate or above. Income was mea-
sured by the ratio of family income to poverty at the house-
hold level and classified into <1.30, 1.30-3.49, and >3.50
according to Supplemental Nutrition Assistance Program
eligibility [33]. Smokers were categorized as never, former,
current smokers, and current smokers were further catego-
rized according to the number of cigarettes smoked as some
days, <20 cigarettes per day, and > 20 cigarettes per day.
Physical activity was calculated as METs-min using self-
reported weekly hours of moderate- and vigorous-intensity
recreational and work activity, and presented as quartiles
[34].

Statistical analysis

All analyses incorporated NHANES sampling weights,
stratification, and clustering of the complex survey design
to produce nationally representative estimates of the non-
institutionalized U.S. population. Participant characteristics
were presented by quintiles of UPF contribution to total
energy intake in the diet and their differences were tested
using chi-square statistic for categorical variables and
ANOVA for continuous variables. To evaluate the relation-
ship of UPF consumption with each outcome, multivariable

linear regression models were conducted adjusting for
potential confounders, including age, sex, race and ethnic-
ity, education, income, smoking status, and physical activ-
ity. Predicted means with 95% confidence interval (CI) of
outcomes of interest were estimated across quantiles of UPF
contribution. Tests for linear trend across quintiles were
conducted using the P for trend analysis.

This study further conducted stratified analyses to explore
potential effect modifications by age, sex, race and ethnic-
ity, education, and income. The interactions between those
sociodemographic subgroup variables and quintiles of UPF
consumption were examined using the Wald F statistic. To
account for the large number of tests being performed, the
Bonferroni correction was used to adjust for the P-values
and statistical significance was set at P <0.003 to minimize
the risk of type I error.

All statistical analyses were survey-weighted accounting
for survey complex sampling design and conducted using R,
version 4.3.0 and Stata, version 18.0. The statistical signifi-
cance was set at a 2-tailed P <0.05.

Results

A total of 7,173 adults (mean [SD] age, 39.18 [11.81] years;
48.40% female) were included in the present analysis.
Table 1 displays the characteristics of study participants
according to quintiles of UPF consumption. Participants
with a higher level of UPF consumption were more likely to
be younger, non-Hispanic White or non-Hispanic Black; to
have lower educational level and income level; to be current
and more frequent smokers. In contrast, participants with a
lower level of UPF consumption tended to be older, non-
Hispanic Asian or Hispanic, non-smokers and had higher
levels of education and income. There was a U-shaped
relation between physical activity and UPF consumption.
Moreover, a higher intake of UPFs correlates with reduced
protein consumption and elevated carbohydrate intake
(Appendix Table 1).

Muscle mass was significantly correlated with consump-
tion of UPF (Appendix Table 2). Following multivari-
able-adjusted linear regression analysis, muscle mass was
significantly associated with consumption of UPF (Table 2).
The multivariable-adjusted differences of total MMI from
the lowest to highest quintile of UPF consumption were
0 (reference), -0.03 (95% CI, -0.13, 0.07), -0.13 (95%CI,
-0.24,-0.04), -0.12 (95% CI, -0.23, -0.01), and —0.17 (95%
CI, -0.27, -0.08) (P for trend <0.001). Subtotal MMI fol-
lowed similar associational patterns as total MMI with con-
sumption of UPF. The multivariable-adjusted differences of
trunk MMI from the lowest to highest quintiles of UPF con-
sumption were 0 (reference), -0.02 (95% CI, -0.07, 0.02),
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Table 1 Characteristics of study population by quintile of ultra-processed food contribution to total energy intake, NHANES 20112018

Daily Percent Energy Intake from UPF Consumption °

Characteristics® Total Ql Q2 Q3 Q4 Q5 P-value
n=7,173 n=1,697 n=1424 n=1,391 n=1298 n=1363

Age (SD), years 39.18 (11.81)  40.39(11.50)  39.870(11.89)  39.22(11.62)  39.79(11.57)  36.62(12.12)  <0.001

20-39 50.42 46.77 48.84 51.02 46.71 58.80 <0.001

40-59 49.58 53.23 51.16 48.98 53.29 41.20

Sex 0.793

Male 51.60 50.97 51.17 50.87 52.70 52.34

Female 48.40 49.03 48.83 49.16 47.30 47.66

Race and ethnicity <0.001

Non-Hispanic White 62.32 52.99 60.48 62.87 66.67 68.60

Non-Hispanic Black 10.85 8.30 9.28 10.50 11.44 14.71

Hispanic 17.24 20.70 20.31 19.11 15.64 10.44

Non-Hispanic Asian 5.88 15.20 6.04 435 2.51 1.27

Other 3.72 2.81 3.89 3.18 3.73 4.99

Education <0.001

< High school 12.79 10.64 13.01 13.37 13.48 13.44

High school graduate or GED  21.64 17.55 17.82 20.65 22.27 29.95

Some college 32.94 28.01 29.44 32.30 37.89 37.07

>College graduate 32.63 43.80 39.73 33.68 26.37 19.54

Ratio of family income <0.001

<13 22.23 18.31 21.30 19.67 22.48 29.41

1.3-3.49 31.99 29.69 30.44 29.46 34.40 35.98

>=3.5 45.78 52.00 48.26 50.87 43.12 34.61

Physical activity, METs-min <0.001

Q 1(<900) 25.19 23.63 22.59 24.45 27.71 27.58

Q2 (900-) 25.20 25.87 26.42 26.83 22.47 24.41

Q 3(2288-) 24.64 28.51 27.86 24.69 22.06 20.07

Q4 (>5840) 24.97 21.99 23.13 24.04 27.76 27.93

Smoking status <0.001

Never 58.99 60.45 60.39 60.99 59.09 54.02

Former 19.64 20.86 22.39 21.35 17.43 16.15

Current smoker

Some days 432 4.85 4.02 3.38 5.30 4.06

<20 cigarettes/d 11.57 9.62 8.89 10.30 12.95 16.08

> 20 cigarettes/d 5.49 423 431 3.98 522 9.70

Note Q1 <40.81%; 40.81%< Q2 < 52.34%; 52.34%< Q3 <62.25%; 62.25%< Q4 <72.92%; Q5>72.92%

Abbreviation NHANES: National Health and Nutrition Examination Survey; SD: standard deviation; Q: Quintile

2 Descriptive statistics were presented as mean (SD) for continuous and frequency (%) for categorial variables

b Data were weighted to be nationally representative

-0.05 (95%CI, -0.11, 0.00), -0.07 (95% CI, -0.13, 0.01), and
—0.07 (95% CI, -0.12, -0.01). The multivariable-adjusted
differences of AMMI from the lowest to highest quintiles
of UPF consumption were 0 (reference), -0.004 (95% CI,
-0.07, 0.06), -0.08 (95% CI, -0.14, -0.02), -0.05 (95% CI,
-0.11, 0.02), and —0.10 (95% CI, -0.16, -0.04) (All P for
trend < 0.001). Compared to the lowest quintile, the muscle
mass in the highest quintile was reduced by 0.93% for the
total MMI, 0.76% for trunk MMI, and 1.25% for the AMMI.

Findings from stratified analyses were presented in
Figs. 1 and 2 and Appendix Tables 3—8. After adjusting for
type I error due to multiple testing, statistically significant
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interactions were detected between UPF consumption
and race/ethnicity for all MMI and AMMI outcomes (P
for interactions <0.001) except trunk MMI (P for interac-
tions=0.056). For example, the multivariable-adjusted
differences in total MMI between the lowest and highest
quantile of UPF consumption were —0.19 (95% CI, -0.32,
-0.06) for non-Hispanic Whites, 0.18 (95% CI, 0.01, 0.36)
for non-Hispanic Blacks, -0.25 (95%CI, -0.45, -0.04) for
Hispanics, -0.25 (95% CI, -0.51, 0.05) for non-Hispanic
Asians and —0.32 (95% CI, -0.75, 0.12) for others (P for
interaction<0.001). The association of UPF consump-
tion with total MMI was also significantly modified by
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Fig. 1 Adjusted predicted means
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USA, among 640 European American or African American
adolescents aged 14 to 18 years found that DXA-scanned
based skeletal muscle mass index was negatively associ-
ated with consumption of sugar-sweetened beverages (f =
—0.12, P=0.001) [37].

Our study also provides critical insights through sociode-
mographic subgroup analyses. We found a suggestion of
associational differences related to health determinant social
factors such as race and ethnicity, education, and income.
For example, we found the associational patterns of UPF
consumption with muscle mass were less pronounced
among non-Hispanic Asians, non-Hispanic Blacks, and
individuals with higher educational attainment or lower
income levels. These differences across race/ethnicity were
consistent with findings from another study which observed

@ Springer

Ultra-processed food consumption

no association between UPF consumption with percentage
fat (total, android, and gynoid) among non-Hispanic Blacks
and non-Hispanic Asians [21].Cultural factors including
dietary traditions, preferences, and culinary practices might
influence food choices and consumption patterns [38—40].
Furthermore, our findings suggested that MMI was notably
higher in individuals aged 40-59 compared to those aged
20-39. This observation can be attributed to middle-aged
individuals having a higher average BMI compared to
younger adults, a pattern that aligns with prior research [41,
42]. Our study corroborates this, showing that middle-aged
adults (40—59 years) possess a higher BMI of 29.1 kg/m? in
contrast to young adults (20-39 years), who have an aver-
age BMI of 27.87 kg/m?. Additionally, the specific types
and formulations of UPFs may vary across cultural contexts,
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Fig.2 Adjusted predicted means of muscle mass index (total, subtotal,
trunk, upper and lower limb) and AMMI (appendicular muscle mass
index) across quintiles of ultra-processed food consumption among
U.S. adults (aged 20— 59 years) by (A) education, (B) race/ethnicity
and (C) income, NHANES 2011 —-2018. Analyses were adjusted for
age (years), Sex (male, female), race/ethnicity (non-Hispanic White,
non-Hispanic Black, Hispanic, non-Hispanic Asian and others), educa-
tion (less than high school, high school graduate or GED, some college,
or college graduate or above), the ratio of family income to poverty
(<1.30, 1.30 —3.49, and > 3.5), smoking status (never smoker, former
smoker, and smokers smoking for some days and smokers smoking
daily < 20 cigarettes per day and equal or larger than 20 cigarettes per
day), and physical activity (METs-Min)

potentially leading to divergent exposures to substances,
contaminants and additives that might alter the absorption
or metabolism of nutrients that influence the associations of
UPF consumption and muscle mass [43].

The association between higher UPF consumption and
lower levels of muscle mass can be attributed to several
underlying mechanisms. First, population consuming higher
amounts of UPF tend to have lower protein intake, which is
significant given that dietary protein is crucial for muscle
mass development by enhancing the availability of plasma
amino acids [21, 44]. Our exploratory analysis reflects
similar findings. Future studies are warranted to validate
these observations. In addition, some research has linked
UPF intake to elevated intramuscular fat content, charac-
terized by heightened lipid droplet count and size within
muscle cells [45]. This phenomenon could trigger adaptive
responses including lipolysis and heightened autophagy,
which may contribute to the loss of muscle mass. More-
over, the accrual of body fat resulting from UPF consump-
tion can impair mitochondrial function and biogenesis [46].
Dysfunctional mitochondria can generate higher levels of
reactive oxygen species, fostering inflammation and inhibit-
ing the mammalian target of rapamycin (mTOR) signaling
pathway, a key regulator of muscle protein synthesis [11,
47, 48]. Furthermore, UPFs have a proclivity to induce an
inflammatory response and promote insulin resistance, both
of which could adversely affect muscle protein metabolism
[49]. Alterations in gut microbiota composition, hormonal
imbalances, and the absence of bioactive compounds found
in minimally processed foods add additional layers of com-
plexity to this relationship [50, 51].

Strengths of our study include the use of objective mea-
sures such as DXA scans for accurate body composition
assessment, detailed dietary information, and a nationally
representative sample of U.S. adults. Limitations of our
study include reliance on self-reported estimates of UPF
consumption, which is subject to measurement errors.
However, the 24-hour dietary recalls were collected using
the computer-assisted system by trained dietary interview-
ers and results were further adjusted for total energy, both
of which reduce measurement error. Detailed information,
including brand name/list of ingredients, is in some cases
required though not always available for accurate classifica-
tion of food items according to Nova. However, indepen-
dent classification by two researchers was conducted for
all food items and discrepancies regarding the degree of
processing were resolved by opting for the lesser degree,
potentially resulting in a conservative estimate of UPF con-
sumption. Social desirability bias may further underesti-
mate UPF consumption. Moreover, the temporality of the
association cannot be established due to the nature of cross-
sectional study design. Finally, despite careful adjustment
for multiple potential confounding factors, the possibility
of residual or unmeasured confounding factors could not be
entirely ruled out.
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Conclusion

Higher consumption of UPFs was significantly associated
with lower values of total and regional muscle mass. Specif-
ically, comparing the highest quantile of UPFs consumption
to the lowest, total MMI decreased by 0.93%, trunk MMI
decreased by 0.76%, and AMMI decreased by 1.25%. The
differences in associational patterns between UPF consump-
tion and muscle mass across sociodemographic subgroups
require further investigation.
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supplementary material available at https://doi.org/10.1007/s00394-
024-03437-4.
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