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Adults with achondroplasia exhibit a high =

probability of specific micronutrient inadequacy
and low physical activity levels: a cross-sectional
study
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Abstract

Purpose Achondroplasia is a rare skeletal dysplasia, characterized by disproportionate short stature and predisposi-
tion to obesity. There is limited evidence on nutritional adequacy in adults with achondroplasia. This study aimed

to assess nutrient intake and adequacy in adults with achondroplasia, exploring associations with anthropometric
characteristics and physical activity patterns.

Methods An exploratory cross-sectional study evaluated 16 Portuguese adults with achondroplasia (10 women),
aged 384+ 13.8 years). Nutrient intake was assessed using a validated food frequency questionnaire and evaluated
against reference values from the European Food Safety Authority. Anthropometric body composition parameters
were assessed using standardized methods and physical activity levels using the International Physical Activity
Questionnaire.

Results Most participants (62.5%) exhibited high body mass index (=30 kg/m?), with 43.8% presenting waist-to-hip
ratio above WHO cut-offs and elevated fat mass percentage (27.0+ 10.5). Macronutrient distribution largely aligned
with recommendations, yet 43.8% exceeded saturated fat intake while 100% presented lower intakes of omega-3
fatty acids and 57.3% lower fiber intake. High probability of inadequacy was found for vitamin D, vitamin K, biotin,
manganese, and molybdenum. Pantothenic acid, vitamin E, and iodine intakes were also concerning. Sodium intake
exceeded recommendation in 75% of participants. Physical activity levels were low, with 56.3% of participants catego-
rized as inactive.

Conclusions This study provides novel insights into nutritional inadequacies and sedentary lifestyle in adults
with achondroplasia, highlighting the need for tailored dietary interventions and adapted physical activity programs.
Promotion of the Mediterranean dietary patterns may also offer benefits for nutritional adequacy in this population.
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Introduction

Achondroplasia (ACH) is a rare skeletal dysplasia,
occurring in 1 in 25,000 live births [61]. It is caused by
a gain-of-function mutation in the fibroblast growth fac-
tor receptor 3 (FGFR3) gene, leading to impaired endo-
chondral ossification and characteristic skeletal features
[44]. This results in a disproportionate short stature with
shorter arms and legs, with an average trunk size [54, 55].
While extensive research exists on genetic and physical
aspects of ACH, a critical knowledge gap remains con-
cerning nutritional requirements and dietary patterns in
this population. ACH is related to a high prevalence of
several comorbidities, such as obesity, obstructive sleep
apnea (OSA), spinal stenosis [74], and pain, which may
be interconnected [32]. The exact mechanisms for obe-
sity prevalent in ACH are not well understood, both
genetic and environmental aspects may be involved [68,
89]. Environmental factors, in particular dietary intake
and physical activity, may play a crucial role in body mass
management and obesity prevention [18, 54]. It is well
known that obesity is a systemic issue affecting multiple
organ systems and has several associated comorbidities,
such as diabetes, depression, cardiovascular disease, and
venous thromboembolism [47].

Nutritional adequacy is the concept related to the suf-
ficient intake of an essential nutrient in relation to the
nutrient requirement for adequate health and is deter-
mined by comparing nutrient requirements and intakes
of an individual or population. Assessment of the ade-
quacy of nutrient intake of an individual or population
is based on the probability of adequacy [15]. Adequacy
also implies that nutrients must satisfy the dietary needs
considering age, gender, body size, and physical activity
level [15]. There is a scarcity of information on dietary
intake and nutritional adequacy in adults with achon-
droplasia (ACH). However, a study by Madsen et al. [54]
demonstrated that individuals with ACH tend to follow a
dietary pattern similar to the typical Western diet, char-
acterized by high consumption of processed meats and
high-fat dairy products, and low intake of fish, fruits, and
vegetables [54]. Such dietary patterns are associated with
increased risks of obesity and cardiovascular disease [16,
43, 54]. Individuals with achondroplasia exhibit charac-
teristic body features and an increased risk of obesity,
which may further limit their ability to engage in regu-
lar physical activity [6]. These factors can contribute to
metabolic abnormalities, consistent with observations
in the general population [34]. Improving diet quality
and promoting physical activity are central components
of the World Health Organization’s global strategy to
prevent non-communicable diseases [82]. Also, gender-
specific considerations are particularly important in
achondroplasia research, as emerging evidence suggests
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differential patterns in metabolic profiles [69], mus-
culoskeletal complications, physical activity tolerance
[18] and psychosocial challenges [4] between men and
women with this condition, though comprehensive data
remain limited.

Therefore, this exploratory study aimed to investigate
nutritional intake adequacy and physical activity patterns
in Portuguese adults with achondroplasia, providing pre-
liminary insights into potential areas of nutritional inad-
equacy and activity limitations in this rare population.

Methods and materials

Study design and participants

This cross-sectional study involved 16 Portuguese adults
with ACH recruited by the National Association for
Skeletal Dysplasia between November 2022 and June
2023. Inclusion criteria included age over 18 years and
a clinically confirmed diagnosis of ACH. While no for-
mal exclusion criteria were applied to maximize sample
representativeness in this rare condition, participant
medical histories were documented to assess potential
confounding factors including food allergies and mobil-
ity-limiting comorbidities. The STROBE guidelines [25]
and the SAGER guidelines [31] for sex and Gender Equity
in research were used for reporting. This study was
approved by the Ethics Committee of University of Evora,
registry number 22056. A written informed consent was
provided to all participants for their review before their
inclusion in the study, and all participants gave consent
in adherence to the 1964 Declaration of Helsinki and its
later amendments.

Data collection

This study and data presented are openly available in
Open Science Framework repository at https://osf.io/
qjtvz/.

Anthropometry and body composition assessment

Anthropometric measurements including body mass,
height, waist and hip circumferences, and upper arm
girth were measured using standardized techniques [33,
58]. Body composition was assessed using a multi-fre-
quency segmental analyzer (Tanita MC780-PMA) pro-
viding estimates of fat mass, lean mass, and bone mineral
mass, with values presented as percentages. BMI was
calculated as body mass in kilograms divided by height
in meters squared. Obesity in the general population is
typically defined as BMI>30 kg/m? However, in indi-
viduals with achondroplasia, BMI is a less reliable indica-
tor of adiposity due to disproportionate short stature and
altered body proportions, which may lead to overestima-
tion of body fat [29, 33, 65]. Therefore, waist-to-hip ratio
(WHR), a height-independent calculation to measure
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obesity, was included to better assess central adiposity,
using WHO cut-offs of>0.85 for women and >0.90 for
men [83].

Comorbidities assessment

Participants responded to a tailored questionnaire on
medical history based on specific guidance [27], which
included respiratory complications (obstructive sleep
apnea, current ventilation therapy use), orthopedic con-
ditions (spinal stenosis, chronic pain requiring medi-
cation), neurological conditions (history of foramen
magnum stenosis, decompression surgery), and lifestyle
factors (smoking status). All participants provided self-
reported medical history information, with responses
categorized as confirmed diagnosis, absence of condition,
or unknown status.

Dietary assessment

The dietary intake of participants was assessed using a
semi-quantitative food frequency questionnaire (FFQ)
(Lopes C, 2000), validated for the Portuguese popula-
tion (Lopes C, 2000; [50]) and administered by a trained
dietitian (CDP) to collect information about participants’
food consumption over the last year. A standardized pho-
tographic manual, the Food Quantification Photographic
Manual from the National food and Physical activity Sur-
vey 2015-2016 [76] was used for more accurate quanti-
fication of the participants’ food intake. Nutrient intake
values were calculated using validated algorithms by the
Nutritional Epidemiology research team at the Institute
of Public Health, University of Porto (ISPUP) [77], which
processed the FFQ data through standardized nutrient
composition databases.

Briefly, to obtain food consumption, the frequency
of each item was multiplied by the respective average
standard portion in grams (g) and by a seasonal varia-
tion factor for foods consumed in specific seasons (0.25,
considering the average seasonality of 3 months). Foods
were converted into nutrients using the Food Proces-
sor Plus computer programme (ESHA Research, Salem,
OR, USA), with nutritional information taken from the
US Department of Agriculture food composition tables,
adapted to typical Portuguese foods [48—50].

The prevalence of nutritional adequacy was obtained
by the comparison of the participants’ estimated intake
of energy, macro-nd micronutrients with the dietary ref-
erence values (DRV) established by the European Food
Safety Authority, EFSA [22] or with Dietary Reference
Intakes by the Institute of Medicine, IOM, whenever a
DRV was not established by EFSA. As proposed by EFSA,
energy intake was adjusted by age, sex, and physical activ-
ity. The Reference Intake ranges (RI) for macronutrients,
expressed as % of the energy intake, were used as cut-offs
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for macronutrients [22]. The range defined by EFSA was
used for carbohydrates and total fat, and the IOM range
for proteins [35]. For saturated and trans fatty acids,
WHO guidelines were considered [86]. For monosatu-
rated and polyunsaturated fatty acids and omega 3 and
omega 6 fatty acids, Nordic guidelines were accounted
[11]. The European Society of Cardiology guidelines for
the management of dyslipidaemias were followed for
cholesterol [52]. Therefore, the prevalence of nutritional
adequacy was described as the percentage of participants
whose intake was within the reference range for macro-
nutrients and above AR or AI for micronutrients and
not exceeding the tolerable upper intake level whenever
defined. For sodium and chloride, nutritional adequacy
was considered whenever intake was equal to or below
safe and adequate intake [20, 35].

Physical activity

Physical activity levels were evaluated using the short
version of the International Physical Activity Question-
naire (IPAQ) [73], which is widely validated and used in
diverse populations. The IPAQ enables comparability of
physical activity data across studies and provides a flex-
ible framework for capturing the duration and intensity
of walking, moderate, and vigorous activities without the
need for specialized equipment. This makes the instru-
ments especially suitable for populations with physical
limitations, as those with ACH. Physical activity is quan-
tified in metabolic equivalents of task (MET-minutes/
week) and categorized as inactive (PAL1), minimally
active (PAL2), or highly active (PAL3).

Data analysis

Statistical analysis was performed using SPSS version
29.0 (IBM Corp., Armonk, NY, USA) with a significance
level set at p<0.05. Descriptive statistics were calculated
for continuous variables, with frequencies and percent-
ages used to summarize categorical variables like gender
and physical activity levels. Shapiro—Wilk test was used
to assess the normality of continuous variables. Variables
not normally distributed were analysed using non-par-
ametric tests. Independent ¢-test was used to compare
normally distributed continuous variables between men
and women, including anthropometric and body compo-
sition variables with effect size measured by Cohen d, and
the Mann—Whitney U test was applied for non-normally
distributed variables to compare differences in nutrient
intake and physical activity levels between genders, with
effect size measured by rank biserial correlation (rbc).
The critical value for 2-tailed Mann—Whitney U test,
p<0.01 was 7. Spearman’s rank correlation coefficient
(rho) was used to evaluate relationships between physical
activity measures and nutrient intake. This approach was
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prioritized over multiple regression modelling, consider-
ing the exploratory nature of this study and small sam-
ple. No missing data were present for primary outcomes.
For dietary recalls, any incomplete entries (<5%) were
handled using multiple imputations. Given the rarity of
ACH (1:25,000) and an estimated Portuguese population
of 10 million, our sample of 16 participants represents
approximately 3.2% of the estimated ACH population
in Portugal (=~ 500 individuals). Effect sizes for Cohen d
were considered as small (d=0.2), medium (d=0.5), and
large (d>0.8), while for Spearman’s rank correlation (rho,
p) these were also interpreted according to Cohen’s con-
ventions: small (p=0.10-0.29), medium (p=0.30-0.49),
and large (p>0.50) [24]. All statistical comparisons are
reported regardless of significance threshold, with effect
sizes provided to support interpretation given the explor-
atory sample size.

While this sample size limits statistical power, it pro-
vides valuable exploratory data for this rare condition.
Post-hoc power analysis indicated adequate power (0.8)
to detect large effect sizes (d=0.8) at a«=0.05 for primary
outcomes.

Results

Anthropometric and body composition characteristics
This study included 16 adults with ACH (10 women, 6
men) with a mean age of 38.2+13.8 years (21 to 57 years
old). Among our participants, 62.5% (10/16) presented
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a body mass index (BMI) >30 kg/m? (95%CI 24.7-58.7).
Yet, on the other side, 43.75% (7/16) presented a waist-
to-hip ratio over WHO cut-off points, with just 1 woman
presenting a ratio of 0.85 and all men (6/6) a ratio
above>0.90 [83], with significant gender differences
observed. The mean fat mass percentage (FM%) was high
among participants (95%Cl 7-47.6). Values from our
study sample are shown in Table 1, as well as reference
values for body composition from (a) a study in the gen-
eral Portuguese population (PT) [7]; (b) another study in
adults with achondroplasia (ACH) [54] and (c) a study
with 10 adult men with achondroplasia [72].

Comorbidity Profile

Comorbidity analysis revealed sleep apnea in 25% (4/16)
of participants, spinal stenosis symptoms in 18.75%
(3/16), with 6.25% (1/16) having a history of foramen
magnum decompression surgery Additionally, 18.75%
(3/16) used medication for chronic pain. Among all par-
ticipants, 18.75% were smokers (3/16). These comor-
bidities may influence both dietary patterns and physical
activity engagement.

Nutritional adequacy

The consumption of additional foods beyond those listed
in the FFQ was also asked of participants, and the follow-
ing additional foods have been mentioned: 3 participants
(vegetarians) reported eating veggie burgers, seitan, tofu,

Table 1 Anthropometric measurements and body composition parameters of adults with achondroplasia, with significant differences
between genders identified. Means and standard deviation presented comparison between women and men were performed
using independent sample t-tests and effect size (Cohen d). Reference data from studies a., b. and c.is also presented. All p-values are

reported
a. Reference values b. Reference values Total sample (n=16) Women (n=10) Men (n=6) p-value Effectsize
PT(n=392) ACH (Cohend)
(M=15
w=18)
Age (years) 495+10.6 40+15 384+138 36.6+152 41.0+118 0555 0312
Height (cm) 164£9.2 130+6.9 (W) 126.0+12.7 123.1£114 1300£145 0307 0.548
135+9.2 (M)
Body mass (kg) 717144 556+9.5 (W) 535+147 48.9+104 61.1+£185 0.112 0.875
66.3+16.4 (M)
Body mass index-BMI (kg/  26.3+4.5 3417 358+114 325+6.8 36.8+13.1 0400 0.4548
2
m)
Waist circumference (cm) 82.2 (W) 83.9+146 79.3+10.5 91.7+180 0.103 0.901
94.1 (M)
Hip circumference (cm) 1022114 103.0+8.23 1000+16.2 0625 0.258
Waist-to-hip ratio 0.82+0.09 0.77£0.07 0.91+0.05 <0.001 2258
Mid upper arm girth (cm) 30.1£3.9 30.1+£44 303£33 0.926 0.049
Fat mass (%) 20.7+8.8 €.293+£29 270+105 274+75 265+152 0872 0.085
Lean mass (%) 686+113 67.3+9.3 708+148 0.567 0.302
Bone mineral mass (%) 3.8+06 3.7+04 3.8+08 0.815 0.123
Body water (%) 550£95 527+64 588+£129 0226 0.654
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soy drinks, and vegetable yogurts weekly; 1 participant
reported eating blueberries, blackberries, and raspber-
ries 5 to 6 times a week, and another participant reported
eating mango once weekly.

Energy and macronutrient intake

The median (percentile 25-75) for daily total energy
intake (TEI) was 1742.42 kcal (1381-2497), with a
macronutrient distribution of 16.85+4.0% for proteins,
50.62 +8.80% for total carbohydrates, and 33.13+5.37%
for total fat.

EFSA DRVs finder online tool was applied to verify
TEI for each participant according to the specific age
and considering their specific physical activity level
(PAL=1.4, 1.6, 1.8, and 2.0). Significant gender differ-
ences with large size effects were observed for TEI, with
women consuming a median of 1416.82 kcal while men
presented a median intake of 2643.40 kcal (d=2.69,
p<0.001). Differences were also observed for total carbo-
hydrates (d=2.19, p<0.001), proteins (d=2.09, p=0.001)
and total fat (d=1.76, p=0.004). To highlight that 25%
(4/16) of our participants presented a TEI above aver-
age requirement (3/6 men, 1/10 women). Daily energy
and macronutrient intake of participants are presented in
Table 2.

All participants had intakes within the protein recom-
mendations [21]. However, when the total protein intake
(in g) was adjusted for each participant’s body mass, we
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found that 50% (8/16) had an intake between 0.66 and
1.5 g/kg body mass, 18.75% (3/16) had an intake above
1.5 and below 2 g/kg body mass, and 25% (4/16) had an
intake above 2 g/kg body mass. Only one participant had
a protein intake below 0.66 g/kg body mass. For carbo-
hydrates, 12.5% (2/16) had intakes above the reference
range and 12.5% (2/16) did not reach 45% of the TEI For
total fat intake, 25% (2/16) had an intake greater than 35%
of the TEI, with 43.75% (7/16) exceeding reference values
for saturated fat and the same proportion for cholesterol.
However, the recommended intakes of polyunsaturated
fatty acids (PUFAs), especially omega-3, were not met
by any of the participants. In addition, 56.25% (9/16) of
participants did not meet fiber intake recommendations.
Positive correlations were observed between waist to hip
ratio with caloric intake (r=0.67, p=0.005) and with car-
bohydrates (r=0.65, p=0.006).

Micronutrients intake

In our study, the micronutrients vitamin D, vitamin K,
biotin, manganese, and molybdenum were those with
the highest probability of inadequacy, as none of the
participants reached the Al Iodine and vitamin E were
also at risk of inadequacy, with only 18.75% of partici-
pants reaching the Al Sodium intake exceeded the safe
and adequate intake in 75% of participants. Importantly,
the intake of micronutrients did not exceed the toler-
able upper intake level, whenever defined, in any of the

Table 2 Daily energy and macronutrients intake of adults with achondroplasia. Values presented as medians, percentiles and
percentages. All p-values are reported and significant gender differences in energy and macronutrients intake when p<0.05

Macronutrients Dietary % Within All (n=16) Women Men (n=6) median  p-value Effect size
reference adequacy median (P25-P75) (n=10) (Cohend)
values median

Energy intake (kcal) a) 75.00 174247 (1381-2497) 1416.82 2643.40 <0.001 2.690

Protein (g) - - 85.39(55.2-113.0) 56.59 12547 0.001 2.090

Total carbohydrates (g) - 22546 (168.0-311.0) 171.55 311.52 <0.001 2.190

Total fat (g) - 61.59 (52.4-95.8) 54.63 101.66 0.004 1.760

Protein (%TEl) 10-35% 100 16.85 (14.6-19.7) 16.72 17.94 0.507 0.352

Total carbohydrates (%TEl) 45-60% 75 50.62 (47.3-53.4) 49.39 51.60 0.444 0407

Total fat (% of TEI) 20-35% 68.75 34.13(32.1-34.9) 3413 34.09 0614 0.266

Saturated fatty acids (%TEl) <10% 56.25 9.74 (8.88-10.7) 10.53 8.94 0.464 0.389

Trans fat acids (%TEI) <1% 100 0.42(0.34-0.51) 0.50 034 0.166 0.755

MUFA (%TEl) 10-20% 87.5 15.03 (14.1-16.0) 14.57 15.76 0.975 0.016

PUFA (%TEI) 5-10% 75 560 (4.94-6.14) 5.86 5.16 0.399 0.449

Omega 3 (%TEl) At least 1% 0 0.53 (0.44-0.60 0.53 0.53 0.733 0.180

Omega 6 (%TEl) At least 3% 875 4.01 (3.55-4.49 4.20 3.75 0.055 1.081

Omega 6/omega 3 ratio - 7.38 (6.90-841 761 7.0 0449 0403

Cholesterol (mg) <300 mg 56.25 29437 (217-410) 250.58 386.39 0173 0.742

Dietary fiber (g) >25¢g 4375 23.37(8.17-26.80) 20.56 2502 0.117 0.864

Abbreviations: TEl, total energy intake. a) EFSA DRVs finder online tool was applied to verify TEI for each participant accordingly the specific age and considering their

specific physical activity level
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respondents. Significant differences with large effect
sizes (d=1.37 to 2.74) were found between gender for
many micronutrients, with men presenting higher intake,
except for vitamin K, as presented in Table 3. It is impor-
tant to note that in the study population, it was observed
that only three participants were on a vegetarian diet,
one of whom was on a vegan diet. In addition, only three
participants reported taking multivitamin supplements,
including the vegan participant. These supplements were
not considered for nutrient adequacy.

Physical activity patterns

Physical activity level (PAL) obtained using the IPAQ
revealed two groups: PAL1, with low physical activity
or “inactive” representing 56.25% (9/16) and PAL2 with
moderate activity or “minimally active” representing
43.75% (7/16), with our participants presenting a mark-
edly lower percentage of moderate activity than those
reported in the general Portuguese population. The
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IAN-AF 2015-2016 study, which found that 57.7% of
Portuguese adults achieved moderate to high physical
activity levels [51] while in our study only 43.75% (7/16)
met WHO minimum recommendation of 600 MET-min-
utes/week[85]. The mean total physical activity score was
878.2+816.7 MET-minutes/week, positively influenced
by two more active participants, both men. Significant
gender differences were observed for moderate physical
activity, as presented in Table 4.

Associations between physical activity and nutritional
variables

Significant differences (p<0.05) with small effect sizes
were found between physical activity levels (PAL1 and
PAL2) for dietary fiber (rb=1.11), vitamin A (rb=1.23),
calcium (rb=1.38), biotin (rb=1.38), chloride (rb=1.51,
p=0.01) and iodine (rb=1.23). Strong correlations
(p<0.001) were found between physical activity score
and fat mass % (rho=0.802), lean mass % (d=0.786) and

Table 3 Daily energy and micronutrients intake of adults with achondroplasia. Values presented as medians, percentiles and
percentages. All p-values are reported and significant gender differences in micronutrients intake when p<0.05

Micronutrients Daily reference values % Within  All (n=16) Women Men (n=6) Median p-value Effect size
adequacy Median (P25-P75) (n=10) (Cohend)
Median
Total vitamin A (ug) 570 ug 93.75 1455.38 (892-1974) 1480.40 145538 0.928 0.047
Thiamine (mg/MJ) 0.072 mg/MJ 100 8(0.17-0.19) 0.18 0.17 <0.001 2.382
Riboflavin (mg) 1.3 mg 68.75 74 (1.2-24) 1.25 2.53 <0.001 2.695
Niacin (mg/MJ) 1.3 mg/MJ 100 245(2.1-2.8) 246 2.25 0.007 1.643
Vitamin B6 (mg) 1.5mgM;1.3mgF 75.00 85 (1.3-2.5) 1415 2.52 0.020 1352
Vitamin B12 (ug) 4ug 75.00 5.54(43-11.0) 4.7 12.74 0.003 1.828
Folate (ug) 250 ug 68.75 315.06 (231-375) 294.83 329.62 0.392 0.456
Pantothenic acid (mg) 5 mg 25.00 405 (2.8-4.9) 2.88 538 <0.001 2.744
Vitamin C (mg) 90 mg M; 80 mg F 81.25 138.01(114-161) 127.13 148.71 0.563 0.306
Vitamin D (mg) 15 mg 0 2.86 (1.5-4.7) 1.89 4.21 0.397 0451
Vitamin E (mg) 13mgM; 11 mg F 18.75 9.12(6.3-12.3) 7.09 12.46 0.011 1.502
Vitamin K (ug) 70 ug 0 17.82 (11.0-25.9) 18.54 16.72 0.818 0.121
Calcium (mg) A:860 mg; B:750 mg 56.25 827.18 (521-1146) 609.67 1412.34 <0.001 2410
Copper (mg) 1.6mgM;1.3mgF 56.25 1.52(1.1-1.9) 1.09 218 0.002 2.007
Iron (mg) 6 mg (pre-M 7 mg) 100 1527 (9.9-17.3) 10.67 18.18 0.003 1.872
Magnesium (mg) 350 mg M; 300 mg F 50.00 331.51(223-393) 2255 402.24 <0.001 2193
Manganese (ug) 3mg 0 341 (2.5-3.5) 2.58 3.50 0.011 1.561
Phosphorous (mg) 550 mg 93.75 1416.88 (817-1623) 858.6 18326 <0.001 2.563
Potassium (mg) 3500 mg 43.75 3263.87 (2231-4238) 23145 4764.6 <0.001 2407
Selenium (ug) 70 ug 56.25 81.52(58.2-107) 63.95 1128 0.019 1.367
Sodium (mg) 29 25.00 3321.5(2293-3815)  2476.1 3956.1 0.002 1.956
Zinc (mg) 75mgM; 6.2 mgF 93.75 10.96 (6.9-14.0) 7.2 14.8 <0.001 2.535
Biotin (ug) 40 pg 0 11.81 (6.0-14.3) 79 18.1 0.013 1.470
Chloride (mg) 31g 100 653.67 (430-978) 5131 983.7 0.009 1.552
lodine (ug) 150 pg 18.75 52.50 (30.8-107.0) 354 174.6 0.001 2.044
Molybdenum (ug) 65 1g 0 7.19 (3.8-94) 6.8 76 0414 0435

Abbreviations: pre-M pre-menopausal, M male, F female, A:18 to 24 years, B: >25 years
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Table 4 Physical activity measures of adults with achondroplasia represented as MET-min total/week and levels. All p-values are
reported. Reference value for physical activity level from Lopes et al. [51]

Measure Reference All (n=16) Women (n=10) Men (n=6) p-value Effect size (rbc)
values % mean mean

MET-min total/week 878.2+816.7 696+614 11811071 0.551 0.200

W_MET (MET-min) 486.0+486.0 516+497 434.0+507.0 0.549 0.200

M_MET (MET-min) 113.0+£173.0 200+432 267.0+202.0 0.006 0.783

V_MET (MET-min) 280.0+521.0 160.0+£320.0 480.0+£744.0 0.381 0.250

PAL 1 (%) 56.3 700 333

PAL 2 (%) 57.7 438 30.0 66.7

Abbreviations: W_MET walking, M_MET moderate-intensity activities, V_MET vigorous-intensity activities, PAL physical activity level

bone mass % (d=0.782). Other correlations were found
between moderate intensity activities (M_MET) with car-
bohydrates intake (rho=0.734, p=0.001), and also with
riboflavin (rho=0.768, p<0.001), calcium (rho=0.643,
p=0.007), magnesium (rho=0.693, p=0.003), manga-
nese (rho=0.693, p=0.002), potassium (rho=0.718,
p=0.002), and iodine (rho=0.633, p=0.008). Also,
moderately strong associations were found between M_
MET and calcium (R*=0.50, p=0.002) and with iodine
(R*=0.609, p<0.001).

Discussion

This exploratory study provides novel insights into nutri-
tional adequacy and physical activity patterns in Portu-
guese adults with ACH. Our findings reveal an interplay
of factors related to this rare condition: high obesity,
specific micronutrient inadequacies affecting bone and
metabolic health, and low physical activity levels in
most participants. The distinct anthropometric features
of achondroplasia, disproportionate short stature with
reduced limb-to-torso ratio, appear to be associated
with these outcomes, particularly in regard to obesity
tendency and physical activity engagement [1]. Obe-
sity in achondroplasia appears to involve mechanisms
beyond traditional energy balance, including potential
FGFR3-related metabolic alterations and atypical fat dis-
tribution patterns that distinguish it from typical obesity.
This finding suggests that standard obesity prevention
and management strategies may require population-
specific adjustments for individuals with achondroplasia
[69]. Given the exploratory nature of this study and the
multifactorial relationships identified, our study results
provide groundwork for larger and longitudinal investi-
gations to establish evidence-based interventions for this
population.

Anthropometry, body composition, and obesity
The elevated fat mass percentage and high prevalence
of BMI > 30 kg/m? observed in 62.5% of our participants

aligns with previous research demonstrating elevated
obesity risk in individuals with ACH. When compar-
ing the results from our participants to those found
in a larger Portuguese study with 393 adults [7], our
participants’ BMI was superior (35.8+11.4 kg/m?
vs 26.3+4.5 kg/m?, respectively) as well as the FM%
(27.0+£10.5% vs 20.7 + 8.8, respectively), yet when com-
paring to values from a study by Sims et al. [72] with
10 adult men with achondroplasia, our participants
presented lower FM% (29.3£2.9 vs 27.0 £ 10.5, respec-
tively). While we observed discrepancies between BMI
and fat mass percentage (FM%) among our partici-
pants, these findings likely reflect the inherent limita-
tions of BMI as a measure of adiposity in individuals
with achondroplasia [33]. Skeletal dysplasias such as
achondroplasia are characterized by disproportion-
ate short stature and altered body proportions, which
can lead to BMI underestimating or misclassifying adi-
posity compared to direct body composition analyses.
Additionally, standard bioelectrical impedance (BIA)
and dual-energy X-ray absorptiometry (DXA) meth-
ods may also be less accurate in this population due
to unique limb geometry and fat distribution patterns
[17, 29]. These challenges highlight the importance of
using multiple assessment tools and interpreting body
composition data with caution in skeletal dysplasia
populations.

The waist-to-hip ratio results provide additional con-
text for obesity assessment. While nearly all women
met WHO standards (< 0.85), men exceeded the recom-
mended threshold (>0.90), indicating central adipos-
ity concerns despite the complex BMI interpretation.
These findings emphasize the necessity of employing
multiple anthropometric tools when assessing adipos-
ity in achondroplasia populations. Alternative indices,
such as trunk fat mass divided by sitting height squared
(TF/sH?), may provide a more accurate obesity assess-
ment in this population [5].
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Macronutrient nutritional adequacy

The macronutrient distribution in our study population
largely aligned with EFSA/IOM recommendations for
reference intake range (RI), expressed as the propor-
tion (%) of energy derived from that macronutrient,
with most participants falling within the recommended
ranges for proteins, total fat, and carbohydrates. Most
participants showed energy intakes within DRV, with 9
out of 10 women presenting an adequate energy intake
that may underline a conscious effort to manage weight,
given the propensity for obesity in ACH. Importantly,
although protein intakes are within the IOM range of
10-35% of TEI for all participants when protein intakes
(g) are adjusted for participants’ body mass, 25% have
intakes greater than 2 g/kg body mass. Although this
higher intake occurs almost exclusively in participants
with a high PAL, and given the musculoskeletal chal-
lenges associated with ACH, it is important to consider
this aspect individually in the dietary management of
adults with ACH, as chronic protein intake above 2 g/
kg of body mass may be associated with metabolic
disturbances [41, 56, 88]. Although our participants
presented lower median saturated fat intake com-
pared to general Portuguese adult populations (IAN-
AF 2015-2016) [51] 9.74% vs 10.2% TEI respectively,
still 43.75% of participants had an intake of saturated
fat above 10% of TEI The same percentage showed an
intake of cholesterol above 300 mg/day, which com-
bined with the high probability of omega 3 fatty acid
inadequacy (none of the participants met the Nordic
recommendations), may increase the risk of metabolic
and cardiovascular diseases[14, 38, 39, 79]. This situ-
ation may reinforce the increased omega-6/omega-3
ratio observed in our study. According to research,
the human body can maintain optimal health with an
intake ratio of omega-6/omega-3 of 5:1. As the intake of
n-6 PUFA-rich diets increases, so does the incidence of
metabolic syndromes, which may be caused by the acti-
vation of inflammatory pathways [10]. It is also impor-
tant to note that more than half of the participants did
not meet the recommended 25 g of dietary fiber per
day [22], yet still, our participants presented a higher
dietary fiber intake compared to the general Portuguese
adult populations (IAN-AF), with a median intake of
23.4 g vs 17.2, respectively.

Fiber has important physiological roles, not only in
increasing satiety but also in modulating the gut micro-
biome and lipoprotein metabolism, which together
are important for obesity and its associated metabolic
abnormalities prevention [36, 45, 46, 78] and should be
promoted in this particular population.
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Micronutrient nutritional adequacy

In terms of micronutrient intakes, vitamin D, vitamin K,
biotin, manganese, and molybdenum stand out as having
the highest probability of inadequacy, as none of the par-
ticipants reached the Al, and there is also a high risk of
inadequacy for iodine, vitamin E, and pantothenic acid.
In addition, sodium intake exceeded the safe and ade-
quate intake in 75% of participants.

The high probability of inadequacy for vitamin D
observed in our study aligns with the findings from Mad-
sen et al. [54], who also reported low vitamin D intake
in Norwegian adults with ACH. And while an adequate
vitamin D intake is critical for bone health and may
have additional benefits in reducing inflammation and
improving muscle function[12], an insufficient intake
among individuals with ACH, who are already predis-
posed to skeletal complications, may negatively influence
the occurrence of spinal stenosis[42] and osteoarthritis
[2, 32]. Furthermore, emerging research suggests that
vitamin D deficiency may contribute to increased inflam-
mation, which could potentially worsen the chronic
pain often experienced by individuals with ACH[42].
Although 56.25% of participants in our study presented
an intake within DRV for calcium, this combined with
low vitamin D could potentially be an added challenge to
bone health in adults with ACH [57].

In the IAN-AF study[51], there was also a high preva-
lence of inadequacy for sodium, with 76.4% of Portu-
guese (63.2% of women and 88.9% of men) exceeding
the maximum tolerated value (UL). This prevalence was
higher in adults (79.7%) and adolescents (74.7%) which is
aligned with our study, with only 25% of participants pre-
senting an intake within recommendations. In addition,
many studies demonstrate that populations worldwide
consume much more sodium than is physiologically nec-
essary, exceeding 2 g sodium/day (equivalent to 5 g salt/
day) [84]. This higher sodium intake observed among our
participants, associated with a probable potassium inade-
quacy in more than half of the participants, can add extra
concern as it may contribute to increased blood pressure
and cardiovascular risk [80, 84]. Another important and
related finding, as magnesium depletion may contribute
to hypertension and cardiovascular events [3] is that only
50% of the participants reached the reference values for
magnesium. Together, these findings highlight the impor-
tance of monitoring sodium intake and additionally pro-
moting potassium and magnesium intake to prevent
hypertension and cardiovascular risk in this population.

Inadequate iodine intake has been observed for dec-
ades in populations considered to be iodine sufficient
[13]. Machado et al., using a 24-h dietary recall, found a
median iodine intake of 58 pg/day (51 and 68 pug/day in
women and men, respectively) [53] which is in line with
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the median found in our study, 52.50 ug/day. However,
in our study, women have a significantly lower median
than men (35.4 pg/day versus 174.6 pg/day). In a recent
report, the World Health Organization (WHO)/Europe
and the Iodine Global Network noted that the increasing
popularity and availability of plant-based alternatives to
major iodine sources, such as milk, dairy products, and
fish, is contributing to persistent and increasing iodine
insufficiency in the WHO European Region. This situa-
tion can put women at increased risk, particularly dur-
ing pregnancy when iodine requirements are higher [87].
Salt iodization is the main strategy to prevent iodine
deficiency at the population level [9, 13] and may be an
important nutritional strategy for this population.

Gender differences in vitamin E intake (d=1.52,
p=0.011) persisted after adjustment for energy intake. A
high probability of vitamin E inadequacy was also found
in different studies [71] [60, 71, 75]. In our study, women
had a significantly lower median intake of vitamin E com-
pared to men (7.09 mg versus 12.46 mg). Interestingly, a
study in the north region of Portugal reported high vita-
min E inadequacy (83%) in women prior to pregnancy
[63]. Vitamin E deficiency seems more likely in situations
of fat restriction or fat malabsorption, as it is a fat-soluble
vitamin, which can be found in several diseases such as
inflammatory bowel disease [75].

Regarding vitamin K, there is less evidence on the ade-
quacy; however, given that the concentration of vitamin
K in most foods is very low (<10 pg/100 g) and that most
of the vitamin is obtained from a few green leafy vegeta-
bles and four vegetable oils (soya, cottonseed, rapeseed
and olive), which contain high levels, inadequacy may
occur. Contrary to our results, a cross-sectional study of
238 adults from the Algarve region of Portugal found that
only 10% of participants had a vitamin K intake below the
adequate intake [63].

Biotin, manganese, molybdenum, and pantothenic acid
deficiencies due to inadequate dietary intake are rare [40,
62] and research on dietary adequacy is lacking. It was
therefore quite unexpected to observe that none of the
participants reached the Al for the above micronutrients
(except for pantothenic acid, but only 25% achieved the
AlI), as they are widely available in a variety of foods.

Comorbidity impact on nutritional and physical activity
outcomes

The substantial comorbidity burden observed among our
participants provides important context for interpret-
ing our nutritional and physical activity findings. The
25% prevalence of sleep apnea is very low compared to
previous studies that found nearly 50% of sleep apnea in
adults with achondroplasia [28]. This may be due to the
self-reported data and underestimate of the diagnosis by
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the participants. Sleep-disordered breathing affects appe-
tite regulation through documented alterations in key
hormonal pathways [70] that promote increased appetite
and preference for high-calorie, energy-dense foods[66].

The 18.75% prevalence of chronic pain requiring medi-
cation is consistent with literature reporting chronic
pain in 64-70% of adults with achondroplasia [27]. Pain-
related medications can also affect appetite and nutrient
absorption, while chronic pain-associated mood changes
may influence food choices through comfort eating
behaviors or appetite suppression [59, 67]. The strong
correlation observed between physical activity scores and
body composition (r=0.78-0.80) may be partially medi-
ated by pain-related activity limitations.

Physical activity and nutrition interactions

The physical activity levels observed in our study popula-
tion are below recommended levels, with 56.25% catego-
rized as inactive or with low physical activity, which may
have significant implications for nutritional needs and
overall health. Participants showed having lower weekly
activity compared to the general adult population [30]
and below the threshold of WHO recommendation of
at least 600 MET-minutes/week of physical activity [85].
The reduced physical activity levels in adults with ACH
may be attributed to various factors, including physi-
cal limitations, pain, or fear of injury [19]. This inactivity
contributes to decreased energy expenditure, while con-
current obesity exacerbates mobility restrictions through
increased joint loading, chronic inflammation, and meta-
bolic dysfunction [23, 37]. Likely, the observed physical
activity limitations in ACH adults likely represent a self-
perpetuating cycle.

Moreover, sedentary behavior has been associated with
increased inflammation and insulin resistance, which
could exacerbate the glucose metabolic changes iden-
tified in this population [8, 69]. The strong correlation
between physical activity score and fat mass percentage
indicates robustly that, in this population, a complex rela-
tionship between energy intake, expenditure, and body
composition may exist.

Higher physical activity levels often correlate with bet-
ter dietary habits, as demonstrated by comprehensive
reviews of European adult populations, which show that
more active individuals tend to have healthier dietary
patterns and overall better diet quality [26].

Positive correlations and associations were found
between M_MET and some micronutrients, whose
intake has been associated with physical activity. One of
these micronutrients is riboflavin, which is crucial for
energy production and the metabolism of fats, drugs, and
steroids; riboflavin plays a role in maintaining a healthy
metabolism. This sheds light on its association with
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physical activity levels [64]. Another correlation was with
potassium, which is vital for muscle function and cardio-
vascular health, important for electrolyte balance, and
essential during physical activity [81]. Concerning iodine,
this micronutrient is essential for thyroid function, which
regulates metabolism. Adequate iodine intake can influ-
ence energy levels and metabolic rate [90] what may
potentially affect physical activity capacity.

Implications and recommendations
The results of this study highlight the importance of
nutritional assessment in adults with ACH. Personal-
ized intervention with energy prescriptions adapted to
requirements, considering individual physical activ-
ity levels, and monitoring of macro- and micronutrient
intakes are important. Although the overall macronu-
trient intake is adequate, it is important to promote the
consumption of omega-3 fatty acids and fiber in this
population. Regarding micronutrients, given universal
vitamin D inadequacy and skeletal comorbidities, rou-
tine supplementation (>600 IU/day) should be prior-
itized alongside dietary counseling. Nutritional strategies
to promote vitamin E and iodine adequate intake and to
reduce sodium intake are also extremely important. In
addition, considering the lack of research on vitamin K,
biotin, manganese, pantothenic acid, and molybdenum
adequacy, future studies with larger groups of individuals
with ACH are important to confirm these findings.
Beyond nutritional adequacy, the strong M-MET-
iodine association (R*=0.609) suggests activity levels
may indirectly influence thyroid metabolism, which
should be further evaluated for weight management. Tai-
lored physical activity program interventions to increase
overall activity levels in this population should be devel-
oped. These programs should focus on low-impact exer-
cises that improve cardiovascular health without putting
excessive strain on the joints. Overall, regular monitor-
ing of nutritional status and body composition using
methods appropriate for individuals with ACH should
be applied. Incorporating elements of the Mediterranean
diet, such as increased consumption of fruits, vegetables,
whole grains, legumes, fish, and olive oil, could poten-
tially address some of the nutritional gaps observed in
our study population.

Limitations

The small sample size reflects the condition rarity. The
non-random sampling due to recruitment by one advo-
cacy organization may differ from the overall commu-
nity of people with achondroplasia, and being a study
conducted solely in Portugal limits the generalizabil-
ity of our findings. These factors may affect the repre-
sentativeness of the results to broader populations
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with achondroplasia. The multi-frequency bioelectrical
impedance analyser used may have reduced accuracy
in individuals with achondroplasia due to altered limb
proportions and other potential factors still to unveil.
Moreover, standard BMI calculations have not been vali-
dated for individuals with disproportionate short stature,
potentially leading to misclassification of obesity status,
and when existent, specific indices validated for this pop-
ulation should be used.

The tools used in this study, the FFQ and the IPAQ,
rely on self-reported data, which can be subject to recall
bias and misreporting. While FFQ is validated for gen-
eral populations, ACH-specific portion size adaptations
may improve accuracy given unique anthropometrics.
Although the use of a FFQ with a 1-year recall period
may be subject to recall bias, it is nonetheless considered
a reference method for dietary assessment. By covering
a longer reference period, the FFQ enables the estima-
tion of usual intake, including foods that are consumed
infrequently or seasonally, which may not be adequately
captured by short-term dietary assessment methods.
Although our analysis identified a high probability of
micronutrient inadequacy, it is important to note that
this does not equate to clinical micronutrient deficiency.
The assessment reflects potential inadequacy in dietary
intake, which, if sustained over time, may increase the
risk of developing nutritional deficiencies. Further valida-
tion through biochemical assessment would be necessary
to confirm actual deficiency status. The IPAQ is a general
assessment tool and can under- or overestimate physi-
cal activity levels due to recall or social desirability bias,
which could be assessed by cognitive debriefing to iden-
tify adapted physical activity metrics. The overall limita-
tions can be overcome by future research that includes
larger, more diverse, and multi-national participants to
validate and extend these findings.

Conclusions

This exploratory study provides novel insights into nutri-
tional adequacy and physical activity patterns in Portu-
guese adults with achondroplasia. Key findings reveal
micronutrient inadequacies, particularly for vitamin D,
biotin, and iodine, alongside low physical activity lev-
els and high obesity prevalence. While macronutrient
distributions aligned with recommendations, excessive
saturated fat intake and insufficient omega-3 and fiber
consumption present opportunities for dietary improve-
ments. The disproportionate stature characteristic of
ACH presents a challenge in obesity assessment using
standard BMI thresholds. Our data reinforce the need
for achondroplasia-specific adiposity metrics, as BMI
may induce misclassifications. Future studies should vali-
date these findings through biochemical assessments and
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explore longitudinal relationships between diet, activity,
and comorbidities in ACH.
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