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Introduction

Neurofibromatosis type 1 (NF1), also known as von Reck-
linghausen disease, is the most common autosomal dominant
disease affecting about 1 in 3,500 individuals1,2. The primary
phenotypic features of NF1 are café-au-lait spots, axillary freck-
ling and cutaneous neurofibromas. NF1 is classically character-
ized as a neurocutaneous disorder, but other systems throughout

the body (vascular and skeletal) are also affected by NF1. Ten
to thirty-five percent of patients are affected by skeletal mani-
festations, which include kyphoscoliosis, spondylolisthesis, con-
genital bone bowing, pseudoarthrosis, sphenoid wing lesions,
subperiosteal bone proliferation and local bone dysplasia3-6. 

Several studies have reported significantly lower mean serum
25-hydroxyvitamin D (25(OH)D, a measurable parameter of an
individual’s vitamin D status) concentration in adults with NF1,
compared with healthy controls4,5,7. Lammert et al. found that NF1
subjects had an inverse relationship between the number of dermal
neurofibromas and serum 25(OH)D concentration7. Vitamin D
deficiency primarily affects calcium and bone homeostasis8,9. Pa-
tients with extremely low vitamin D serum levels (25(OH)D)
have manifestations of nonspecific limb pain, lower limb and
pelvic deformities, rickets, tetany, and hypocalcaemic convul-
sions10,11. In addition to these manifestations, vitamin D deficiency
leads to reduced muscle strength10,12,13. This myopathy is seen
more in the proximal muscles and muscles play a key role in the
sculpting of bone size and maintenance of bone integrity10,14,15.
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Studies conducted in children by Stevenson et al., found signifi-
cant negative associations between NF1 and both 25(OH)D con-
centrations (P=0.01) and muscle cross-sectional area
(P<0.001)16,17. In another study conducted by Souza et al., NF1
patients aged 7-60 years were found to have reduced muscle force
when compared to healthy controls18. In recent years, reduced
muscle strength has been found in individuals with RASopathies,
such as NF1 individuals6,17-20. This finding may be due to the un-
derlying condition of NF1, as well as, secondary to the vitamin D
deficiency that appears to be more common in NF1 patients. To
our knowledge muscle function and its relationship to vitamin D
status has not been formally studied in NF1 children.

The Leonardo Mechanography Ground Reaction Force Plat-
form (GRFP), a method that has been validated in children, ath-
letes, and frail elderly21-23, is used to measure the peak jumping
power (kW), jump height (m), vertical velocity (m/sec) and the
ground reaction force (N) of an individual. Dynamic measure-
ments, such as those obtained using the GRFP, might be more
functionally relevant than static measurements collected with the
isometric and dynamic isokinetic tests22. A single two-legged jump
is performed on a GRFP, where the individual is asked to jump as
high as possible; therefore obtaining the maximum elevation of
the center of mass21-23. This type of jumping requires the use of the
proximal muscles, such as the quadriceps, gastrocnemius and
soleus, which are the first muscles affected in myopathy10. 

The aim of this cross-sectional study was to investigate the
muscle function and vitamin D status, and their relationship to
each other, in NF1 children compared to their non-affected sib-
ling of a similar age. The single two-legged jump performed
on the GRFP was used to calculate the anaerobic peak power
to assess muscle function. We hypothesized that (a) children
with NF1 would have lower serum 25(OH)D concentrations
compared to their unaffected siblings and (b) serum 25(OH)D
concentrations would be associated with decreased muscle
function parameters, assessed by GRFP.

Participants and Methods

The NF1 Genetic Register obtained from the Genetic De-
partment, St. Mary’s Hospital, Manchester, UK, was used to
identify children with NF1 who were between 5 and 18 years
of age and who had at least one unaffected sibling. All families
that fulfilled the inclusion criteria were sent child and parent
information leaflets, and a reply letter containing contact infor-

mation, along with a stamped return addressed envelope. The
families who returned the reply letter were contacted and in-
formed consent was obtained. Children with NF1 who did not
have siblings without NF1, or had any leg deformity, such as
pseudoarthrosis of the tibia, fibula, or plexiform neurofibroma
in the lower limb that affects leg length, leg mobility, or the
ability to jump were excluded from the study. There were a total
of 30 children (15 children affected by NF1, 15 children non-
affected by NF1) who completed the study. This study received
ethical approval from the Liverpool Region Ethical Committee,
Liverpool, UK (Ethics approval 10/H1002/17). 

Anthropometric Measurements

Standing height was measured using a stadiometer and body
mass was measured using a digital scale with shoes and out-
door clothing removed. Body mass index (BMI) was calcu-
lated by using the formula mass (kg)/height(m)2.

Physical Examinations & Questionnaires 

Questionnaires were completed by each child with the help
of their parent and study personnel. Questionnaires provided
information on muscle pain, sun exposure, physical activity
recalls and food frequency intake. The muscle pain questions
asked if the children had suffered from any of the following:
aches and pains in the legs, pain or difficulty climbing stairs,
pain or difficulty getting out of a chair and muscle cramps. A
previously used questionnaire was used to assess sunlight ex-
posure, and modified for children participating specifically for
this study24. An NF1 assessment form was completed on each
NF1 child. If the assessment had been completed within the
past year, the information was obtained from the child’s med-
ical record. Dr Mughal, a Pediatric Consultant or Dr Huson, a
Genetic Consultant completed all NF1 assessments. 

A 7-day activity recall was obtained using a Seven Day Phys-
ical Activity Recall (SDPAR) form25, which was completed by
study personnel via individual interview with each child and par-
ent. The SDPAR requires the child and mother and/or father to
determine the average amount of time spent sleeping, sitting, or
participating in moderate or vigorous activity. The remaining time
was classified as light activity. Vigorous activity was defined as
any activity leading to an increase in heart rate or heavy breathing,
including activities such as running and brisk walking. Moderate
activity was defined as any activity that required significant move-
ment but not at the level of noticeable increased heart rate or heavy
breathing. Sedentary time was defined as any time that involved
minimal or no active movement such as sitting, watching TV,
school work, or working/playing on the computer. Activity pat-
terns for both weekdays and weekend days were included and the
number of days per week considered. From this information the
average percent of time spent in moderate plus vigorous activity
and sedentary time per day were calculated. Information on
weight-bearing activity also was obtained. Weight-bearing activity
was defined as any activity that required force against gravity to
be applied on the muscle-bone unit, such as weight lifting, gym-
nastics or karate. Although not validated in pediatric populations,
the SDPAR has been used in numerous studies26-28.

List of Abbreviations

Neurofibromatosis Type 1 NF1
Leonardo Mechanography Ground 
Reaction Force Platform GRFP
Bone Mineral Density BMD
25-hydroxyvitamin D 25(OH)D
1,25-dihydroxyvitamin D 1,25(OH)2D
Parathyroid hormone PTH
Esslinger Fitness Index EFI
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A food frequency questionnaire was completed to evaluate
the subjects’ average daily intake of vitamin D and calcium
containing foods. The Composition of Foods Integrated
Dataset (CoF IDS) (McCance & Widdowson, 2002) was used
to obtain the amount of calcium and vitamin D for each food
option, per 100 g and then the average weekly and daily intake
of calcium (mg) and vitamin D (μg) for each participant was
calculated.

Ground Reaction Force Platform (GRFP) 

Peak jumping power, peak jumping force and vertical ve-
locity were measured using the Leonardo Mechanography
Ground Reaction Force Platform (GRFP), software version 4.2
(Novotec Medical GmbH, Pforzheim, Germany). Each partic-
ipant performed three maximum countermovement jumps with
arms moving freely, and at rest between each jump. Each jump
was two-footed and participants were instructed to jump as
high as possible, therefore obtaining the maximum elevation
of the center of mass.

The GRFP measures ground reaction forces (N) over time.
Together with the body mass it calculates the effective accelera-
tion (m/sec2) acting on the center of gravity and by integrating
these, computes the vertical velocity (m/sec). Jump height (m)
can be calculated by the integration of velocity (m/sec) over time
taken (sec) to jump. The individual’s body mass is assessed dur-
ing a quiet stance immediately before the jump. Instantaneous
power, the peak jumping power, is the product of force and ve-
locity and is calculated following the jump. The Esslinger Fitness
Index (EFI) is derived from the peak power output per kg of body
mass and is expressed as a percentage of the mean value of the
reference data normalized by age and gender29. As described by
the manufacturer, efficiency is the relation of the peak power out-
put to the peak force normalized by body mass, gender and age29.
Z-scores for EFI and efficiency were calculated for each partic-
ipant’s jump using a reference population29. The jump with the
greatest height was used for data analysis. The precision, meas-
ured as coefficient of variation, of muscle power and peak jump-
ing force measurements in children were 3.7% and 8.9%23.

Blood Biochemistry

Non-fasting blood samples (5-7 ml) were collected for bio-
chemical measurements. All the blood samples were drawn
over a two-month period during the spring. Serum was stored
at -20ºC until measurement. Following extraction and purifi-
cation, serum 25(OH)D2 and 25(OH)D3 were measured sepa-
rately by normal phase HPLC (Waters Associates, Milford,
MA) using a Hewlett-Packard Zorbax-Sil Column (Hicrom,
Reading, Berkshire, UK) eluted with hexane: propanol (98:2)
run at 2 ml/min and quantified by UV absorbance at 265 nm
and corrected for recovery. Sensitivity was 2 ng/mL (5 nmol/L)
and interassay variation was 6%. The assay laboratory is ac-
credited to ISO 9001:2008 and ISO 13485:2003 and partici-
pates successfully in the Vitamin D quality assurance scheme
(DEQAS). Following separation by HPLC, 1,25(OH)2D was
quantified by radioimmunoassay as described in detail else-
where30. The adult reference range is 48-120 pmol/L, sensitiv-

ity 3 pmol/assay tube and intra-and-inter assay CV 7.8% and
10.5%, respectively31. Serum intact parathyroid hormone
(PTH) was measured using the Roche Modular e170 analyser
according to manufacturers instructions (Roche Diagnostics,
Mannheim, Germany); the paediatric reference interval is 10
to 60 pg/mL (1.1 to 6.4 pmol/L: to convert pg/mL to pmol/L
multiply by 0.105), Intra-&-inter assay CV 3% and 6%, re-
spectively. Serum concentrations of calcium adjusted for al-
bumin (Ca), inorganic phosphate (P) and alkaline phosphatase
activity were measured using the Roche COBAS 6000
analyser according to manufacturers instructions (Roche Di-
agnostics, Mannheim, Germany). Assay performance data:
PTH inter-assay coefficient of variation (CV) <3% at 22 and
123 pg/mL; ALP CV <2% at 57 and 203 IU/L, phosphate CV
<3% at 0.67 and 2.05 mmol/L and calcium CV<2% at 1.55
and 3.22 mmol/L.

Data Analysis

Statistical analyses were performed using SAS 9.2 software
(SAS Institute Inc. Cary, NC). Descriptive statistics were cal-
culated for each study group (NF1 children, non-NF1 children)
and compared using an unpaired student’s t-test. Chi-squared
analysis was used to evaluate differences between the two study
groups for categorical dependent variables. Preliminary analy-
sis was completed using correlation coefficients. Body mass,
age and gender were found to be correlated with the jumping
parameters, which are known covariates to be associated with
jumping parameter outcomes22,29. Regression analysis was used
to evaluate the association of the biochemistry and jumping pa-
rameters with the study groups and other possible covariates.
As previous studies have suggested body mass has a quadratic
relationship with jumping parameters10, additional analyses
were performed by adding a quadratic term for body mass;
however this did not appreciably change the relationships be-
tween group (NF1 vs. non-NF1) and jumping parameters.

Results

A total of 30 children (15 NF1 children, 15 non-affected
NF1 children) aged 5 to 18 years of age participated in the
study (6-15 years of age for NF1; 6-18 years of age for Non-
NF1). Among the study population, 60% (n=18) were female
(10 NF1; 8 Non-NF1) and 40% (n=12) were male (5 NF1; 7
Non-NF1). Questionnaires and blood biochemistry data were
obtained in all 30 children. A total of 26 children (13 NF1 chil-
dren, 13 non-affected NF1 children) performed three single
two-legged jumps on the GRFP. Four children (2 children af-
fected by NF1, 2 children non-affected by NF1) did not par-
ticipate in the GRFP portion of the study. One NF1 participant
had a neurofibroma on her left foot that did not affect her mo-
bility. Table 1 summarizes the demographic, blood biochem-
istry and dietary intake data. We calculated the height z-scores
based on the CDC growth curves and found a significant dif-
ference in the z-scores between NF1 and controls (means of -
1.21 + 0.77 and -0.06 + 0.90, p<0.01)32. Because only four of
the 30 participants were classified as non-Caucasian race/eth-
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Non-NF1 Children NF1 Children P Value

Sex (M/F) 7/8 5/10 0.46
Age (yr) 11.5 (4.7) 11.8 (2.9) 0.84
Height (cm)* 140.5 (24.6) 140.1 (17.0) 0.96
Body mass (kg)* 42.8 (23.0) 40.0 (15.3) 0.71
Body Mass Index (kg/m2)* 20.0 (5.0) 19.6 (3.4) 0.82
Serum 25(OH)D Total (ng/ml)# 16.6 (5.7) 15.6 (5.5) 0.65
Serum 25(OH)D2 Total (ng/ml)@ 1.1 (1.3) 1.6 (2.8) 0.57
Serum 25(OH)D3 Total (ng/ml)@ 14.9 (5.3) 13.3 (4.1) 0.42
Serum 1,25(OH)2D Total (pmol/L)# 42.1 (10.7) 44.5 (13.5) 0.60
Adjusted Calcium (mmol/L)# 2.25 (0.09) 2.29 (0.06) 0.21
Calcium (mmol/L)# 2.26 (0.09) 2.30 (0.06) 0.24
Phosphate (mmol/L)^ 1.3 (0.2) 1.27 (0.2) 0.74
Alkaline Phosphate (IU/L)# 185.5 (66.0) 151.7(56.8) 0.15
+Parathyroid Hormone (pg/mL)# 21.3 (10.1) 29.2 (8.9) 0.05
Dietary Calcium (mg)* 985.3 (357.3) 843.9 (454.8) 0.39
Dietary Vitamin D (μg)* 3.5 (2.1) 2.8 (1.7) 0.33
Sun Exposure Weekday 0.50
− >60 mins/day 12 11
− 30-60 mins/day 1 3
− 15-30 mins/day 2 1
− <15 mins/day 0 0
Sun Exposure Weekend 0.67
− >60 mins/day 12 11
− 30-60 mins/day 3 4
− 15-30 mins/day 0 0
− <15 mins/day 0 0

*non-NF1 (n=13); NF1 (n=13); ^non-NF1 (n=14); NF1 (n=13)
#non-NF1 (n=15); NF1 (n=14); @non-NF1 (n=12); NF1 (n=11)
+ to convert pg/mL to pmol/L multiply by 0.105

Table 1. Demographic, biochemical, sun exposure and diet data for NF1 and non-NF1 children. Data are presented as mean (SD).

Non-NF1 Children NF1 Children P Value

EFI (%) 93 (15) 83 (13) 0.07 
EFI Z-Score -0.5 (1.0) -1.4 (1.1) <0.04
Force Efficiency 90 (6) 93 (13) 0.47 
Force Efficiency Z-Score -0.9 (0.5) -0.7 (1.2) 0.58 
Relative Jump Power (W/kg)* 37.31 (1.62) 32.51 (1.62) 0.054
Relative Jump Force (N/kg)@ 25.79 (0.77) 21.12 (0.77) <0.0001
Peak Jump Height (m) 0.34 (0.16) 0.32 (0.16) 0.67 
Peak Velocity (m/sec) 1.96 (0.36) 1.97 (0.25) 0.95 
Miles Walked (miles/day) 1.81 (0.72) 1.82 (0.87) 0.98 
Flights (10 steps = 1 flight) 14(12) 11 (7) 0.98 
% Moderate/Vigorous Activity (hours/day) 3.4 (1.0) 3.4 (1.6) 0.91 
Sedentary time (hours/day) 6.5 (1.7) 7.0 (2.0) 0.54 
Resistance Activity (minutes/day) 11 (15) 8 (12) 0.59 

EFI = Esslinger Fitness Index
*Adjusted P-value for group differences after body mass and age were included in the analysis.
@Adjusted P-value for group differences after body mass, age and gender were included in the analysis.

Table 2. Ground reaction force platform and physical activity results for NF1 and non-NF1 children. Data are presented as mean (SD).
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nicity, we were unable to include race/ethnicity as a covariate.
There was no difference in sun exposure between the NF1 chil-
dren and controls and there was no association between sun
exposure and either serum 25-OHD concentrations or GRFP
results. In addition, there were no significant differences in the
demographic or dietary intake data between NF1 children and
controls. The relationship between serum 25-OHD concentra-
tions and GRFP results also was not significant.

Vitamin D deficiency is defined as a 25(OH)D<20 ng/mL
and insufficiency as 21-29 ng/mL33. The mean total serum
25(OH)D concentrations were not significantly different be-
tween the two groups, but the overall mean of 16 ng/mL seen
in the total population was within the deficient range (Table 1).
There were 4/14 NF1 children and 5/15 non-NF1 children with
25(OH)D levels below 20 ng/mL. In addition to total serum
25(OH)D concentrations, serum concentrations of 25(OH)D2

and 25(OH)D3, total 1,25(OH)2D, corrected calcium, phos-
phate, alkaline phosphatase (AKP), and parathyroid hormone
(PTH) were determined. Alkaline phosphatase concentrations
showed a trend of lower concentrations in NF1 individuals
compared to controls (p=0.15). PTH was the only blood bio-
chemistry variable found to be significantly different between
the NF1 and non-NF1 groups. The mean PTH was greater in
children with NF1 compared to children without NF1 (p=0.05)
(Table 1). There was no relationship between PTH and
25(OH)D for NF1 and non-NF1 children (Figure 1). 

We could not demonstrate a relationship between total serum
25(OH)D concentrations and the jumping parameters as we had
originally hypothesized. Total serum 25(OH)D concentrations
were not found to be associated in the unadjusted or adjusted
models for relative jump force (p=0.11 and p=0.65, respectively)
and relative jump power (p=0.98 and p=0.57, respectively).

Jumping parameters are summarized in Table 2. Results
from the physical activity questionnaire were not significantly
different between groups and were not significantly associated
with the jumping parameters (Table 2). However, the jumping
parameters, relative jumping power and relative jumping force,
were significantly different between non- NF1 and NF1 chil-

dren. The unadjusted means (95% confidence limits) of non-
NF1 and NF1 children for relative jump power (W/kg) were
36.11 (31.77, 40.44) and 33.72 (28.38, 38.06), respectively
(P=0.45) (Figure 2a); and relative jump force (N/kg) 25.38
(23.61, 27.15) and 21.92 (20.15, 23.69), respectively (P=0.012)

Figure 1. Serum 25-(OH)D concentrations (ng/ml) for NF1 children and their matched non affected sibling. 

Figure 2. Α. Relative jump power (W/kg) and age (yrs). Triangles
and solid regression line are NF1 children and squares and dotted re-
gression line are non-NF1 children. Β. Relative jump force (N/kg)
and age (yrs). Triangles and solid regression line are NF1 children
and squares and dotted regression line are non-NF1 children.
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(Figure 2b). The adjusted means (95% confidence limits) of
non-NF1 and NF1 children for relative jump power (W/kg),
controlling for body mass and age, were 37.31 (34.14, 40.49)
and 32.51 (29.34, 35.68), respectively (P=0.054); and relative
jump force (N/kg), controlling for body mass, age and gender,
were 25.79 (24.28, 27.30) and 21.12 (19.61, 22.63), respec-
tively (P<0.0001). Although sex was not a significant covariate
in the model predicting jump power, if we include it the signif-
icance between NF1 and controls drops from p=0.054 to
p=0.060. There also was a significant difference in the EFI Z-
scores between non-NF1and NF1 children (p=0.04) (Figure 3).
The mean EFI Z-score for NF1 children was less than zero
(p<0.001), while the mean EFI Z-score for non-NF1 children
was not significantly different than zero (p=0.09). The lower
EFI Z-score among NF1 children occurred at all ages (age-by-
group interaction not significant). 

Discussion

The data presented here suggests there is no difference in
total serum 25(OH)D and 1,25(OH)2D concentrations between
NF1 and non-NF1 children raised in the same environment.
However, mean serum 25(OH)D concentration for the whole
cohort was 16.1±5.5 ng/mL, which is below 20 ng/ml33, a con-
servative level for vitamin D adequacy. To the best of our
knowledge, five studies have specifically assessed vitamin D
status in NF1 patients1,4,5,7,16 and only two of those studies were
focused on 25(OH)D concentrations in NF1 children5,16.
Stevenson et al. measured 25(OH)D concentrations in 109
NF1 children (aged 2-17 years) and 218 healthy controls from
the Intermountain West region of the USA and did not find a
difference in mean 25(OH)D concentration (32±11 ng/mL and
34±12 ng/mL for NF1 and control, respectively). Only after
dichotomization of the 25(OH)D concentrations did a signifi-
cant association exist between NF1 children and lower
25(OH)D concentrations16. In a study conducted by Brunetti-
Pierri et al., 25(OH)D concentrations were measured in a sub-
set of 16 NF1 patients (aged 6-38 years) from Texas, USA,
who had a mean lumbar BMD z-scores of -2.1. The mean
25(OH)D concentration was 21±5 ng/mL and approximately
two-third of the patients had 25(OH)D concentrations <20.0
ng/mL; unfortunately, no controls were measured5. 

Vitamin D deficiency is common in England and could be
explained by several factors, such as dietary intake, geograph-
ical location, or fortification regulations. Only a few foods, such
as margarine, infant foods and breakfast cereals are fortified
with vitamin D in the UK. This, together with paucity of vita-
min D in natural foods might explain the low mean daily vita-
min D intake for both NF1 and non-NF1 children in our study
population (2.7±1.7 μg, 3.3±2.2 μg, respectively). The degree
of 25(OH)D deficiency observed in this study population may
also be due to environmental factors, such as geographical lo-
cation or the amount of time spent in the sun. However, since
unaffected siblings were used for the control group, many of
the environmental effects that may have confounded this study
and other studies were accounted for in the study design. Serum

25(OH)D concentration is the best indicator of vitamin D sta-
tus, although the threshold levels indicating vitamin D defi-
ciency are still highly debated. One reason we may not have
observed a difference in serum 25(OH)D between NF1 and
controls could be due to the overall low vitamin D status in both
populations. It is possible that if we enrolled participants in the
summer or fall, rather than the spring, we may have observed
a difference. The differences in 25(OH)D concentrations seen
in previous studies in NF1 adults may be a direct effect of in-
creased Ras/MAPK signalling caused by NF1 mutations and/or
secondary factors of the age-related manifestations of neurofi-
bromas, such as lower sunlight exposure due to clothing choice
and decreased outdoor activities because of increasing visibility
of neurofibromas. In a study by Lammert et al., NF1 adults had
significantly lower serum 25(OH)D concentrations when com-
pared to controls7. An inverse correlation between the number
of skin neurofibromas and low serum 25(OH)D concentrations
was found, suggesting that low serum vitamin D concentrations
were associated with the occurrence of neurofibromas.

High serum PTH concentrations are seen in vitamin D de-
ficient individuals. We found NF1 children had higher serum
PTH concentrations than non-NF1 children, while the mean
25(OH)D concentrations and dietary calcium intakes were not
different. No differences were observed in serum concentra-
tions of calcium, phosphate and alkaline phosphate concentra-
tions between the two groups. Stevenson et al. observed one
NF1 individual having PTH concentration above the assay ref-
erence interval of 15-75 pg/mL16. Brunetti-Pierri et al. also
found high levels of PTH in 8 out of 16 NF1 patients, with a
mean PTH of 44.1±24.8 pg/mL5. Collectively, these observa-
tions raise the possibility of an abnormality in secretion of
PTH in NF1 patients. However, it is possible that our finding
of higher mean PTH concentrations, especially with similar

Figure 3. The EFI (Esslinger Fitness Score) Z-score for NF1 children
is significantly lower (asterisk, p=0.04) than non-NF1 children. The
error bars represent ±1 standard deviation (SD) away from the mean.
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25-OHD and 1,25-(OH)2D concentrations, is spurious. 
We used the GRFP to investigate muscle function in chil-

dren affected with NF1. Although z-scores were obtained from
the manufacturer’s software, comparison of the NF1 and con-
trol data suggests that NF1 children have impaired jumping
power and jumping force when compared to children not af-
fected by NF1. Few studies have specifically assessed muscle
function in NF1 patients17,18. Stevenson et al. used peripheral
quantitative computed tomography (pQCT) to measure the
total cross-sectional area of muscle and bone at the 66% site
as well as the polar stress strain index, a measure of bone
strength, in 40 NF1 children (aged 5-18 years) and 377 healthy
control17. They found that NF1 children had decreased muscle
and bone cross-sectional area compared to non-NF1 children.
When the NF1 children were separated into two groups based
on the presence of osseous abnormalities there were no signif-
icant differences between groups. In a study by Souza et al.,
muscular force per muscle area was assessed using a handgrip
test instrument in 21 NF1 patients and 21 healthy controls
(aged 7-60 years). They found the mean maximal voluntary
muscular force (Farea) was greater in healthy males and females
(9.8±3.2 N.cm-2, 6.7±1.6 N.cm-2, respectively) than NF1 males
and females (5.7±2.6 N.cm2, 5.7±1.9 N.cm2, respectively)18. 

In this study, we did not use the pQCT to measure the mus-
cle-bone relationship, but used the GRFP to measure muscle
function. The GRFP assesses the maximal force developed in
seconds, which is the type of force generated through anaerobic
metabolism by type II fibers34. Recently, Kossler et al. suggested
that neurofibromin is necessary for proper formation and main-
tenance of skeletal muscle6. The mechanostat theory postulates
that increasing maximal muscle force during growth or in re-
sponse to increased loading will have a positive effect on bone
mass, size and strength. It has been shown that the development
of muscle and bone during growth is influenced by gravitational
force and physical activity, where the muscle forces create peak
forces that act on bone35. Bone development is influenced by
muscle forces acting on bones; since muscle forces are reduced
in NF1, the bones are not experiencing full maximal loading.

Similar muscle function studies completed on individuals
with cystic fibrosis (CF), found a decrease in peak jumping
power and an increase in peak jumping force36. Some suggest
this is explained by the lack of flexibility and the CF individ-
uals compensate by increasing the force to generate tolerable
power outputs36. Since we found peak jumping power and peak
jumping force are decreased in NF1 children, compared to
healthy controls, then this may suggest that the flexibility is
there, but the overall ability to generate power is lower. If this
is so, then the demands of everyday living on the NF1 body
are lower and the body adjusts to a lower set point. This pos-
sible explanation fits the findings of Stevenson et al., where
he found a decrease in the muscle and bone cross sectional
area17; and Souza et al. where he found a decrease in Farea

18.
Therefore if there is less muscle, there is less bone; and the
musculoskeletal system adapts to a lower set point, which pro-
duces ‘weaker’ muscles and the inability to produce the same
force and power as healthy individuals.

The physical activity measurements between NF1 children
and their unaffected siblings were not significantly different.
Therefore, it is unlikely that decreased activity levels led to
the decreased muscle function in our study population. How-
ever, an individual can participate in the same amount of hours
of activity per day but generate different results. While the
children do the same amount of activity, the typical peak force
and peak power used during this activity may be different. This
reasoning would help explain why we see a difference in the
jumping parameters and not the physical activity levels. 

One limitation of the current study is the use of a question-
naire to assess activity levels. Physical activity was not corre-
lated with the jumping parameters, and it is possible that this
questionnaire was not sensitive enough to accurately evaluate
physical activity levels. The use of accelerometers may provide
a better source of data on the type and duration of the physical
activity conducted. It is known that physical activity is associ-
ated with muscle function and that physical activity can increase
the mechanical loading placed on the muscle-bone unit. An ex-
ercise intervention study may be useful in determining the mus-
cle-bone set-point, while increasing muscle strength in NF1
patients and possibly leading to improved bone health. This
study investigated the role of 25(OH)D on the musculoskeletal
system in NF1 children, which has not been previously studied.
The decreased 25(OH)D concentrations seen in NF1 adults, but
not in NF1 children, may be caused by a difference in 25(OH)D
metabolism due to neurofibromas. We did not observe differ-
ence in 25(OH)D and we suggest that perhaps the Nf1 gene may
play an integral part in the metabolism of 25(OH)D, such as cre-
ating PTH resistance. Studies with larger sample sizes may be
better suited to test the hypothesis that there is a 25(OH)D-by-
Nf1 interaction on serum PTH concentrations. 

Another limitation is the relatively small sample size. As a
result of the small sample size the statistical power is low.
Based on our observed standard deviation for 25(OH)D and
our available sample size, we would have been able to detect
a difference between two means of 9 ng/ml at an alpha of 0.05
and 80% power. Given our results, we only had 11% power to
detect a difference of 1.0 ng/ml between the two groups. 

Our finding of no significant difference in 25(OH)D con-
centrations and lack of an association between muscle function
and 25(OH)D indicate that low vitamin D status is not associ-
ated with the decreased muscle function observed in NF1 chil-
dren. Since maintenance and function of the musculoskeletal
system depends on both the skeleton and the musculature, the
shown muscle weakness may contribute to some of the bone
phenotypes seen NF1 patients. The relationship between the
decreased muscle function and the known osseous abnormal-
ities in NF1 patients is still unclear and further studies are
needed to better understand the direct or indirect effect of the
Nf1 gene has on the muscle-bone unit. 

Acknowledgements

We would like to thank the children and parents who participated in
this study. We would also like to thank the Manchester Academic Health
Science Centre for resources provided for this study.



C.W. Hockett et al.: Vitamin D status and muscle function in NF1 children

118

References

1. Tucker T, Schabel C, Hartmann M, et al. Bone health and
fracture rate in individuals with neurofibromatosis 1
(NF1). J Med Genet 2009:259-65.

2. Friedman JM. Epidemiology of Neurofribromatosis type
1. Am J Med Genet 1999;89:1-6.

3. Yilmaz K, Ozman M, Bora Goksan S, Eskiyurt N. Bone
mineral density in children with neurofibromatosis 1.
Acta Paediatrica 2007;96:1220-2.

4. Seitz S, Schnabel C, Busse B, et al. High bone turnover
and accumulation of osteoid in patients with neurofibro-
matosis 1. Osteoporos Int 2010;21:119-27.

5. Brunetti-Pierri N, Doty S, Hicks J, et al. Generalized
Metabolic Bone Disease in Neurofibromatosis Type 1.
Mol Genet Metab 2008;94:105-11.

6. Kossler N, Stricker S, Rodelsperger C, et al. Neurofi-
bromin (Nf1) is required for skeletal muscle develop-
ment. Hum Mol Genet 2011.

7. Lammert M, Friedman JM, Roth HJ, et al. Vitamin D de-
ficiency associated with number of neurofibromas in neu-
rofibromatosis 1 J Med Genet 2006;43:810-3.

8. Pfeifer M, Begerow B, Minne HW. Vitamin D and muscle
function. Osteoporos Int 2002;13:187-94.

9. Specker B, Vukovich M. Evidence for an Interaction be-
tween Exercise and Nutrition for Improved Bone Health
during Growth. Exercise and Nutrition 2007:50-63.

10. Ward K, Das G, Berry J, et al. Vitamin D Status and Mus-
cle Function in Post-Menarchal Adolescent Girls J Clin
Endocrinol Metab 2009;94:559-63.

11. Crocombe S, Mughal M, Berry J. Symptomatic vitamin
D deficiency among non-Caucasian adolescents living in
the United Kingdom. Arc Dis Child 2004:197-9.

12. Ladhani S, Srinivasan L, Buchanan C, Allgrove J. Pres-
entation of vitamin D deficiency. Arc Dis Child
2004:781-4.

13. Glerup H, Mikkelsen K, Poulsen L, et al. Hypovita-
minosis D Myopathy Without Biochemical Signs of Os-
teomalacic Bone Involvement Calcif Tissue Int 2000;
66:419-24.

14. Schonau E, Neu C, Beck B, Manz F, Rauch F. Bone min-
eral content per muscle cross-sectional area as an index
of the finctional muscle-bone unit. J Bone Miner Res
2002;17:1095-101.

15. Frost H. Bone “mass” and the “mechanostat”: a proposal.
Anat Rec 1987:1-9.

16. Stevenson D, Viskochil DH, Carey JC, et al. Pediatric 25-
hydroxyvitamin D concentrations in neurofibromatosis
type 1. J Pediatr Endocr Met 2011;24:169-74.

17. Stevenson D, Moyer-Mileur L, Carey J, Quick J, Hoff C,
Viskochil D. Case-control study of the muscular compart-
ments and osseous strength in neurofibromatosis type 1
using peripheral quantitative computed tomography. J
Musculoskelet Neuronal Interact 2005;5:145-9.

18. Souza JF, Passos RLF, Guedes ACM, Rezende NA, Ro-

drigues LOC. Muscular force is reduced in neurofibro-
matosis type 1. J Musculoskelet Neuronal Interact 2009;
9:15-7.

19. Tidyman W, Lee H, Rauen K. Skeletal muscle pathology
in Costello and cardio-facio-cutaneous syndromes: De-
velopmental consequences of germline Ras/MAPK acti-
vation on myogenesis. Am J Med Genet Part C Semin
Med Genet 2011;157:104-14.

20. Stevenson D, Allen S, Tidyman W, et al. Peripheral Muscle
Weakness in Rasopathies. Muscle Nerve 2012;46:394-9.

21. Rittweger J, Schiessl H, Felsenberg D, Runge M. Repro-
ducibility of the Jumping Mechanography As a test of
Mechanical Power Output in Physically Competent Adult
and Elderly Subjects. JAGS 2004;52:128-31.

22. Runge M, Rittweger J, Russo C, Schiessl H, Felsenberg
D. Is muscle power output a key factor int he age-related
decline in physical performance? A comparison of muscle
cross section, chair-rising and juming power. Clin Physiol
Funct Imaging 2004;24:335-40.

23. Fricke O, Weidler J, Tutlewski B, Schonau E. Mechanog-
raphy-A New Device for the Assessment of Muscle Func-
tion in Pediatrics. Pediatr Res 2006;59:46-9.

24. Das G, Crocombe S, McGrath M, Berry J, Mughal M. Hy-
povitaminosis D among Healthy Adolescent Girls attend-
ing an Inner City School. Arc Dis Child 2006;91:569-72.

25. Paffenbarger Jr. RS, Blair SN, Lee IM, Hyde RT. Meas-
urement of physical activity to assess health effects in
free-living populations. Med Sci Sports Exerc
1993;25:60-70.

26. Specker B, Binkley T, Fahrenwald N. Rural versus non-
rural differences in BMC, volumetric BMD, and bone
size: a population-based cross-sectional study. Bone 2004;
35:1389-98.

27. Abou Samra H, Specker B. Walking age does not explain
term versus preterm difference in bone geometry. J Pedi-
atr 2007;151:61-6.

28. Wey CL, Beare T, Biskeborn K, Binkley T, Arneson L.
High bone density in young Hutterite children. Bone
2009;44:454-60.

29. Martin D, Busche P, Lang I, Rakhimi N, Rawer R.
Mechanography in Childhood: New References, Part 1.
Unpublished 2012.

30. Berry J, Martin J, Mawer EB. 25-Hydroxyvitamin D
assay kits: speed at the cost of accuracy? In: Norman AW,
Bouillion R, Thomasset M, eds. Vitamin D endocrine sys-
tem: structural, biological, genetic and clinical aspects.
Riverside, CA: University of California; 2000:797-800.

31. Mawer EB, Berry J, Cundall JP, Still PE, White A. A sen-
sitive radioimmunoassay that is equipotent for ergocal-
citriol and calcitriol (1,25-dihydroxyvitamin D2 and D3).
Clinca Chimica Acta 1990;190:199-210.

32. (NHANES) NHaNS. LMS Parameters for Boys and
Girls: Height for Age. In. Medscape Reference: Center of
Disease Control and Prevention, National Center for
Health Statistics.

33. Holick MF, Binkley NC, Bischoff-Ferrari HA, et al. Eval-



C.W. Hockett et al.: Vitamin D status and muscle function in NF1 children

119

uation, Treatment, and Prevention of Vitamin D Defi-
ciancy: An Endocrine Society Clinical Practice Guideline.
J Clin Endocrinol Metab 2011;96:1911-30.

34. Maughan R, Gleeson M, Greenhaff P. Biochemistry of
exercise and training. Oxford, UK: Oxford Medical Press;
1997.

35. Schonau E, Fricke O. Mechanical influences on bone de-
veloopment in children European Journal of Endocrinol-
ogy 2008;159:S27-S31.

36. Roth J, Wust M, Rawer R, et al. Whole body vibration in
cystic fibrosis - a pilot study. J Musculoskelet Neuronal
Interact 2008;8:179-87.


