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Objective:Anti-epileptic drugs (AEDsare associatedith reducedoone density,
balance impairmerdnd increased fracturesk in adults. However, gediatric datare
limited. Therefae, we aimed ® examine bone, muscéad balane outcome

young patients on AEDs.

Methods:We undertook asecontrol studyutilizing an AED exposure-discordant
matchedpair‘approachSubjects were agedEB yearswith at least 12 month&ED
exposure=Rirs were twins, siblings or first cousjreex and agematched (to within
two years)allowingfor greater power than with unrelated control subjects. Dual
energy Xray absorptiometry (DXA)peripheral quantitative computed tomography
(pQCT), and musle force/balance werested, with questionnaires administered for

bone health and epilepsy details.

ResultsTwenty-threepairs were recruitedmedian agd 2.9 yearsqubjects) and

13.5 years (@ntrols)] — 7 twin, 14 sibling and 2 cousin paifhose takng AEDshad

an increased prevalenoéfractureg(15 fractures in 8 subjects, compared with 4
fractures,in,3'controls, £0.01). Trabecular volumetric bone mineral density (vBMD)
measured by pQCT at the 4% dfibia) was reduced by 14% (p=0)08 subjects
Subjectexereda decreased maximum forcempared to body weigkEmax
total/gm)_atthe tibia. There were no differencgsenin eitherbone mineral

parameters measured by DX0Abalance measures

Significance: Young people takifgeDs reportedmore fractures andhadreductions
in tibial yBMD andlower limb muscle forceeompared to their matched controls.

These findings suggest further exploration of bone health issues of patiegts on
AED therapy is required.ongitudinalstudiesarerequired to confirnthesechanges

in the"muscle-bone unit and explore the clinical outcomes further.

Key words:
Fractures
Epilepsy

Bone density
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Introduction

Anti-epileptic drug (AED) therapsemains the mainstay of treatment fioostpeople
with epilepsy.Thereis increagng awareness of the adverse effects of AED use,
including potential negative effects on bone healffihis adverse outcomés of
concern as this'grougdready has amcreased fracturask due tofactors such as
othermedications that may inducesteadinessieurodevelopmental disordersye.
cerebral palsy) and seizurelated falls". Previous adultstudies show increased rates
of fractures in epileptic populations' and it has been estimated that each year of
AED uge amounts to about &6%6 increased oddstio of fracture in epilepsy

patients:

Studies.in.adults have provided strong evidence fasanciation oAED therapy

with bone disease, clearly showing lower barassin patients prescrilteAEDs
comparedwith those not taking these ag&ht8alancempairmentis seeras well as
lower bone masswith poorer performance astatic and dynamic clinical balance
tests” 1% Importantly, multiple AED usage and duration of theramindependent
predictors.of increased sway and fracture risk in the epileptic populafibis
suggests that it is not only the presence of AED therapy but also the manner of
therapy which influences outcome severity. The major relevant finding for the
paediatric population from the adult research is that individuals who commenced
AED therapy. prior to age l@=arshadpoorer bone health outcomes.They were found
to havedecreasetione mas§ ** *2and increased fracture ridkcompared with those
who cammenced post 18 yeafsie effect ofAED exposure during this critical period
of skeletal"developmeind especially importanbecause failure to appropriately
accruebone in childhood may leadéducedone mass and increased fracture risk

in adults...

Evidenceihas shown decreademe mas$**®, decreased linear growth and reduced
bone formation in children with epilepsy on AED theray’. The results display
similar patterns to the adult studies, where increasing duration and polythexapy ar
also associated with worse outcomekwever these studies are based largely on
dual energy Xray densitometry (DXA)cans, with little exploration of skeletal

geometry and the problem of confounding by bone size. Therefore, furthersstudy
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required in this vulnerable population given the high skeletal turnownldhood
and ongoing bone mass accruripheral quartative computed tomography
(pQCT) overcomes a number of the technical limitations of DXA therk are data
linking pQCT resultgo long term risk of fractur.

Therefore;theaims of ths study were t@xamire the withinpair differences in
fracture prevalencendbonemeasures (by DXA and pQCT), muscle and balance
parameters in agand sex-matched twin, sibling and first cousin pairs who were

discordant for exposure to AED therapy.

Methods

Participants:wee recruited from the Australian Twin Registry eurology clinics of

The Rayal.Children’s Hospit§dRCH). Expression of interest (EOI) forms were

provided to potential participants before each clinic and responders were screened for
eligibility-“Inclusion criteria were agbetweenb-18yearsandhavinga samesex twin,
sibling/orfirst cousin within Jears oftheir age.All subjects and controlgere

ambulant (GMFCS I)Exclusion criteria weréhe presence of any

neurodevelopmental disorders such as cerebral palsy, known primary bone

disorders, immobility or the use of medications known to cause significant

skeletal effects. Pairs were discordant for AED exposuwvéh subjectsequiring a

minimum of12 month&therapy with no use ever fanatchedcontrols.

All participants(or their parentsjvere askedo complete a questionnaire including
medical history (anépilepsy historywhere applicable)ractures, falls andinjuries,

vitamin.D or calciunsupplements.

All participantsunderwent a crossectionalappraisal of their bone health during a
single study visit at The Royal Melbourne Hospital, which involved the following

assessments

Serum25thydroxyvitamin D (25 OHD) concentrationgre measurethrough direct
competitive chemiluminescent immunoassayl@) using a LIAISON® Analyser
(DiaSorin, Saluggia, ItalyjCV over study period 2.5-2.8%).
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Bone age Xray wasperformed of the left hand/wrist, read by radiologists and also
investigator P&ndcompared to a standardized atlas adjusted fousieg the
method outlined by Greulich and Pyfe This provided a tool taccount for

maturational differences

Dual energy X-ray aborptiometry (DXA) wagperformedusing a Hologic QDR-
4500A'densitometer (Hologic, Bedford, Massachusetts, US#&albone mineral
densitysBMD), bone mineral content (BMC) and saftsue composition were
assessed. Sites scanned wheeright total higTH), lumbar spin€LS), and the
whole body excluding the hedd/B ess head. Z-sCOres were calculated using agad

sexspe€ifi€ hormative datprovided by Hologicbased on the BMOS dat&’.

PeripheraQCT scans generate a cragstional image which can be used to calculate
volumetric bone mineral density, avoiding the confounding that DXA experiences
with shertor tall staturé”. It alsoexamines skeletal geometry, and then combines
these measures to generate an estimation of bending strength (thstsinessdex),
which infers.the risk of fracture for that borgeans were completed using a Stratec
XCT 3000 scanner, software version 5.50 (Stratec Medizintechnik GmbH, Pforzheim,
Germany)-asites corresponding # % (distal end)and 66% of the tibigeffectively
mid-shaft)from the distal reference lirte assess both trabecular and cortozale
compartmentss well as muscle crosectional areaSetting a threshold of 710

mg/cnf and 181 mg/callowedfor isolation of the bonand musclerosssectional

area CSA), respectively The contour and peel mode were both set at 1 for analysis of

each sectioas per manufacturer's recommendation

Muscular.for€e, power and coordinatioengassessed by a Leonardo
MechanoegraphGRFP (Novotec Medical GmbH, Pforzheim, GermarBdrameters
assessedtincluded the single two legagmap test (s2LJvhich assesses peak power
and thesmultiple 1 leg hop test (m1Lwhich assesses peak foréach measure was
recordedas,best of out 3 attempts and the parameters were adjusted for bone age,
height and weightMultiple balance testtRomberg, semi-tandem, tandem and 1-
legged balance testsjere applied using the Leonardo MechanogP4pRFP

acording to the manufacturer’s instructioialance tests includetsessed ellipse
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area (crfi) about the centre of pressure indicating svea relative path length

(mm/s) indicating movement velocity.

Heightwasmeasured using a wathounted stadiometer (Holtain, Limited,
Pembrokeshire, United Kingdongnd weighivas measured using a mechanical
beam scale.(Colonial Weighing Australia, Victoria, AustraiBydy mass index

(BMI) was calculated.
Statistical analyses

As thisfwas an exploratory study, there were no existing literature upon which to base
a sample size estimation. The data analyses were carried out usBNItB&LSS

Statistics for Windows version 20 (IBM Corp, Arrmonk, N¥nalysis was
undertakensby the sanmevestigatorasvho had performed the investigatioAgje-
matched.Zseores wereproduced tstandardizeatient’s height, weight and BMI.
Continyous dataverepresented as mearstandard deviatiorSD) if normally-
distributed"data or mediamgerquartile range, IQR) skewed and n(%) for

categorical data. The differences in fracture prevalandepubertal staging were
analysed by a McNemar test. All continuous variables of interest (eg. bone mineral
parameters) were tested for normality using Shapiro Wilk’s test prior to data analysis.
Normally-distributed data were analysed by a pairezbt and skewed data were
analysed by a Wilcoxon signed rank test to assess withirdifferences. Some
comparisons were performédthunadjusted and after adjustment for relevant
covariatesThe BMDof the LS, TH and WRss neadresults were corrected for bone

age and,height for bogubjectsandcontrols while s2LJ and m1LH parameters were

corrected for bone age, height and weight.
Standard Protocol Approvals, Registrations, and Patient Consents

This study was approved by thieiman Research Ethics Commit{gtREC) of the
Royal Melbourne Hospital and Royal Children’s Hospidal well as by the
Australian Twin RegistryWritten informed consent was obtained from all subjects

and controls or from their guardians as appropriate.

Results

This article is protected by copyright. All rights reserved



There were 23ubjects using AEDs, with a medid@R) AED therapy duration of
4.0 (QR 2-9)years. The majority of AEDs used weren-enzyme-inducinggents
(61%)(Table 1. Thirteensubjects were prescribdAEDs aml 3 subjects were on 3
agents. The groups had similar age distributieitis mean (SD) ofL.2.8+2.9yearsfor
subjectsand12.9+3.3 focontrols p=0.722.There were no significantithin pair
differences in height (p=0.79), weight (0.82) or BMI (=0.98) aMeight Z score
was-0.01'SD +/- 0.99. Both weight and BMI hadn@an Z scoref O +/-1 SD. There
was naydifference in BMI between those on valproate compared with those on other
AEDs (p=0.82). Importantlythe groups were well matched for level of skeletal
maturation, withthe bone age comparable between grougsamedian 13 years
(IQR 12-15) insubjectsand median 13 years (IQR 8-18) controls The groups
were also well matched for height (subjects median haightlcm IQR 142.6-166.6
comparedvith 155.2cm IQR 148.2-168.4 for controls, p=@). The serum25-OHD
levelstended to be highen subjectcompared t@ontrols(58.7 + 24.8 nmol/L
compared t®0.68 + 14.4 nmol/L) butthe differencavasnot significant (p=0.20).

No partieipants reportetakingvitamin D or calcium supplements.

There was @fetime history of fifteen fractures in eigtibjectq3 having 1, 3 having
2 fracturessand 2 having 3 fractures), compared to four fractures in three controls
(Figure 1 p <0.01). hereforeahistay of fracture wasoted in 356 of subjects
compared with 17% of control8ll of these fractures were sustained after AED
treatment commenced. Twelve of the fractae®ngsubjectoccurred due to
traumadromyfalling off playground equipment or playipgpds, with only three
sustaineduring arepileptic seizureMean age at first fracture was comparable
between groups (8.1 + 3.4 yrs vs 8.3 £ 2.8 yrs).

The most frequerftacture site was the distal radius. There wierguchfractures in
subjectscompare to only one distal radiusacturein controls(figure 1;p<0.01).A
family history ofosteoporosis waported bysix of the 23families four of whom
reportedi@ history of fracture agrandmotherThere were insufficient numbers to

performfurther sb-analyses of factors driving fractures such as specific AED use.

Both crude and adjusted aBMD measurements were consistently around 5%
lower in subjects than controls, but the difference did not reach statistical

significance at any sitgLS, TH and WRss neay (Table2).
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PeripheraQCT scanning demonstratealanically-significant14.4%lower

trabecular volumetric bone mineral densitBKD) in subjects (p=0.03Figure 22
and a 7.6% deit approaching statistical significance in total vBMD (p=0.8t7the
4% site of the tibiaTable3). There were no significant withipair differencesn
geometricalparametensolar stresstrain index (SSI) and muscle CSA at the 66%
site of the tibia. After adjustments for bone age and height, previously significant
findings remained thus, while thetweenrpair differencesn total CSA, trabecular
area and polar SSI between subjectdcontrolsincreased, but did not reach
statistical significancewith adjusted CSAf 998 mn¥(+/-139) in subjects as opposed
to 1040mm?P(+/- 139) in controls (p=0.3), and adjusted $81622mm?® (+/- 352) in
subjects cOmpared with 1788m° (+/- 352) in controls (p=0,27).

Musclesfunetion testing revealedl75% dédicit in maximum force (FRax), from the
mlLH testen the weighbearng leg in subjectayith a mean forcexertion of 1.04
kN compared to 1.26 kN in namsers(p<0.01). Subjects also showed a 15.3%cite
in maximum force relative to body weight, exerting a mean force of 2.21 (*FQ)
compared t0:2.61 (*FgJp<0.01) (Fkgure2b). There were no significant withipair
differences between users and fusersin Romberg, semi-tandem, tandem and 1-
legged balance tesfdata not shown)There were also no betwegroup differences

in physical activity levels.

When plotting Fmaxg@ainst trabecular density (figure 3), there was no clear
relationship forsubjects and contrglbut a trend towards higher Fmax leading to

improved trabecular density in both groups.

Discussion

The current studysed arAED-discordantsamesex, relategpair design to
demonstrat@ew, clinicallyrelevant information relating fracture prevalenisene
health_ and muscle strengthSn- 18 yeamld epilepsy patients taking AEDs. Young
people taking AEDs haalsignificantly higher prevalence of fracturasthe distal
radius,a clinically significant reduction itrabecular vBMDat the4% site of the tibia
andlower maximum force exerted on the lower lim@ases and controls wenesl|

matched for height, age and level of skeletal maturation.
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Fracture risk is the most clinicaltglevant marker of bone strength. Our finding of
increased distal radial fractures in particdarroboratesther paediatric studies,

which identify the distal radius as the most commonly fractured sittharwise well
children® 23 The fracture rate in the control group is consistent with population
studies offracture rates in childhood, which suggest around 1 in 3 young people will

have affracture prior to the age of 17 y&ars

DXAcdatasfrom this study showed a trend towards reduced BMD and BMC in the
subjectspwhich would be in keeping with the published literature, The relatimally s
sample size may have prevented finding deficits, which were found on the more
sensitive measure of pQCT. As mentioned previously, there is a large volume of
published data showing lower Z scores in paediatric and adult patients on AED
therapy=Thesuse of pQCT is important in furthering our understanding of bone health
issues insthis cohortVhile still the mainstay of clical bone health assessment in
paediatricsPDXA is confounded by variations in staturecause it measures areal
rather thanvolumetric bone density, dhis limits its diagnostic utilityvhen

assessing the growing skeletd. However, pQCTmeasures volumétrBMD and

allows for assessment of skeletal geometry, as well as separation of the cortical and

trabecularcompartments

Studies have shown a strong association between trabecular vBMD and risk of distal
radius fracturé® > Therefore, our finding of significantly reduced trabecular density
at the 4% site ties in with the observationnaireased distal radial fractures in the

young ppeople taking AEDs.

Previous literature has identified trabecular bone ag afkforce dissipation and a
marker ofbonhe strengffi 2’ suggesing thatbone strength is compromised at this
siteif the vBMD is reducedThelarge surface area provided by the trabecular
meshworkmay allow for rapidinteraction with endocrinand other environmental
stimuli. This.in turnwill be detrimental to bone strengthand hencéhis site is

potentiallyvulnerable taadversestimuli such as medications.

Another possible explanation for the observed reduction in vBMD is diminished
responsiveness of the bone adaptation prddestuscles exert forces on the bone,
and the bone then adapts its structure to increase strength and preventftatture

Therefore, if bone formation does not respapgropriately tadhe mechanical
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loading it encountershis will increag fracture risk. Hengd is important to

consider bone and muscle as one functional*anit

The multiple one-legged hop showed significant differences in maximal force
production in.the lower limb. This finding suggests that the lower limBslgects on
AEDs are.exposed to lower peak forces. This may indicate a neurdletje of
AEDs possibly involving muscle functiotf. Giventhatpeakforce hasbeen
positivelysassociated with total bone area and vBMD of the 118 this loss may

have a.direetimpact on skeletal development and fracture risk.

The nature of the fracture incidents may also suggest a neurological effect of AEDs
on musecle‘coordination, power or balance, resulting in a heightened risk of accidental
falls. Adult studies have been able to recapitulate balance impairment in clinical
testing but this was not seen in the current study sample, possibly related to the
relatively short duration of AED exposure in our study. Alternativibly balance

testsmay not have beesufficiently challenging, or a larger sample sizay be
neededo.identify any deficits in balanagith AED use(or subgroupsuch as AED

type, duration or polytherapyn this population.

In our study, vitamin D status was not reduced in users compared witlsami-
Therefore, unlike the classical hypothesis that AEDs exerted their effects on bone via
impaired vitamin D metaolism, our data suggest an effect of AEDs on bone and the

musclebone unit independent of changes in vitamin D metabolism.

The passibility of a direct effect of AEDs on reducing bone formation remains.
Animal model work demonstrates a direct effect obaarazepine and phenytoin on
voltage-gated sodium channels within osteobt4sighich may explain the observed
reduction in bone density. However, data for other ion channels, other AEDs and
secondary-pathwaymedill required Valproate has also been shownncrease bone
resorptiens(based on bone turnover marker results), without impacting vitamin D
metabolitélevels®. However, AEDindependent mechanisnsated specifially to

the epilepsy statarealsopossible, with recent evidence that with a specific genetic
murine model of epilpesy (the Pten knockout mouse), reduced bone mass accrual was
seen in the absence of AED tisdowever further study is needed due to the number
of genetic mutations associated with epilépagepilepsy syndromes, with the

relationship of thesthen in turn needing toe linked to bone phenotypes. Overall,
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while these results are intriguing, the underlying mechanisnofWwbbne mass in this

population remains unclear.

The study design has offered several advantages. We matched pairs for sex and as
well as possible for agéurthermorerecruitment of twins, siblings and cousins
allowed for.at least partial control for gdit and environmental influences, and
therefore mare powerful results despite the relatively small number of subjeets.

use of pQCT:imaging is novel in this group, allowing adjustrf@rone size and
shape insasgrowing population. Additionallygdnado mechanography provided
insightsinto the functional muscl&one relationship in adolescents and incréése
clinical relevance of the resultdnlike many other such studies, we adjusted for bone
age and developmenbespite utilizing matched paits control withirpair
differencesythe study design presewoimalimitations. The group was heterogeneous,
especially-with respect type of AED used, type of epilepsy, pubertal stage and
duration of treatment past 12 montidge were unable to assess tlierential effects

of individual'or enzyme-inducing AEDs and polytherapy on bone parameters due to
therelatively'smallsample size Additionally, the use of sibling pairs resulted in an

inherent aganatching limitatiorwithin suchpairs.

In summary, this study suggetitat childrenwho are prescribed AEDs haaa
increased occurrence of fractudecreased bone strength and lower limb muscle
function compared to their contsoll heseresultsneed to be validated mlarge,
longitudinal study invegjating theassociation betweehED exposureand adverse

outcomes in the developing skeleton over time.
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Key points:

-= Young people taking AEDs for more than 1 year have an increased risk of

fracture

- ¥Young people on AEDs show reduced trabecular bone mineral density, which

correlates with clinically observed fractures

- Yoeuhg people on AEDs show reduced musatee which may in part explain

the.reduced bone density
Tables

Table 1 - AEDs used by participant (note 16/23 patients on combination

therapy)
AED Number of subjects
Valproate 13

Topiramate 6

Lamotrigine 6

Levetiracetam | 4

Clobazam 4

Lacosimide 2

Carbamazepin( 2

Clonazepam |2

Oxcarbazeping 2
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Pregabalin 1

Sulthiamine 1

Ethosuximide | 1

e

Tabls %and adjusted (for bone age and height) dual energy x-ray
absorp!ometry (DXA) parameters of subjects versus controls. No significant

Withinwdwfferences were seen (paired t-test).

Subjects = Control P Subjects Control P
W; 0.78 % 0.82 + 053 |0.79+0.11  0.83+0.11 | 016
(g/cmzm 0.20 0.19
TH 0.80 + 0.84 + 041 0.81+0.12 0.85+0.12 0.19
(g/cm?) 0.18 0.15
WB, 1095.44 + 113840+ 0.77 1082.61+ 1151.23+ 0.23
BMC (g) 493.79  488.79 188.70 188.70

ters adubjects vs controls

Tibia4% site

Unadjusted peripheral quantitative computed tomography (pQCT)
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Trabecular vBMD

(mg/cm®)

Total yBMD
(mglem®)

Total"CSA (mm?)

Trabecular Area

(f°)

Total CSA (mm?)
Gortical Area (mm?)

Periosteal
Circtimfer ence

(mm)

Endosteal
Circumference

(Mmm)

Cortical Thickness

(mm)

Cortical vBMD
(mg/em®)

Polamssl (mm?®)

M uscle area (mm?)

This article is protected by copyright. All rights reserved

244.37 +
63.37

290.32 +
45.56

1001.78 +
284.58

450.70
128.07

Tibia 66% site

482.82 + 160.13

230.82+72.78

12.24 +2.04

8.76 +£1.90

3.47 £0.83

1066.56 + 56.33

1639.57 + 788.86

285.60 +
59.09

31431 +
42.14

1036.83 +

232.48

466.49 +
104.61

497.47 + 142.24

240.70 = 70.83

12.46 +1.79

8.89 +1.69

3.57 £ 0.86

1054.58 + 71.32

1721.70 £ 694.12

4563.85 + 1759.05 4610.0 £ 1085.66

0.03*

0.07

0.65

0.65

0.75

0.64

0.69

0.81

0.69

0.53

0.71

0.92



Note: Parameters at the 4% tibial site include: trabecular volumetric bone mineral
density (vBMD), total vBMD total cross sectioraaka (CSA) and trabecular area.
Parameters measured at the 66% site include: total CSA, cortical area, periosteal
circumference, endosteal circumference, cortical thickness, cortical vBMD, polar
stressstrainindex (SSI) and muscle area. Results are displayed as mean * standard

deviation. A'p-value <0.05 indicates statistical significance and is denoted)with (

Figure legends

Figured-krequency of fractures overall, at the right or left distal radius, finger and
right leg in the antepileptic drg (AED) users compared to the nosers. Sites
shown'are"distal radius (right or left), finger and right(l& this does not cover all
fracture sites)The fractures at the distal radius (p=0.002) and the overall fracture

prevalenceshowed a significant difference between groups and are indicated with (*).

Figure 2#(a) Trabecular volumetric bone mineral density (vBMD), as measured by
pQCT,adjusted for bone age and height at the 4% site of the tibia, comparing anti-
epileptic drug (AED) users agairgintrols The shaded box indicates the
interquartile'range (IQR) and the horizontal black line indicates the median trabecular
vBMD for each group.

(b) Maximum force (Fax) relative to body weight force adjusted for bone age, height
and weight in anti-ef@ptic drug (AED) users compareddontrols. The shaded box
indicates the interquartile range (IQR) and the horizontal black line indicates the

median Fax for each group. The p-value was calculated by paitesii-

Figure 3: Trabecular density pttedagainst Fmax for subjects taking AEDs and

controls.
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