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Abstract

Background: Osteogenesis Imperfecta (Ol) is a skeletal disorder characterised by a
predisposition to recurrent fractures and bone deformities. Clinically Ol is defined by features
such as short stature, however, less is known regarding body composition.

Aim: Assess body composition, both lean mass and fat mass, in a paediatric Ol population.
Methods: Children with Ol attending the Bone service at the Royal Hospital for Children
Glasgow were included; who had a dual-energy x-ray absorptiometry (DXA) scan performed
2015-2018. Height and body-mass-index (BMI) were converted to standard-deviation scores
(SDS) using UK population references. DXA-derived lean mass and fat mass were used to
generate lean-mass-index (LMI) and fat-mass-index (FMI) by dividing the covariates by height
squared. LMI and FMI were converted to age-and-gender-adjusted SDS using DXA data from
198 local healthy children.

Results: 38 children (20 males) with median age 11.95 (range: 4.8, 18.3) years were included.
Median height SDS was -1.08 (-3.64, 1.62) and was significantly lower than the healthy
population (p<0.0001). Median BMI SDS was -0.10 (-2.31, 2.95), and not significantly different
from the healthy population (p=0.53). Median LMI SDS was -2.52 (-6.94, 0.77), and
significantly lower than healthy controls (p<0.0001); 61% (23/38) had an SDS below -2.0.
Median FMI SDS was 0.69 (-0.45, 2.72), significantly higher than healthy controls (p<0.0001).
BMI SDS cut-offs of -0.15 and 1.33, from ROC analysis, identified children with LMI SDS <-2,
with a positive predictive value of 95% and a negative predictive value of 70%; and FMI SDS
>2 with a positive predictive value of 44% and a negative predictive value of 100%.
Conclusions: A contemporary population of children with ranging severities of Ol present with
significant reduction in height and lean mass, and relatively high fat mass. Standard BMI SDS
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cut-offs for identifying children with malnutrition and obesity have poor prognostic validity in

Ol.
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Introduction

Osteogenesis Imperfecta (Ol) is a clinically and genetically heterogeneous condition
characterised by decreased bone mineral density (BMD) and a predisposition to recurrent
fractures and bone deformities 21, The mainstay treatment for children with Ol involves the
reduction and prevention of fractures and deformities as well as improving mobility.
Bisphosphonate (BPN) therapy is commonly used to improve BMD and has been shown to

have a positive effect on muscle force in Ol through increased muscle function 34,

In addition to the disruption of bone architecture in Ol, other tissues, including muscle and
fat, are impacted by abnormal type-I collagen. Type-I collagen is present in the extracellular
matrix of the connective tissue surrounding both muscle and fat as well as in the ligaments
and tendons through which muscles transmit force ®1. Children with Type-I Ol have slightly
smaller calf muscles, on peripheral quantitative computed tomography (pQCT) scanning of
lower limbs and generate less force during jumping tests than healthy age and sex matched

controls 61,

Low muscle mass and strength contribute to adverse health outcomes in childhood and
reduced bone parameters during growth /. The assessment of lean mass should be
considered as part of routine clinical care along with bone density. Dual-energy X-ray
absorptiometry (DXA) uses ionising radiation from two sources that traverse the body and
measure absorption by the bone, giving a clear evaluation of BMD which remains the gold
standard [®l. This also allows a convenient means of assessing lean mass (LM), which consists
of water, muscle, connective tissue and internal organs; and fat mass (FM), which is fat tissue;
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and is accessible to the majority of paediatric bone services 9, Although used
interchangeably and as a surrogate marker, LM is critically different to muscle mass. LM is
total body weight minus fat mass whereas muscle mass is defined simply by muscle itself (0],
The aim of this study was to characterise body composition in children with all types of Ol

relative to a healthy population using DXA.

Methods and Measurements

Study Population and Measures

Children and adolescents with a clinical diagnosis of Ol evaluated at the Complex Bone Clinic
at The Royal Hospital for Children in Glasgow; who had a DXA scan performed between 2015
and 2018 were included. DXA scans, for children with Ol, were obtained on Lunar iDXA driven
by Encore Software Version 15.0 (GE, Wisconsin, USA). The Sillence classification, using
clinical findings, was used to categorise subjects into Ol types I-IV 111, Values for LM and FM
were obtained from DXA scan results. Anthropometric data of height and weight were taken
from the case record corresponding to the date of the scan. Height (cm) to the nearest 0.1cm
was measured on a wall-mounted stadiometer (SECA, Germany). Weight (kg) to the nearest

0.1kg was measured in light clothing on a SECA balance.
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Lean mass index (LMI), fat mass index (FMI) and body mass index (BMI) were calculated by
adjusting the given variable by height squared. Values of height and BMI were converted to
standard deviation scores (SDS) using 1990 British childhood standards (121, LMI, and FMI were
compared to a local population of healthy children (n=198) as age and sex matched controls.
For the purpose of this study, centile charts were plotted for the data on healthy children,
upon which SDS were calculated for children with Ol. This control group consisted of school
children (94 males and 103 females) recruited for a previous study on bone health 3, DXA
scans were obtained on healthy control subjects using narrow fan beam technology on a
Lunar Prodigy scanner driven by Encore Software Version 13.0 (GE, Wisconsin, USA). SDS were
used for all subsequent analyses to allow population-based assessments. We considered it
justifiable to use the two different machines with two versions of software (Lunar iDXA and
Lunar Prodigy), as there are strong linear relationships between GE scanners and software

when applying the basic analysis (r=0.990 and r=0.986 for total FMI and LMI respectively) (3],

Other information such as age, sex, history of lower limb fracture within the last 12 months,
ambulant status and history of surgical rodding were obtained from electronic case records.
In addition, history of BPN use was obtained and subjects were categorised according to

previous/current BPN users or non-users (BPN naive).

Inclusion criteria were subjects with a confirmed clinical or genetic diagnosis of Ol with a DXA
scan performed within 2015 to 2018. Exclusion criteria included non-ambulant status and
children with metal insertions in the long bones or spine, as the presence of metal can
significantly impair results from DXA 4, Non-ambulant status was excluded due to added
difficulties of measuring height in these patients as well as any confounding factors with
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estimation of muscle and fat mass [*°l. This retrospective review did not require ethics
approval or informed consent as it was conducted as part of healthcare evaluation of routine

clinical practice and according to national guidance (%61,

Statistical Analysis

All statistical tests were performed using IBM SPSS Statistics v. 24. The data did not follow a
normal distribution therefore non-parametric tests were used for any comparisons. Mann-
Whitney was used to compare SDS for different variables between the subtypes. For
anthropometric and body composition variables, SDS were calculated using LMS parameters
and computed using Rv.4.0.2 and the GAMLSS package v.5.2-0 7). Spearman correlation tests
were performed to evaluate potential relationships between covariates (age, height, BMI,
LMI and FMI) with Ol subtypes. Receiver Operating Characteristic (ROC) curves were
produced using MedCalc v.19.6.1 to compare sensitivity, specificity, positive and negative
predictive values of using BMI to identify body composition extremes. The optimal cut-off
value was determined by calculating the Youden Index (sensitivity + specificity — 1). Statistical

significance was deemed at a p-value < 0.05 and all tests were 2-tailed.
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Results

Forty-eight children were identified with a diagnosis of Ol in whom a DXA had been
performed. Thirty-eight children fulfilled the inclusion criteria for the study. Nine children
were excluded: metal insertions (n=5), non-ambulant (n=1), and both non-ambulant and
metal insertions (n=3). Thirty-one children were classed as Type-l and seven as Type-1V based
on Sillence classification. Since there was only one child classed as Type-Ill, their data was
excluded. Clinical characteristics are shown in Table 1, as well as a quantitative summary of
the findings. No child, included in the study, had suffered a lower limb fracture in a 12-month
period prior to the DXA. For all variables investigated there were no significant differences

observed between the two subgroups.

Height SDS

Median height SDS in all children was -1.08 (range: -3.64, 1.62), (p<0.0001 as compared with
reference population) as shown in Table 1. Seven children (18.4%) had a height SDS below -
2.0, with no difference between subtypes (p=1.00). No difference in height SDS was seen in

individuals with a history of BPN use and no BPN use (p=0.98), as shown in Table 2.

BMI SDS

Median BMI SDS in all children was -0.10 (range: -2.31, 2.95), (p=0.53) shown in Table 1. Three
individuals (7.9%) had a BMI SDS below -2.0 and four (10.5%) had a BMI SDS above +2.0.
(Table 1). Within Type-I, three out of thirty-one (9.7%) had a BMI SDS below -2.0 and none

with Type-IV had a BMI SDS below -2.0. Within Type-I, three out of thirty-one (9.7%) had a
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BMI SDS above +2.0; whereas for Type-1V, one individual (14.3%) had a BMI SDS above +2.0

(p=1.00). No effect of BPN use on BMI SDS was seen (p=0.60), shown in Table 2.

Lean Mass Index SDS

Median LMI SDS in all children was -2.52 (range: -6.94, 0.77), (p<0.0001) shown in Table 1.
Twenty-three individuals (60.5%) had a LMI SDS below -2.0, Figure 1(A) and 1(B). Within Type-
I, eighteen out of thirty-one (58.1%) had a LMI SDS below -2.0; whereas for Type-IV, six out
of seven (85.7%) had a LMI SDS below -2.0 (p=1.00). No effect of BPN use on LMI SDS was

seen (p=0.87), shown in Table 2.

Fat Mass Index SDS

Median FMI SDS in all children was 0.69 (range: -0.45, 2.72), (p<0.0001) shown in table 1.
Four individuals (10.5%) had a FMI SDS above +2.0, Figure 1(C) and 1(D). Within Type-I, three
out of thirty-one (9.7%) had a FMI SDS above +2.0; whereas for Type-IV, one individual
(14.3%) had a FMI SDS above +2.0 (p=1.00). No effect of BPN use on FMI SDS was seen

(p=0.74) as shown in Table 2.

Comparisons of BMI with Body Composition Parameters

BMI was compared with each of the body composition parameters to interpret how
measurement of body mass relates to composition. BMI SDS was positively associated with
FMI SDS (r=0.838 p<0.0001). Out of three subjects who had a FMI SDS greater than +2SD; two
also had a BMI SDS greater than +2SD. LMI SDS was positively associated with BMI SDS
(r=0.570 p<0.0001). From the 17 subjects who had a LMI SDS of lower than -2SD; only two

had a BMI SDS also lower than -2SD.
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ROC analysis was used to explore the use of BMI SDS in predicting both LMI SDS and FMI SDS,
Table 3A and 3B respectively, and propose new optimal thresholds. A BMI SDS of <-0.15, has
a sensitivity of 75% and a specificity of 93% to identify children with a low LMI (<-2 SDS). The
positive predictive value for BMI <-0.15 SDS to identify LMI <-2 SDS is 95% and the negative
predictive value is 70%. A cut-off BMI SDS of >1.33 has a sensitivity of 100% and a specificity
of 85.7% to identify children with a high FMI (>2.0 SDS). The positive predictive value of BMI

>1.33 SDS to identify FMI >2.0 SDS is 44% and the negative predictive value is 100%.
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Discussion

Osteogenesis Imperfecta is a heterogenous condition affecting musculoskeletal growth and
development. We describe a cross-sectional analysis of DXA-derived body composition in 38
children and adolescents with variable clinical severity of Ol. We found altered body
composition — both lean mass and fat mass in Type-l and Type-IV Ol. To the best of our
knowledge, this is the first study to assess body composition parameters using DXA in a
paediatric population with Ol. We also highlight that performance of universally accepted
definitions of obesity and slimness do not perform well in this population and we propose

new optimal cut-offs.

Low lean mass has previously been reported as a risk factor for fracture in children with OI1*8,
Both Ol types in our cohort had significantly lower lean mass index compared to a healthy age
and sex matched control population. Children with Ol Type-I have previously been shown to
have lower calf muscle cross-sectional area, measured using tibial pQCT, and generate less
force through lower limbs, using mechanography, compared to healthy age and sex matched
controls [©19 Children with Ol Type-I and Type-lll have additionally been shown to have
significantly reduced forearm muscle cross-sectional area, measured using radial pQCT . It
has long been considered that reduced lean mass in Ol is related to muscle atrophy from
reduced physical activity. Whilst it might be assumed that children with Ol Type-Ill would have
difficulty with physical activity due to limb deformity and recurrent fracture; children with
milder Ol phenotypes report similar levels of activity to healthy controls, and therefore
reduced lean mass cannot be fully explained by reduced physical activity in all children with
all severities of Ol [6:19,20],
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Alternative theories to explain reduced lean mass in Ol include direct and indirect effects of
abnormal type-l collagen. Collagen is present in abundance in the extra-cellular matrix
surrounding muscle fibres, tendons and ligaments such that abnormal type-I collagen can
result in abnormal transmission of muscle force 29, Indirectly there is both biomechanical
and biochemical cross-talk between muscle and bone 2921, The mechanostat theory of the
relationship of bone-muscle states that bone adapts to the largest physiological load placed
upon it 4. Muscle force and tibial length are both positively related to bone strength,
therefore a weakness in the muscle would contribute to a decrease in bone strength 221,
Biochemically there may be a negative effect of bone matrix and muscle itself on muscle via
endocrine and paracrine effects, respectively, through circulating osteokines and myokines.
Previous mouse-model studies have highlighted increased expression of TGF-beta (tumour
growth factor) signalling in Ol. Overexpression of TGF-beta is known to drive bone and extra-

skeletal abnormalities, consequently leading to decreased muscle mass 2023,

Low muscle mass is an important finding and has various clinical implications — showing
associations with reduced bone parameters during growth and increased risk of osteoporosis
in older age U], Type of Ol and total muscle strength have been found to predict both level of
ambulation and dependence on support for daily activities 4. Adolescents within the general
population with low muscle mass seem to be at a significantly increased risk of metabolic
syndrome and, when combined with obesity, results show an adverse cardio-metabolic risk
profile 25261 persistently high fat mass during adolescence has been associated with
increased arterial stiffness, which is an early marker of atherosclerotic disease 1. Although
this evidence demonstrates only a general health principal for the paediatric population and
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cannot be confidently extrapolated to explain adverse future outcomes in Ol; it highlights the
importance of considering body composition when assessing metabolic risk in children with
Ol. A 13-week exercise programme for overweight/obese normal children showed improved
function and global muscular strength 28], These improvements can potentially prevent
musculoskeletal disorders and have been shown to improve quality of life in children 28,
Abnormalities outlined above are considered strong predictors of morbidity and mortality in
adults and therefore when recognised early, interventions should be put in place in order to

improve these (29,

Fat mass index was significantly higher in children with Ol, and at all levels of severity, than
healthy controls. Interestingly, mouse models have shown an abnormally low FM with severe
Ol B9, BMI was not significantly different in our children with Ol relative to the healthy
population and was not a useful screening parameter to identify those children with high FMI.
We would recommend the use of fat mass index as a more accurate measure of adiposity
than BMI in Ol, or percentage body-fat; as in the latter two methods the measurement of fat
mass is not independent of lean mass, such that a high %BF may reflect low lean mass rather
than high fat mass and a normal BMI may mask a high FMI in the context of low LMI 5311, |n
addition, we would propose the use of a healthy BMI SDS range of -0.15 to 1.33 SDS in children
with Ol to identify those with either low LMI or high FMI. A child with Ol with BMI SDS of < -
0.15 will have a 95% probability of having LMI <-2.0 SDS; in addition, a child with Ol with BMI

SDS of >1.33 will have a 44% probability of having FMI >2.0 SDS.
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This study did not find any association of any variable with BPN therapy. There were no
significant differences between subjects on current or previous BPN therapy and those who
were BPN naive. Considering that the mechanism of action of BPNs works specifically on
bone, these findings were not very surprising. In contrast, a recent study has demonstrated a
rapid increase in grip force after a single infusion cycle of pamidronate . However, this
positive outcome, within 4 months, was most likely due to an increase in muscle function
through decreased skeletal pain rather than an effect on muscle mass itself. An alternative
theory discusses how bisphosphonates might exert a positive effect on muscle function
through the inhibition of TGF-Beta released from the bone matrix [2%. Other studies are more
in keeping with our findings and have concluded no significant change in gross motor function
and muscle strength during the treatment phases or change in muscle size respectively 321,
There were no children in our clinic cohort receiving treatment with receptor activator of
Nfkb ligand (RANKL) inhibition, Denosumab; which has been shown to improve muscle
strength in osteoporotic mice and humans and therefore could have therapeutic benefits

beyond those seen with BPN therapy alone B3,

We are the first to report no differences in body composition using DXA between a relatively
mild and more severe phenotype of Ol. These results are similar to a recent study which used
pQCT to determine cross-sectional forearm fat and muscle in children with Ol; and found no
significant differences in either category between subtypes Pl. Although our median height
SDS is also similar to height SDS in this study and the wider Ol literature, the range seen in
our sample is higher. A possible explanation for our results could be the exclusion of severely
affected patients, (individuals who were non-ambulant and had femoral rodding or spinal

surgery) most of whom were classified as Type-Ill. This can be deemed a possible limitation
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of this study as well as in the clinical applicability of DXA for measurement of body
composition in all patients. Although with LMI, LM is adjusted to the height; a certain
dependence on the height remains B4, Therefore, the likely small size of the children included

in this sample may contribute to the low LMI values and underestimate the FMI.

Other groups have used pQCT to describe muscle cross-sectional area in either upper or lower
limbs; however not all centres have access to pQCT. Appendicular LMI, rather than total, has
been used in children with cerebral palsy to quantify muscle mass, and can be considered a
closer surrogate for muscle mass in a population where LM is severely affected B3°1. However,
there is often observed a discrepancy in Ol between muscle mass and function of the lower
and upper limbs, such that measuring one does not reflect total body composition 1. In our
mild-moderate cohort of ambulant children with Ol we made the assumption that
abnormalities in collagen, as opposed to inactivity, would have greatest impact on muscle and
would be best represented by measuring total LM ©12.201 |n 3 cohort of severe OI, who might
be expected to have lower participation in physical activity or be non-ambulant, appendicular
LM should be considered. Despite the small sample size and with exclusion of severe
phenotypes; variables of height and LMI SDS remained significantly lower than the healthy
population. Our findings, in a cohort of largely milder phenotypes, indicate the possible extent
of associated skeletal morbidity in Ol may be more profound and that our findings may
underestimate the difference if more severe phenotypes had been included. Our sample
group was gathered from a real clinical setting and we therefore had no information on
activity levels or include any measures of muscle function, which could add information to

the phenotype described.
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Our findings would suggest a need to implement treatment with the aim of improving muscle
mass including exercise or whole-body vibration. A 12-week exercise program in children
with Ol, has been shown to improve muscle force and peak oxygen consumption Bl In
addition, whole-body vibration therapy has potential to improve mobility and increase total
lean mass in children with 01 3738 Improvements in muscle strength and function have direct
benefits on bone strength, as well as improve cardiovascular and metabolic health in these

patients, leading to an improvement in long term health and quality of life.

Conclusion and Future Directions

We have shown altered body composition in children with Ol attending a clinical bone service
compared to the normal population; lower lean mass and higher fat mass. We have extended
the clinical utility of DXA in Ol to provide independent information of lean mass and fat mass
and propose new BMI SDS cut-offs to identify those children with extreme measures of body
composition. Longitudinal studies would allow us to look at changes in body composition with

growth and pubertal development as well as response to treatment.
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381

BMI SDS CRITERION  SENSITIVITY SPECIFICITY +PV -PV
<-231 0.00 100.00 39.5
<-1 43.48 100.00 100.0 53.6
<-0.81 43.48 93.33 90.9 51.9
<-0.15 73.91 93.33 94.4 70.0
<-0.14 73.91 86.67 89.5 68.4
<-0.07 78.26 86.67 90.0 72.2
<0.01 78.26 80.00 85.7 70.6
<0.11 82.61 80.00 86.4 75.0
<0.75 82.61 53.33 73.1 66.7
<0.78 86.96 53.33 74.1 72.7
<1.33 86.96 40.00 69.0 66.7
<1.35 95.65 40.00 71.0 85.7
<1.52 95.65 26.67 66.7 80.0
<1.85 100.00 26.67 67.6 100.0
<2.95 100.00 0.00 60.5

382

383

384 Table 3A: Diagnostic performance of BMI to predict LMI SDS < -2 with selected
385 criterions/cut-offs. The table describes respective sensitivity, specificity, positive predictive
386 value (+PV) and negative predictive value (-PV) for each BMI criterion.

387

388

389
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BMI SDS CRITERION  SENSITIVITY SPECIFICITY +PV -PV

>-2.31 100.00 0.00 10.5

>1.33 100.00 85.29 44.4 100.0
>1.34 75.00 85.29 37.5 96.7
>2.24 75.00 100.00 100.00 97.1
>2.95 0.00 100.00 89.5

390

391 Table 3B: Diagnostic performance of BMI to predict FMI SDS > 2 with selected criterions/cut-
392 offs. The table describes respective sensitivity, specificity, positive predictive value (+PV) and
393  negative predictive value (-PV) for each BMI criterion.

394

395

396

397

All Ol Type | Ol Type IV p-value

Number 38 31 (79.5) 7 (20.5)
Males, number 21 (55.3) 16 (51.6) 4 (57.1) 0.79
Age (years) 11.95 (4.80, 18.30) 12.20 (4.80, 18.30) 9.90 (6.20, 13.80) 0.24
Height SDS -1.08 (-3.64, 1.62) -1.06 (-3.64, 1.62) -1.18 (-2.54,-0.30) 0.46
BMI SDS -0.10 (-2.31, 2.95) -0.70 (-2.31,2.81) -0.25 (-1.62, 2.95) 0.72
FMI SDS 0.69 (-0.45, 2.72) 0.60 (-0.45, 2.36) 0.98 (0.46, 2.72) 0.06
LMI SDS -2.52 (-6.94, 0.77) -2.45 (-6.94, 0.32) -2.83 (-4.72,0.77) 0.64
Values: median (range) or number (percentage frequency)

398

399 Table 1: Characteristics of children with Ol: Height and indices of body composition (BMI,
400 FMI and LMI) expressed as standard deviation scores. P-values denoted are of comparison
401  of each variable between subtypes of Ol.

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418
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419
420
421
422
423
424
425
426
427
428
429
430

431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446

Bisphosphonate use

. No Bisphosphonate use P-values
(previous or current)
Number 29 (76.3) 9 (23.7)
Height SDS -1.10 (-3.16, 1.62) -0.57 (-3.64,0.22) 0.98
BMI SDS -0.15 (-2.31, 2.95) 0.52 (-2.28, 2.69) 0.60
FMI SDS 0.70 (-0.45, 2.72) 0.56 (-0.33, 2.30) 0.74
LMI SDS -2.51 (-6.94,0.77) -2.57 (-5.74,0.33) 0.87

Values: median (range) or number (percentage frequency)

Table 2. Characteristics of children with Ol treated and not treated with Bisphosphonate

Therapy: Height and indices of body composition (BMI, FMI and LMI) expressed as

standard deviation scores. P-values denoted are of comparisons of each variable between

those who have been treated with bisphosphonate and those that are bisphosphonate

naive. No differences were seen between Ol Type-I and Types-llI/IV in number of individuals
who have received bisphosphonate therapy.

Fig.1. Relationship of (A) LMI in males, (B) LMI in females, (C) FMI in males, (D) FMI in

females with Age in OI, presented on centile charts.
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