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Chapter 1

Thesi s overvi ew



1.llnt roducti on

Over the | ast five decades, the importan
evaluating bone strength in children and vy
for conducting these aws$¢élsdneavt ma s o nvdoo i are
t o expefrrisecntcurnegs t hat may be due to bone
chronic il Il ness. Subseduertelryni nteh ¢ shee measd u

therapeutic intervention for these childre

To datenerdgumy Xabsor ptihame threy o X sdelldieni c al

reference standard for asskethinlgdbemeamd na
as recommended by the I nternationfaB] Soci e
However, accumul ative data and sever al S
i nadequate for assessing bone stTrheen gteha saomd
for t hiBXAI sc atnma tt measure bone depth [vol
(vBMD, and its r24as unletn 2D gperpokjnedc tdiDO ha wdét war e .
Therefore, the size dependence otffharweaé¢ wfo

DXA for whho |lssinfefreri ng from abnor mal gr owt |

mat upand cHreonfdeDSA i s an effective tool
however, It was notmdesognedi tecmerasuore $Ht
fracture risk in children.

Ot her bone i maging modalities, including

qguantitative computed-r eomogtriaemy pd&pPiQELar a

computed t oRpoQOTA)PH B s ¢ Hatgincert i ¢ resdHRance i



MRI ), anda adi giatdalogX ammetry ( DXR) ,f thratvleerb e ¢
bone morphomet Ayt haonudg hs tsrcemmeg t o f these I ma
become wi dely atcocsees smedtl heo dasn df cerasayssessi ng
and younmgo pte opfl et, hese modal ities ardawesti |l |

tdhdiirmi tations regarding the assaaddment |

associated challenges related to predictin
reliable imaging modality has become vital
It is necessary to evaluate bone strength

fracwWhrkeene density plays a significant rc
recegym@ir iodufearct bimsmpact bone stremgdrhmpasidetste
bone microarchitecture and the geometry of
as -HRCT,-MRIR, andompwctreed t omography, assess
and s tHoemegvedrs,e tmet hods are curosaes| yandeda
Il maging modality has specific |Iimitations

strength in children.

HRp QCT pr évinth@sn @3 mi crostructure informatio
similawhtohtmhhyabered imyg penwvfacsrime transil.i
MoreovemQCTHRCcChi eves finite el ement analys
par anfebrense strength. Despite the positive
available for climiicalcpatrippsansd bleaakisepac
addi t rpoQniCcTalHR ot be used reliably in |l ongitu
effects of the integhal sgmewtahmheas ohi lbadme

compared) .



Recentl vy, sever al studies have focused or
chindr®his method measures the middle phal
the results are reported as the cortical
calcul ate the bone healtthheor hdeal (BBhg, miwhe
(cBMD) , which is a volumetsiize hempenciemeér gl
unl i ke (aBMD), aBo meXpeaurrte ds dofyt vibaXxrAe was dev
cortical thickness, width, and | engtth of t
radi aegr Bipdh rersaid éast ddiekprogramme also presents a standard
deviation scoreBHI SDS) for BH| that is automatically computed based on a cohort of

healthy Caucasian childrg®]. The advantages of DXR from a left hand and wrist
radiograph include its wide availability, logost,and minimal radiation dos@bout 1

e SV

A handful of studies suggest the potenti al
and youngl Oppeecopd ret  p @ Bd]e ncoant sittdrreatt eRIHI  onl y co
modestly swmugodesDXiAng t hat dlhietsiee st weor @ nmeasgs ensgs
paramBXKAr pri mar iaBMDe wadlicdht ess affected by
contr a/8tH|I Bx»RBeMBesor dingly, while DXA is n

ri shere Iis a possibilitysitnhathiBHIr engiagrhdt. o f

Prior to cosdaké] ngraspacgeweal il datge ttulde nuwad

to identify beccdhnd dmiemerwalt hddmsv ty who- are a
traumaur focus in this project was to expl
health and strength. To achieve this, we ¢

pQCT (as atheflgrenaoel mdi ng FEA.



1. Qtudy hypot hesi s

The hypothesis of the proposed research i
wri st radiogr aphpsQCTc oprarreal neett ¢eedrFeyA tidvi cHtRn i rdg

radi us i n €l6i lyderaeens aagnedd c8&4 n t hus bekowsed a

comeét hod of assessing childrends bone stre
1. 8.8

The overarching goal of this thesisHIwas to
To achieve this, two aims were set. The pr

bet ween the BH¥IQCWalpaesa meneérlHR including FE
both healthy chil-dapweaodi bdsphowphbmbdwb B

DXA] aigédy&ar s.

The secondary aim was to investigate whet
(SDS) are sufficiently sensitive to distin

and without osteogenesis Iimperfecta (0OI).
1 .QGlb.jteacov es

T Teystemaevicaiwl gnd fsiumdnianm g s paifb hgrsehwidod s t e
to determine the best 1imaging modality t
people compared to DXA.

1T To compar e BHVYalama@tsvweHdn SDSi | dren bel ow tv
and without OI, and to eval uaitre détee csteinn

i ndi vwidtureBIMslow t hi n t hi s age group.

HY



To calculate the degtBkBBHIofvVv acloureqseICalt d o R R
parametbkbuding roFoEMe alitrhy chi |l dr ennaaurvee b

patients.

To compare the BHI values of heanaphvwe chi
patients (children with a | owr é8Bavidbi vasngc

bi sphosphonate treatment).

Tocompare -pthCT HRrameters of heal t hy C

bi sphosnpahpvneatpeat i ent s

To compare the agreement -plRQ€Twopan aime e e B Bl

using a Bland Al tman (BA) pl ot.

To assess stekhremfoagmmafabone age on the E

HRp QCT parameters across the entire cohor

To compare BHipQLAl pas aamed eHR i n this coh

devel op a series. of regression equations

To assess and compare the acceptability

radi ography)pQOXA,ushmdg HR wWwaresti onnaires

H ¢



1. TBShhesi s structure

The thesis iIs structured in a trGhddpi ®nal
andwhi ch are presented as manusecrreivpiteswefdo r
jourTrhnel .Uni versity ofajpmreddwheilcdh sauipnpso rttos ptr
encour age PhDdicsasreddiildmacere sar ch findings thr

publishing.

This thesis is dSecttedmisdtsd st wd CH eépteeep tt,a

3 andChapt er egent s an overview of bone s

devel opment . Bonehatnaffectthenéabealt $ hi
children are also discussed. This is follo
modal ities that are available forpQB&, skel
and DXA.

ChapBies emaystc reviaemwal gsds meti al ed, AWhi ct
modal ity is best for assessing bone heal't

DXAZTdhe atim sofrevi ew@m,nawiytsh sa wmasato systerm
l iteraturehet vacompupar d magi ng met hods and i
assessing bone status in children. This ¢

publ i SBloedn iMay DXOO211016/ ) .bone.2021. 116013

Chapdiesr a retrospective pilot study, which
SDS are sufficiently sensitive to distingu
and without osteogenesis imperfectwi t(lOl).

Rachel Shuy imeG@Qhoamg student from the medi ce


http://dx.doi.org/10.1016/j.bone.2021.116013

coll ection for this study; Professor Al an

statistical support and assiasde®r wiftelssohe A
C. oOffiah, who provided the academic super
of a (lpmipierdren under two years of age, do

bet ween those with and wihaobut sostutebpgehksy
revisiomevoewpeepublicBomnemhi s $hedy owa s a
during t-he ICoO¥Vk down, whil e we were awaiti:r

project.

Sect icoonved majtohre wor kduwumidreg t emgkePhD (a pros
reseparrocghemed at assessing the degree-of <col
pQCT parameters of the distaBSectathmse®n n ct
chap€Ckhapt ¢6r,a@g8,L worked in this part wunder
Amaka C. Of fiah (main sup(ecsowuipeowrodREcfoes

Al an Rigby from the University of Hull off

Chaptiesxr tbhe met hodol ogy chapter, refl ectin
PhD journey. The study design and particip
[ n addition, t he participant i nformation

anal yses, ethical consi derparteisoennst,edand saf e

Chapteancéent r antaesst uodny trhees ul ttlrse adals cprriepsteinvt es
for atrhte cp pants in this project. The- corre
pQCT parameters fdrdarhdehealttihy comdhopat iaeammt

i's described. Il n addition, the degree of
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Ch

Ch
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nally, the impact of sex, ap@CT amar dmatee

sing |inear multiple regression) are pre

aptprrovii des a compr ehmaishnyetididcyg awwds nigo m  «
alysis anofinher gr entdaetxigagnor es thes,ulmpd i c
cluding their reltbdeane¢i calcliramealor gsac

ospects.

aptprrovdi des a summarycohctkWiet lbimm dti migs ahm
e project's strengths and | imitations a

ture research directions are discussed,

mi ght yield significant contributions to t
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Thchsapter offers a deep understanding of b

on bone complex structure and physiology.

that regul ate bone formati on, remoddl | ing,
i fe. Additionally, this chapter expl ores
strength, from the microarchitecture of bo
SectiondZaipd er aprcorviitdiecsa l evaluatiodmloftitlse
that are wutilised in evaluating bone miner
adul t s. The prjamcdopll esj t atdivams agés t hese

di scussed.



Sect i1Boom el

Bone icsommeictei ve tissue, forming a signifi
human Ibtosdyessenti al for providing mechani
movement, defining the general form of t he
Boem al so plays an i mportant role in the p

responsible for forming red and white bl oo
can regul'lao me onbtgpaessiador i ng calcium and phos

required for various celllul,arlZjunctions th

2. 1 Cbnstituents of nor mal bone

The skeleton is subdivided into an axi al

body's |l ongitudinal axi sipticagelhul andvehte
skel et oins owbmpdhbedesf of hea he upper and | ow
(pectoral[ la3njlBomel swihape is classified into

bones, baonndeFsli o g e

op



Flat bone such as
skull. scapula. and
mandible

Axial Long bone such
skeleton as humours,
femurs, tibia and
fibula
Short bone such
Appendicular as foot and hand
bone bones

CAJdpMtKISEA I £ | YR | LILBWRENYOIEE NOAZIISNBS 2w 2y S aKl LISa ot

Long kkomeosfstt hree physiological sections:
di apb¥smpeniehe di aphysis is the | ong shift

the epiphyses I|ie at the periphery. The

di aphysis anf@ l4hBoneepi plhryfsacses are cover ec
connective tissue called the periosteum, w
the endosteumjnwbrclBulrinesstbé& bones, i nc
cavitctgmwpdct bone and the thin spliTu]Tehse or
epi physis and met a pehpyispi hsyasactael | agpap ktn®dvnb ya ¢
gr owt h[ 1p@@bjracd vet h ptllaedre st Henlgones during chil
often finished by;atthe hgtrhdet abfrmeaedso | setsocpe nexep

devel oping.



Cortical Bone

Bone Marrow

’ Diaphysis \ <

\ Metaphysis | —

—

Trabecular Bone

’ Growth Plate

’ Epiphysis

S

Figure2.2. The structure of the long bone [longitudinal (left) and transverse segtgit)]

2. 1.CoMnti cal and trabecul ar bone

Bones are compos ¢ &i o2i2 )Telhweo obuotneyr |laayyeerrs of b«
cortical bone ( cohmapdadcnts e olnaey) e r wdhft cdmalkosisfaiue
approxi mately 80% of the taeCalt bocckn diasmtes o
of multiple regular microscopic columns of
system), wharcyh ansattohnei cparli mmnd funfci7,0nh8] ul
Thieternal bone tissue is callThed i sabessl de
corticalismhonkeyahdcated Boné hemenaplhysithp &
part of the flat bone. ltbhbaceuiads] &1 t bougb
trabecul ar @®adecoatecdromohéde same bone ¢

di f freiremdar sahn d efcu(nkritey wmes 2. 3)



Cortical bon®0%Wwowead shdnewfamBd only 10% por
mai nly protective function, and its micros
(l oading and strength). Tr abé&uparobenbonm
the rest i's calrc¢i oinedfbdmwe.e Thsi sreppponsi bl

act.iToe differentiation between the compos

di fferences in the respective densities of
has been prowemncta@al pr@aye in bone resistar
metabolic activity.0dnd turnover capacity

Cortical bone
(compact bone)

Trabecular bone
(cancellous bone)

Cortical bone
(compact bone)

—
E ‘,,.;eo'—;“"’p"i‘-

T~ Trabecular bone
(cancellous bone)

CA JatBwtlv /30 A TK S NI R dzav me S NBRB | £ (1 X & A © 2 dzaNit NISOWA | NI |y
O2NbOIf 62yS O2YLI NIYSyda
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2. 1. BoRe matri x

Bone is composed of both orgaf@Boc ) oTheoi d
organic matrix of 180%ec obhagasnhds ptohbet eribeonsati né
noowol | agenous proteins (NCP) and bama cel |
bone |l ining <cells). The inorganic el ement
hydr oxyag ®t040e]),[ aeposi ted between the col

compohents22]

Whil e bone mineralization provideshtehe ri
elasticity of coll agernsianhTdynpeee 4l ubceodelbasg earb i
for approximately 90% of the collagen in |
three polypeptide chains that are wrapped
triple hel i x-Udohnabinmnse s( pEr@dodlgheteod ) b wlthadh ai mr o
(pr oduCCeldl)A2y Any mut at i @OL I-&a0LhAeXd eagsned (¢ a
genetic bone disorders, &uht-basboesf§@RmlBdeams

24]



Composition of bone

~2()9 0 ~ N0/ .

30% organic ~10% water 60% inorganic

(osteoid) \ . (hydroxyapatite)

0,
?ﬂ?;?ncloli;lg)znl 10% non-collagenous :
Y protein +bone cells . Cal.cmm and Phosphate, the -

\& (osteoblasts, major salt being hydroxyapatite

osteoclasts, and bone + Trace m.merals S}lch as

lining cells) magnesium, sodium,

potassium, and bicarbonate
‘\ also being found

. 2H®Md L 2yS O2YLR2aAezy

2.1 . BoBe cell s

Bone is not a static organ but mu s t be cc¢
formatremodedl Thngee méiFn 2Bl ee ceelslpsonsi bl e

process:

1 0Osteobllhaesstes:cel |l s produce the organic mat
proteoglycans, glycoproteins, and coll agen
formation and regulation of the mineraliza
habseen compl eted, certain osteoblasts undert
ot hers develop intocekkP®&pcytes and bone 1|
2. Ostdbeyhesmwumsmtercel s s in bone tissue (co
the total). Osteocytes are derived primar
function than osteobl asts. Osteocytes pl

nn



mi neralizafiocoatiand mMmbdyameehsabBopasghtcebl &>
control tbetaobl asty ahd osteocl asts. L on
i ntercel lul ar communi cations and the intr

mol ed 21649 s

3. Ost eTohcel ansatisn: function of these cells 1is
acid proteases and | ytic enzymes to dissol

reabsorbing the bone, 7]t hey undergo apoptos

i Osteoprogenitor
TN ) 4 cell

v

v

Osteoclast

Osteoblast

Osteocyte

Figure2.4. Bone cells



2. 1B&2ne devel opment]|l igirgowt h, and

2. 1. Bode ossificati on

Bone ossieffieddsteitognener ati on of new bone. |

continues unt il earl vy adul thood (I at e pu
ossification or i ntramembranous ossificati.i
Endochondr al ossification:

Thi e#svotllveesdepositi «n omf aa pbenwa omatl yi exi st
(hyaline cartilage). This ossifitclae i ®kulolcc
mandi btkeaVva@2Bd&hessprsotcaert s when the mesench
condense and differentiateofi ntoca@lhogdowt iy
suchraanssf or mi ngb gt a vww(ahnGF abcamer mor phogeni c |
[ 29]Chondrocytes secrete proteoglycans and
This template will increase in sizeéhedue

deposition of | arge cammotunet sofo ft hceo lclaargteinl.a g
chondrocytes become hypertrophied Rp83d, surr
31] Foll owing that, the chondrocytes undergg
and osteoprogenitor ce¢BR$ Owti ¢ d prfoiglelni t bes
di fferentiate into osteoblasts and form a
This area is then modified by the [i3n3vlasi or
Altlhesgdalgeatd heof ormati on of a primary ossif
happens along the bone periphery, |l eadi ng

ceni B®s( F34gkbr)e The cartilage tissue that r e



secondary ossifitclag igogmowtemtpleast e s( ghay 4 ied) ,

the |l ongitudinal]38ro%6h of | ong bone

Blood vessels of
epiphyseal bud

Spongy bone
Hyaline formation

cartilage
template

Physis
(Growth plate)

Secondary
ossification
centre

Primary Blood vessels
ossification of periosteal
centre bud

Articular cartilage

Figure2.5. Stages of endochondral ossification



Il ntr

amembranous ossification:

Thi s
Dur i
of t
0SS
bi nd
oste
me s e

peri

is the process by which fl at bones, s
ng t hinse spamacheysmsa!| tthiessue I mmedi ately be
he fibrous connective tissue membrane
fica[t3i7,M BeBe]Jmtst @eobl asts produce bone me
s the calcium to formegeseéesgi chr eAtsutrhna
oi d, forming the woven trabecul ae tha
nchyme <condenses on the external sur
osteum. Around the trabecal@marodwne, att

r of |l amell ar bo3@&]i g@Qoeti cal/ compact b

Collagen fibres

Osteoblasts

Osteocytes

Mesenchymal cells

v @.°.00° "’Xj’t Blood vessels

Compact bone

Formation of woven bone ] [ Formation of compact bone J
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2. 1. Bomdelalnidngle mnde

TheBuman skeleton undergoes modifications
bone modelling and remodelling during chil
Bone model |l ing promot erse gunienaegdnotwti m dfonkeo s ¢
During thieblpasttcesprrodst¢e more bone, which
density without the need Thrsopteoebasbdsct
the growth period in childhood or when t he
an adaptattlme physical pressure or part of
of osteoblasts and osteoclasts are wuncoup
simultaneously bu40ht distinct | ocations

The bone grows and develops through two di
bone growth and appositional bone growt h.
Longi tudinal interstitial bone growt h:

The proliferation and hypertrophy of chon
l ongi t udi mdllh eg rdrewted opment pl ate has five

the gr owZom @psd rtihoed :zone ofisr €«edtoisregtc drot itlhag:
iI's cheerda dotyereixovr emehgyr etyte proliferation
pl aZtoenkd t he proliferative zone, where the
align inZoneoltithmns,ypertrophic zone, where
and starZzonger olmhegcal ci fied zone, which is
cartilaginous ma@mwitx wthaer tz nteo odalosisfiyf i cat
vessels invade the spaces|[ bl g@e t he chon

np



The growth rate is rapid during the fir
increasingt dramahogtdBpNMNbefuyther l ongi tud
occur once the chondrocytes that are prese
the cartilage iIis replaced[ 4] ossi fied ti
Appositional bone growt h:

Bone producti on and reabis®r mgtrioovt h H.piro c ® <
Il neamembr anous ossification expands h e
Osteoblasts play a role in adding bony
called periosteal apposition. At the same

marr ow

metaphysis is remodel
growth not only
t he medaV[ilda8ripyd4 F]i g @.8).e
Tab2 eéfhe difference
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2. 1. BoBe remodel |l ing

Bone r e moalpehlylsiinogl oigds ¢ al sepdr obcye stsh ec hraa saccrt petr ii

mature bone tissue and the concurrent form

mechani malt alawmldi ¢ sti mul i. This dynamic pr
t hroughout i f e, wi t h bone formati.on anodc
Remodel |l ing prevents bone from being mecha

and miner alT hreo meatdaedilda ng process occurs r

the osteoclast and osteoblast [om5]both cort

Theemodelrloiceggs occurs in four phases: ac
f or maRiigo@a®) (40, D@ ing the activation phase
and microdamage i n bdgrméal haen d sitreiothil aatse sr edma d
(Receptor Acti vakapbhalifgaNud) emat HFaayt,orwhi c
t hteu mmercr osi s factor (TNF) cytokine famil.y
and then birrrceptt@orRAMK monocytes t[o58,r ans:
59Pnce osteoclasts have been generated, t
matrices begin (the resorption phansde) . S
osteobl ast precursors ar eosrteecorbuiatseted cted | csl e
osteoblasts. This stage is called the reve
start bone formation througlhadotad rdixf fdempersti
osteocytes (responsible for bone mineraliz
osteoblasts undergo apopt osh.@jo rbee froerneo ceenltleir

regul at ed by vaasoes$ hdiacittoy,s, mewldaini c al 1

n d



hor modnekse growth hor mone, i nsokshr, eggemws h

parathyro[ 0hor mones

Osteoclast Osteoblast
@ J

[
VS

Osteoblast =

ay
—_—
Osteoclast g

Bone resorption I | Reversal stage I

Lining bone cell

Osteoblast

Osteocyte

| Resting stage | | Bone formation ]

Figure2.9. Bonaemodelling



2. Boh.e health

The term "bone health” encompasses a broa
but al so encompasses the structur al prope
statumsi,nearnad composition of bone. The cor ne
ability of the bone to resist fracture, wl
and stiffness. However, the ability dfhebon

guanti ty oafn db obnoen et ingi snzedr @ad sby t he quality
bone density plays a significant se otlkeati n

various other cbacti diemspalcltBloe sheavfeact or s enc

mi croarchitecture, the shape and geometry
the bone matrix, such as the [mdilnfler al cont e
The bone imgugdt almed sti ff in order to resist

i's appamnstudf ftiociieent |y fl exi bl e to absorb ence
(strain). The relationship between hetress

st rsetsrsai h6@ligde 2.0

et

\C exray

Yield plasth ~
point V
Post-yield strain

Ultimate ‘ Fai
Can ailure
stress | Pttt ﬁ{ﬂ%\g ,,,,, ..—. point

Stress

Ultimate

. strain

Strain

Figure 2.10Shows the stresstrain curve of bonewith the orange line (slope) represergi KS | 2 dzy 3 Qa
modulus.
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A stressstrain curve can be used to calculate bone strength, stiffness, and other
biomechanical properties by plotting the stress and strain values. The slope of this curve
is called Young's modulus, which represents stiffness (the degree to which ¢heabon

resist deformation). The area under the curve represents the amount of energy that is
required to cause fractures. This area reflects the toughness of the bone. When the area
under the curve is larger, the bone is stronger and can tolerate higteofdaacture.

The stresstrain curve is separated into two regions (the elastic strain region and the
plastic strain region) by a point called thield point. At this point, the curve becomes

nonlinear[ 61, 62]

When a loading force (stress) is applied to the bone, strain will occur. When the stress is
increased, the strain increases until it reaches the yield point. The bone can return to its
normal shape when the load is removed before reachingetdgogint (the elastic region).

If the stress continues beyond this point, midamage begins to appear, leading to the
deformation of the bone (the plastic part). If the stress continues to increase, the bone will
reach the failure point and may fractji62]. Bone strength is evaluated by measuring

yield points, stiffness (Youngds modul us) ,

Generally, bones with a higher failure point are more capablesiétingstress. In
contrast, frgile bones have a diminished threshold for failure and are unable to resist
stress, which leads to fractures with minimal trauma. Assessing bone stiffness and
estimated failure load based on finite element analysis using novel imaging modalities,
such as R-pQCT and HRMRI scanners, can provide predictive insights into fracture

risk.



2.1.Bolde miner al density (BMD)

Bone density is (he taamcu utm afn dmphedssplhlishhreu D)

ti ssluesserves as an I mpdrteamgt hi maidc aitnotre ga
i nfluencing the bone's ability to withstan
The volumetric bone mineral density (vBMD

uni t vol ume of bone tissue.
vBMD (Gg/=xmBMC @) umPB¢ ren

The areal bone miner alr ed an xidt We(haB M) tihata
mi ner al mass pe6.3linti tc am erae @9 urbe ntebleutl engt

cannot measl@td]bone depth
aBMD (g /= mBMC Blogm)e darea (cm

Bone density is <classified into two types
trabaewmlsd i escal HenedtBiMDer alef |l ects the d
mi neralized bone matrix in the cortical b «
bone with a small proportion of pores, | ac
densTibtB\MD() i sitheotlenbe trabecul ar bone tis
t he mass of[ 6b30ne vmalrumev required to detern
occupied by the bone matrix after excludi
canalwhdwlhi i s referred [®@ARsat@GteswBM@hbone
be considered the "trufedr mB MDe arfl y hael |Ib omfe

of H ®ntg



Numer ous f &8dMtDorisncafufdeicntg geneti cs, et hni ci
daily &d&t7i.viG&ineest i ¢ factors are sadrxicd e magd
bone mass. Twin studies established that

mass, while hor monal and environment al f ac
and ado[]l @lcdpgreceend sex have direct effects
there i s no sfigmemc¢ceann a@gRMOerLaltidr, the boc
(in males more vBMDnf emal Eehg bobhesheemain
gendlers,.By3t he end of puberty, the bone ¢
significant thantheragr @ ait efre npad reiso sdtueea It od e p
whi ch explains the str agresgti it oafmetehhea nbi ocnael af n

ma |l [e7s4 ]

Ethnicity also influences bone deamsointgy . S
di fferent ethnic groups. These sa@a@udipenefos
hi gher-Amer Ataa-CandbAfro men t hpabh7ThiGauca
suggests that individuals from these et hni
i n these spelceddyr eateaspowkei shrengThsand r
di fference i n bone densduten taomoniog deatf i mine ad r
factossch as genfeetsitcy | fea chtaobrist,s , dietary p

I nfl JermBdes

Mai ntaining a healthy Il,sueét yalse mianwnalaves n
body weight, consuming nutritious foods r
participatingali nacrteigwiltayr, -bpehaypseiocg a lelxyer we 5 @

practices ar esags @retaikalb ofner mapstsi MITO® ,e BOY r |

pn
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suBMDal one t o assess bone heal t h and
troveé&xrsi &8BeMD is stil/l unabl e to erecogn
ceptible to fracture. BMD can measure t

i nformation about iIits geometry, qualit

actture risk assessment tool (FRAX), a p
Sehledf,f iwas designed to identify people wl

usgdgasBM2asureadaglery @QxXA)XXer, peesopnabk @etni

h as heighhi, stwedy,ha mithog dohfcfagmmagyr mdhreer s i v
tur e of tieéERAXCBUGgeOeTr irtilsks-yead clkaceéeu
bability and estimate if someone is at

| advemagr sThesarrees §l@tar hip fractargéagmrobat
ni ficant osteoporotic fracture probabil
s model cannot be applied to children &

i ndividuals aged[ 828} ween 40 and 90 yea

addi tion to BMD, ot her factors,s hsowwdhd as

o

a

or

addressed when assessing blohnees eh epad rtahmeitn
vide a more comprehensive umdesikab aawdi ng
| thcare providers to identify individue

the best bone health results.
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2. 1. BoRe microarchitectur e

Bone microarchitecture is the complex str.
ti ssumi atosbepic | evel, which plays an ess
and mechani cRarlevproaupsd iyt i ebsone sampl es had
mi croscope to measu.sr eHbwerveemi cmhm owe lc hii magit n
of fernmeae approaches for ey8¥uhiThegebmee hr
use technolhogriheesso IEeud lpquessnalicomputoend gr aphy

( HHRQCTHhHi ,grhe s o | matginoent $ c n amagei n ¢gMR(I HR miacrdo
compudmeadgr €Efhiyo assess the bone microstr uc

i nvasive procedur es.

Trabecul ar and cortical mi croarchitectur e
underl ydngobdees, determining disease pro
effects, and pred[i &8B2ilnda mpy ssti bdieed rhztear e&c
bone microstructures maytiadent ofwy biomei wni ¢ @

before the changes app®&X®3t%h BMD, as measu

A |l arge prospective multinational study ir
the ability of bone microstructure to pred
womé¢ ®.&amel sdmueatd dlh.at bone Fntpcarroaammectheirtse, c tsi
as the faildretl| badrt magt BiM®garmditso fi ndi n
with Devaraja et al.ods results. They cond
adol escents diagnosed with type 1 diabet

mat ched by apgueb ergteanld esrt,aggendwi t h heal t hy col



changes in bone microarchitecture were obs
DXAer iBWEDd Mor eopw@CT HHRows t hat i ndi vidual ¢
altered tr abalcurmiaar caanrdc hd dretcitaur e, as wel |l

determined by FEA, when comge®rddd with matc

Those seeking to understand and analyse t

tabecul ar bone's structur al integrity and
such as trabecular thickness (Tb. Th), tra
(Tb. N) , trabecul ar i nhomogeneity (Teb. 1/ N.
(BV/ITV) , aeleemaiposdrmentstrength and fractur
adul t s.

Numerous studies have demonstrated how the
a valuable indicator of bonfé&4he &7tphr oisrmp exchi
study was co-hdokeddhygpophoX. pthatpeamiice nrtisc k(d tr
chil.drTfemes ewepraet iceonmmpsar ed to healthy contr ol
to assess their bone density and bone micr
(DXA ap@QCHR8]The findings show thaiTbtNe pa-
and hTibglSegpidb . 1 /dNampPDar ed to the healthy cont
XLH patients had fewer trabecular el ement
This Biteatdtsoto an increase in bone fragi/l

fractures.

The cortical mi crostructure parameter s, T

porosity (Ct.Po), al so play angthlhniahidcan



mechanical 99r 0oA®dfCea[§h&lhd i nCtr RIs0BOEV e

been associated wi t h a .deNomnesorathadi@me si n
de monstthratt etdhe corti cal shebDD%i ef rebponsgih
[ 1AD3]For this reason, any alteration in |

affects the bonebds tolerance to tension an

CorticalCtpPwosionpi dered a vital bone micrc
bone strlethgrntéhfers to the volume of pores
| acrecrmamal i cul ar pproooist y,y and trmanol evel o]
hydroxyapatite cryst,alngl) i wi tilsi Mmetalsair ear taisc
boneds oveA ahlilg hveorl @rreaRsduiad i yofsuggests | owe

anamncreased r[ilsk3]|dd Cdtr galodbjseesr ved i n thei.

that amdutt he6%ari ation i n the tenxspillad nsetdr ¢
by <cortical porosity. That means when the
dropped.

A crsescg i onal study was conducted tpobpedeter
(DFF) i s associated with deficits in bone

fracture[ 9c/7ddher orlessear cher s evaluated cort
mi crostructure at the distal radius and t
heal thy controls aged 8 to 15. In this stu
corti It .adh@ld aalrhd hGtg.hRRoan t he cbnghbl ght svhit
i mportance of evalwuating the cortical bon

bone quality and fracture resistance.

py



Measuring and evaluating bone microarchit
and managing iche ohiidney sdiaseassé and di abet
patients had had an altered bone microstru
[ 14a®D7] Patients with chronic kidney diseas:¢
architecture more than in their trabecul a
bone and the parathyroid hormone and its
the Dbloldd80ynder standing the association bef
chronic illness, as well as the i mpact of
and treat ment of eahéye diadnosdsalos. chlaege
aids the application of appropriate therap

heal tphr eavtethe sp racsbsloecrnsat ed wi t h b o[nle0 5f,r alglill]i

Tabl eDeXx.c2ti hee smo st essenti al cortical and
obtained -pQEM tbhammhBrapproach deta[llé&d] by E
(This tabl e Basghddqaaltledwalnado halt3 JFaull .I[ elrl 44t al
and Al shamrhhp5]6s thesis
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2.1.Bi.Bi.te el ement analysis (FEA) I

FEA in bones ngfehe nhometi¢al Ssimul ation me
di fferent mechanical properties of $®one. F
I nto small portions in order to study how
these sThectmecbanical characteri snttiad sn aaf

particular weight without fracture are aff
bone geometry, bone microarchitectur e, b ot

bone [t1k&]Jue

FEA has played a significant role in undet
stiffnessedthei estemhoad, and the percent a
cortical bone on the distal and proxi mal
mechani cal properties reflect bone strengt
asses[simen]Sti ffness and estimated failure |

FEMAerived variablepll8fd in bone anal ysis

Numerous studies have demonstrated the i mp
bonetfuree resistance. Betf rofache@Adaint i £pnh
i ndi vwidtutmilgsh r i sk of fracture. They measur
and FE at the radius in 33 postmenopausal

agmatched controls. ThwhirebBulepresedntcatieadn:e
c har ac)tmaryi sotfifcesr more i nformation regardin
the future compared with wusing [VIEMBeand |

BoMIs@udy validated the efficacy of FEA f or



international cohort of both sexes. They f
proportional hazhrd8 ) awa o HiHRHer= tichtahiert hat

HRp QCT density and microstlr.ufL®)6rt al par amet

Both |Iindameand measrcanal banabgd in FEA. The
provide information about how these mater.
l i[flel 9, Mablrials are supposed-stta ahenh acwe vie
l' i near materi al anal ysi s. | n contlrianseta,r me

anailsy swi t h adsvtarnaciend rsetlraetsisonshi ps that var.y

not directly pr opdrrtaiimnatue vvei tbre ctalues es tt rhees

in different directions. Howewaegrs, fiotl | ioswsh :
|l i near analysis because it depends on the
responds to this | oad. At the same ti me,

nolni near materi al anal ysi ssssftueaitno atstse ct¢ @i

occurs during [be9phnalysis process

Stiffness reflects t he ability offL2hdne

Understanding bone stiffness is <critical

under various stress cinmycuensgearnicment aFlora ntc
approaches have been used to assess the re
measuring stiffness in bone. One of these
di viding the appliedtliooand (bdyi stphlea creenseunltt)i.n ¢t
Youngdés modulus (E), which represents the

striemsed(sljrsaigni v(en byl1PBpked8] Il aw



a = U

Wher e Uxtamesse cal cul ated by di vi dsiencgt itohneala

area (A) at the application point:

and ditsacal culated by dividing the displac

deformation) by the original l ength of bon
Uu / L

By using Hookebs | aw, stiffness (E) is
E & / U

E= (F * L) [ (A | u)

Sever al studies have demonstrated a signif
ost eoddrldoks6i]sMor eover, ot her studies have f

measur eAl fboyl IFOBEwi ng bi sphbaplibeaetefindahnmen

ability of boMmepasrtd rdeftaedmsdsuentsheeaa | R B .

Esti mdttd theitleu( €. Woobtag@n essenti al par ameter
threshold at which bone tissue may col | aps
predict bone fracture. The ability of Dbone

heaPt &t o.i apreaviaded t he cornerstone for und
|l oad of boha28§fihreg reERarchers designed an
when smbgkt break under mechanical stress.

occur when a oifgnihfei damte porstsiuen was stret



I n this assumption, they applied a tissue
|l eading to | oad fd7i%uref whee Rhowmendi $%ud 1

above thraimit iFicgaRrheglld (

A
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0 R 0.7%

Anot her assumpti on was devel oped based

modi fi Baut ony.aestsualed t hat bone failure oc
3,500 miicg ospplaiiends. The researcher ¢ hexpl ai
study were double those used by Pistoia et
respecBouetgy. eancaluded t hahartahcetodmelsdirmatisc
asseysd&di bht be used to evaluate bone stre

future more effectively compared WiltltB]e mpl

Many studies have demonstersatianht edatf abboe
considered to be more | iallle9t.o ABdkaregna fsrt
evaluated the bone microarchitecture and

chronic kidney disease (-€£QOTJ. a@taaddhd ed o matl
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sength and posfgiBir]lity of fracture

Al t hough the role of bone mi cbroonset rsutcrteunrget t
become clear, it is still being studied, a

to assess bone strength or predict future
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2. 1. Bode geometry

Bone strength is influenced not just by b
(bone whemet)ne bomewd hambdtoemre st r e@lgitmi ¢ alcr
findings highlight the icr uniitailgatoibreg Dtf haed orai
For instance,-sactdieeama@&lasade&@&robfsthe radius
fracture in young gir)|l ss3andFad»ptbhmdmopdusadek

with small dregsvehbebral hbgher[ r3i3s]k of wverte

Throughout | ife, bone remodelling and mod:e
mentiioBeetdi on 2hrno®gh bone modelling and re
be adjusted, the bone diameter can be incr
Sever al studies have demonstrated that t |
dameter, and shape) plays an essenti al r ol
[ 134, Hdmever, Davison et al . (2006) d e mo
when a |l ong bone' s peri oslt3e6alll hiasn dc e&m doocsd era

expanding the bonebés diameter with an unc
thinner. Otherwise, bone strength can al so

change in the bone diameter



2. 10sd.porosi s in children

Ost eopacromditshabnaffeagnd @adhbphpuwesencharacteris
BManslever al al terati onsThes eb oalet emriactriooanrsc h
more fragile and i fFcirgeuargeA c2t. ble2dhr en glkrt tod r 1 a taic «
Society for Clinical Densitometry (1 SCD) ;
presence of wvertebral compression (crush)
trauma, or t he npirceaslelnyc esioginibfoitcha nat cflriact ur
bone f rtalddowree iextremity, t tbueplpoerrg elxat nree nfirt
two or more |l ong bone fractures by the age
by 16 year ookt @mgeprahddensity (BMD) eqgua
devi atsomnrse §)Z bel ow t hewvhagern amde gnexasaverdad

duahergy radiographofab37,r pid&®metry (DXA)

CAIdINB HOMHO® { KB g atiwvNBO2A G NEERLBWRA vd vi RAAGEHE NI RA
0AALKZ2 aYIKAYS (iGKAOR yaNEDU VI BEER $a Ky ABSEEEe ONRIKGO



The early identification and recognition ¢
essenti al for establishing an arcdcuirm@aiti atii
therapy if indicated. Regul ar bone densit)
have been recommendeeduwi é¢h c¢icludremt add a:

deformities, [dA4B8® |DbXcAn ea ndli svyeease br al fractur

the main i magingemathahetbeseutgubl sed Bod e
childrenadon&égoeval studies and reviews ha
in children is classified into two types:

[ 140, 141]

Pri mary ostseocpoonrsoisdiesr ed a relatively uncom
bone abnormality that | eads to iIincreased
i ncludes juvenile i1diopatphsiecudogtl e @mpn@ar ossyi rs

Osteogenesa s( COmptalsd emad s tf ocronhismpni mary osteo

This disorder causes increased bone fragi
mechani sm of Ol i s t he presence of abno
Approxi mately 90% Obf haseesa wmuhati on

t hGcOL1ACOL1p@nes t hatUbhnaddgrmaehiengprof type |

[ 24, .BRh42d on cl irnaipchailc acnrdi treardiao,g t he Sill e
classified osteogenesis Iimperfecta into foc
(severe, progr.angi welpye dea/f odrmoidded)aTalllddo s e
2)4 The Sillence classification of Ol has

phenotypdd5s5qf TAR] geneti c mutation responsi

cy



arrangement and elasticity of collagen. Th
in the bone and the bone micrrosshheaawltairr ebal
[ 146, ZTdhlsequently, Ol patients become mor

due to minor traumas.

Tabl eOs2.edogenesi( Ol Jgnpreetfiect@auses and phenc

Type  Clinical severity Typicalfeatures Associated mutations
I Mild, non- Normal height or mild short stature; blue Premature stop codon
deformingOl sclera; no dentinogenesis imperfecta in COL1A1

Il Perinatal lethaDl  Multiple rib and longbone fractures at birth; = Glycine substitutions
pronounced deformities; broad long bones;  in COL1ADbr COL1A2
low density of skull bones on radiographs;
dark sclera

Il Severely deforming Very short; triangular face; severe scoliosis; Glycine substitutions

Ol greyish sclera; dentinogenesis imperfecta; in COL1ADr COL1A2
hearing loss.
vV Moderately Moderately short; mild to moderate scoliosis Glycine substitutions
deformingOl greyish or white sclera; dentinogenesis in COL1ADbr COL1A2
imperfecta
V Moderately Mild to moderate short stature; dislocation oo Unknown
deformingOl radial head; mineralised interosseous

membrane; hyperplastic callus; white sclera;
no dentinogenesis imperfecta
Vi Moderately to Moderately short; scoliosis; accumulation of Unknown
severely deforming osteoid in bone tissudish-scale pattern of
ol bone lamellation white sclera; no

dentinogenesis imperfecta

VII Moderately Mild short stature; short humeri and femora; Unknown
deformingOl coxaVarg white sclera; no dentinogenesis
imperfecta

c o
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Medi cal conditions that can contribute to
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The management of osteoporosis in children
including the wunderlying causes and sever

( MDT) sntarnaattgdegsys e patients optimall iyt afiadi et

D and calcium is recommanderd, eradcirsegubhbfe
i ncrease bone strength. Some patients reqt
underl ying disease. Phar maceuti capomasiagen
treating medi ci nes, whi ch enhance bone

Bi sphosphonates are curnentreyatmestit déoedb

associ at 8dDwistuhc hl cave O]

Bi sphosphobnjan@uawiomnmk sostileogbaspe®pt osus, t he
their activity and | eading][] T8 Wtectrieaseamd c
there iIis evidence that Dbisphosphonate pr ol
apoptosi s of osteocytes and49st d@ddiersd Isl y
bi sphosate strengthens BMDasn d by n miab intt ian g

resorption.

On t he ot her hand, concerns +Haven hesen o¢
bi sphosphonate in both <children and adul't
adver sefe flitf@emcgh sbi sphosphon[alt5el ,.u sIEh Zne t hteu
reveal ed that bisphosphonate treatment may

bone strength, if used over an extended pe

| nr@acent study, researchers observed the p

on a cohort of 51 adult CCaluxBEH]ei ant ufdegmaali erse



explore the relationship between rtatbee cdid raa
bomd crocrack, a criti cRilenknodwstkaiu oadt adll.b oe
correlation bet ween t he durati on of bi sp
mi crocracks withThr ¢ ssghietidoglet so maultc Heenegmt e nt
effects of bi sphosphonatuterddrhseaampegs othheb ome
solutions to prevenlthetrlredhea esfefteocft sb iosvpehro st
children with | ow BMD sbéauwul & xIpe ratnlnodgsidsotc Inteol

avoid the si-dermfbespbosphodonage usage.



Sectionhmadaging methods for a:
bone miner al density and st
adul t s

l maging modalitieasmvarse veomeittherdesd fmon meas

density and eval pabbhgi mpopnehetrasagthhree
researchers have produced a huge body of w
modal ities, which have ebédeml!l uhi liins ebdottho c
adol escent s.

I n this section, we wi || explore these im
strengt hs, and | imitations, and al so add:i

met hods
2. 2.Dli.gitaly Xadmegry ( DXR)
2 . 2 . Printiple oftheradiogrammetry technique

I n the 1960s, a quantitative method of bor
conventi onadasr aecsitaagorlaphhyed. Thi s t ptBAB] que
Since thesgamahyteams have used different
to assesd lBGMAGo sntasesf t hese methods were afg
bone thicknepoei it m$ddbhendnindet ac ad pmil n drotn e
hand and expressed it as a metacarpal i nde
the metacarpal to the total bone width) o

widely used indenx)al 3bebe 1T edarceéded 1a55,vol u



159 espite its simplicity, speed, and ease

manual technique was poor.

Recedtgliytraaly X adi ¢ PXRmmdértarsy been devel oped u
systems and computing processes to minimi:
[ 160 ,.ThHesld systems offer better i mage qual
data storage and anal y§il-emmsedp aleXR oidsw . atnh e
Il nexpensive, widely available imaging met!/
and evalwuating bone health in the paediat
rel ativel yeSlyawmd( alh o uasn <aepxptl raderiettyot han t o a
Additionally, the availability and wvalida

considered one PpfL6RXKROs advantages
2. 2. BoXpert software

The use of speciatd software, such as Bofpert, improves the capability of DXR,
enabling the accurate assessment of bonéBjeand density based on digital hand X

rays BoneXpert, as explained by Thodberg et(2009), isaweb-based software that is

used primarily to asse8A and bone mass from hand radiograjil@?, 163] BoneXpert

can assess bone mass by measuring the cortical thickness (T), length (L), and width (W)
of the three middle metacarpals from hand and wrist radiographs, then express the result

as a bone health index (BHB].

The BoneXpert system determines and reconstbuctan leosndaries automatically. The
diaphysis boundary is mapped by 64 points, each corresponding to the same anatomical

location across different subjects. Two points (the proximal and distal ends of the

Tp



diaphysis) define the bone axis of the metacarpal hbisepossible to measure the length
(L) of the bone along this axis. To determine the region of interest (ROI), which is placed
at 44% from the proximal end of the bone, extend 25% of the |1§8jgtim this ROI, the

inner and outer borders of the cortical bone are defined in order to measure the cortical

thickness (T) and width (W{gure 2.13[164].

L L
-
.
-
.
.
—-

Figure2.13 The radiographs illustrate the metacarpal measurements and the ROI. The radiograph on the

left shows the cortical thickness (T), width (\@fHd medullary diameter (M), and the scan on the right

shows the length (L) of the middle metacarpal bonesACO R FNBY a/ 2YLI NRazy 27F N
YSGFOFNLIf AYRAOSA Ay OKAfRNBY I yR NRWtSHedIigDS RI G

to reuse this figurg[165].

2.2. Bode health index (BHI) and bone
score (BHI SDS)

BoneXpert measured BHI based on the preferred ingagdiatricbone index (PBI)],

which was measured by Thodberg et al. using the following formula:

BHI = T/(LW)-3



Thodberg and his team created this formula based on three old indices of bone mass
(metacarpal index155], cortical thicknesg166], andthe ExtonSmith index[167]),
which have been used in radiogrammetry. All these indicebamed on the following

formula (assuming that the bone of interest is cylindrical):
A=FETW(ET/W).

Where A is the transverse cortical area (bone volume per, areigh isdefined as the

bone volme per projected ar¢@].

Thodberg et al. found that the preferred bone indé(&/133L 33, They adopted the
me a s ur e me’#becausitieads to RBI values in the convenient range (PBI range

from 3/ 7 years) in their studies.
The final formula is:
BHI = T/(LW)°-33

This formula was designéd measuréhebone health index in children. Based mainly on
ExtonSmi t hés view, the ideal bonszeofthadheldk s houl

[167, 168]
ESI =(100/ W) /L
ESI & A/ ( WL)

InExtonSmi t hés for mul a, the cortical thicknes
variable size. Thodberg et al. developed this strategyinimise the mean relative
standard deviation (MRSD) (SD divided by the mean) and ptewsrinear dependence

of BHI on bone length or thickness.



Thodberg et aldetermined th@recisionof BHI measurement by using the retrospective
longitudinal series of Xays in previous research (Seiiku stufB]) They measured the
BHI three times (PBl PBk, and PBS$) at sixmonth intervals. They found that the
precision error was 1.42% for BHI [95%:Ql.27; 1.57]. Therefore, BoneXpert had far

higher precision (1.42%) than manual radiogrammetry.

The BoneXpert software provides a standard deviation score (SDS) forttittlis
automatically computed based on a large cohort of healthy Caucasian children. Thodberg
used the data from the Erasmus study as a BHI reference database for Caucasian children
[6]. In this study, left hand radiographs from 531 healthy Caucasian children (255 boys)
were studied. Thodberg used this database instead of another large study (the Sjeelland
study) [169] because the Erasmustudy was more recent (1997), and -leind
radiographs (the nedominant hand) were used instead of the right hand. The MRSD for

BHI in the Erasmus database was 7.5%, as calculated by Th¢@herg

Martin et al.also compared radiograms of metacarpal indices in Caucasian children using
BoneXperf165]. BHI-SDS was derived from 3,121 ldfand and wrist radiographs from

231 healthy Caucasian children ranging infagen threeto 19years old. They found that

the BHI has higher precision arsdess heightlependent than other old bone mass indices
for both genders. The low level of relative variability of BHI makes it suitable for use in

healthy Danish and Dutch ctitenas an alternative to other indidés 162, 165]

Several authors have suggested that BHI might @laje in evaluating bone health and
bone age measurements, not only in healthy children but also in children with short stature

and precocious puberfy-9, 170] Nusmanet al.investigated the correlation between



BMD assessment from the DXR and DXA measurements in a cohort of juvenile idiopathic
arthritis (JIA) patients (aged 24 years). In this study, only the absolute score of DXR
measurementBHI) was strongl correlated with DXAwhile there was no correlation
between the-scores derived from DXA and DXR. The authors explained that this may
have arisen because thescores of DXR and DXA were based on different reference

populationg7].

Neelis et alalso investigated the relationship between Dx#cores and BHt-scores in
children with intestinal failure between the years 2000 and 28|15 hey found that
children with intestinal failure have lower bone health compared to the reference
population. The BlandAltman (BA) plot showed proportionate agreement in this study.
The authors found that children with a low BHI, as evaluated by DXR, were more
prevalent than children with a Io0BMD, as indicated by DXA (50% of the participants

had a low BHI conpared to 24% with a low BMD, as measured by DXA

Schindeln and his team suggested that BHI describes not only cortical thickness (T),
which represents aBMD, but also metacarpal leKigttand width(w), which represent
vBMD [170]. This study represents the ability of BHI to measure vBMD more efficiently
than DXA, which measures aBMD and provides a-tiaensioml projection of a three
dimensional structure. However, an eigmbnth gap between performing the DX8ans

and hand radiographs is considered one of this research’'s limitations.

In a recently published study of 293 children, Alshamrani et al. concluded that there
existed only a weak correlation between tB&D, as measured by DXA and BHI values.

They siggested this may have arisen because BHI and DXA measure different parameters.
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Therefore, while DXA cannot be used to predict the risk of fractures in children because

it only measures areal BMD, BHI might have this poterf@hl
2.2.1B4ne age as measured by BoneXpe

BoneXpertsoftware was initially designed to assess bone age (BA) based on three
computational levelsasexplained by Thordberg et.dh the first level (layer A), the
boundaries of 15 bones in hand (includialy metacarpal bones) are located and
reconstucted automatically. In layer B, the maturity values of 13 bones are determined,
and these values are called the intrinsic bone ages. Finally, the computed intrinsic bone
ages are converted to confirm with Greulich and Pyle (G&P) and Tanner and Whitehouse
(TW) bone age, based on the manual assessment of the training set of images; this level
is called layer G162, 163, 171]Althoughthis softwarenas been validated for use as an
automated BA evaluation method for Caucasian, African American, Hispanic, and
Asianchildren in theUnited Stateq4162], the validity of BoneXpert for other ethnic
groups, such as African and Asiahildrenresiding in Africa and Asia, has not been

confirmed yet.

Various software options are available worldwide for assessing bone age based on DXR
hand and wrist radiographs; fexample, the ¥osure System (XP, PronosceP¢$sure

Systent , Version 2.0; Sectra; Linkdping, Sweden). However, the Pronosco/Sectra X
posure method has not been recommended for use in children under ten years because it
does not offer the ability to adaiet size of the measurement area to suit the size of the
hand[172]. Van Ri jn et al . di scovered that, des

met hed suitable for children aged eight ye:



films iagedinkedaend ten yeasrseveVailseuda |t hiantv etsht
were underexposed, which might exspdessni nace
young dHiTRdeeaf fectiveness of this softwar
on factors such as the diameter ead,d wWietnlgta

hi gher success rate for | [@®ger bones compa

2.2.1.5. Limitations of DXR

Although DXR offers valuable insights into bone health, it is importamote certain
limitations associated with the radiogram methods (as explained by Thodberg et al., 2010).
DXR assesses cortical bone and may not effectively evaluate trabecular bone.
Consequently, the BHI values may not accurately reflect the total bomabectlar

density[6].

Another limitation of radiogrammetry is that measuring BHI from the metacarpal bones
(from the extremities) might not refitt BMD in other skeletal regions or the whole
skeleton[174]. These limitations may affethe use oBHI as an accuratapproacHor
evaluatingbone strength and measuriBy/D. BoneXpert cannot measure the BHI and

BA if the bones are reconstructiedonsistentlypr the quality of the image is inadequate.

The boundaries should be neither too sharp nor too blurred, and the soft tissue noise

betwea the metacarpal bones should not be too fégh75]

There is doubt regarding the effectiveness of BHI measurements obtained from
BoneXpertin children under two years of age. Thisligeto a lack of reference databases
based on BHI values for infants. However, based on a Paris longitudinal[$@&jya

new dataset for this age group was created based on measurifgd38Cl76] Although
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the MCI provides valuable insights into bone density, it does not consider the length of

the bones, which is important in infants and paediatric subjects.

BoneXpert has become widely used in clinical practice throughout Efmojgvaluating
bone age and bone mass in paediatric patients. Although the use of BoneXpert has not
received FDA approval in the United States yet, it is importamgtdightthatcontrolling

approval processes might differ between regions and countries.
2. 2DR2&Iner-gyy xabsorptiometry (DX

2.2.Rrilnciple of bone densitometry

DXA was developed in the late 1980s and quickly became the most widely used method
for measuring bondensity in adults. DXA is the current standard method for assessing
bone mineral density in children and adudts recommended by the International Society
for Clinical Densitometry (ISCJP[138]. It is a valuable tool for assessing bone density in
children due to its wide availability, low cost, ease of use, and relatively low radiation

dose (16 ¢ &igure 2.14 [177, 178]

Figure 2.14. DXA scanr(étorizon@XA System/Hologic)
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The main principle underlying DXA is to measurera§ transmission through the body

at two different energy levels (high and low energies) to distinguish between soft tissue
and bone. The bone mineral content (BMQ)ns measured by the-Kay attenuation
values[179]. Thebone area (BA in cf) is computed by summing the pixels within the
bone edges dhe region of interest (ROI), as delineated by certain software algorithms
[180, 181] Both of these values are used to measure the areal bone mineral density

(aBMD) by dividing BMC by BA (aBMD is expressed in g/m

These numericalues for aBMD and BMC are meaningless unless matched to a normative
databasg182-184]. Accordingly, the aBMD values are achieved by the (automated)
calculation otheT or Zscores. The T score is defined as the difference between the BMD

of the patient and that of a 3@arold healthy adult (byhis age, the bone should have
reached its peak mineral density) of the same sex and ethnicity. The value is expressed as

a standat deviation (SD]185].

T scores cannot be used in assessing paediatric skeletal status because the bones of
children are still growing and have ngét reached the peak bone density required to
determinethe T scores[186]. Therefore, the Z score is usetsiead of the T score in
children, representing sespecific, ageadapted standard deviation scores (SASB],

187]

Total body less head (TBLH) and lumbar spine-{l4) are thepreferredskeletal sites for
assessing bone density in children because total hip or femoral neck bone density

measurements areitherprecisenor reproducible in children



2. 2.R2iL@di.tations of DXA

DXA measures only aBMD and unable to measure bone depth (tvBMD), and its

results depend on a twbmensional projection of a thre@mensional structure. For this
reason, many studidgaveconcluded that Z scores are unreliable in children below the
age offour years and who are small for their age and children wibt Stature because

DXA measurements are affected by bone skagure 2.15) [188-190]. Therefore, the
Kidney Disease Outcomes Quality Initiative (KDOQI) guidelinad ¢he International
Society for Clinical Densitometry (ISCD) do not recommend utilising DXA in children
with renal diseasg$]. DXA overestimates BMD in tall children and underestimates it in
small children becausbe BMD that is measured by DXA is an arel@nsityrather than

a volumetric density. Hence, the result of an aBMD assessment may be low in patients
with short stature or high in tall patients with long bones (false re$iit8) 191] To

obtain appropriate results, the ISCD recommended that DXA results (aBMD and BMC)
in children suffering from an abnormal growth pattern, delayed sexual maturation, or
chronic dsorders should be adjusted for height or compared to a paediatric database

containing Z scores for age, sex, and hejitya2].
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2. 2. 21 §or igpphrnoecann ¢ $ ghlgnse zeef ect s 1 n DX

Different approaches have been established for decreasing the bone size effect on DXA
viatheal gori t hmi c conversi on ovVBMR[i86,493, 1Mt a t O
These methods provide bone mineral apparent density (BMAD) by dividing bone mineral
content by bone volume rather than area (§)cithe Carter algorithm supposed that

vertebra is a cubé assumes that the average vertebral depth is proportiotie sguare

root of the total bone area measured by DXA at the turshine (L2L4).
BMAD was calculated as BMC/V* or BMC/(A!®
Where v* = (A)1°is the area (height x width) times the square root of the[b864

An alternative algorithm was proposed by Krggeno assumed it avertebrais a
cylinder. In this approach, BMD is calculated based on the equation of the volume of the

cylinder (V).
V= r’horV= (A%4h)
BMD = BMC/Volume = aBMD (A/Volume) = aBMD (4) (h/A)
Where r = radius and h = heidi®4].

The validity ofthe Krdgeralgorithm was verified by utilising MRI volumetric data from

lumbar vertebra imagingi vivo) [195].

The precision of DXAas beemvestigated in several studies. The coefficient of variation
for the spine and wholkody bone measurements is s 1%9196-198]. Although the
Precision of DXA scanner is bestiited toyoung healthy participants, it is sligpiess

accurate for patients with low bone mineral density and shofbamioese peoplfl99].
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Several studies have been conducted to find a soltditinee bone size dependency of
DXA. DXA-Z scores adjusted for heightor-age Zscore (HAZ) may offer a useful
method for assessing the effect of height (short or tall stature) on BMD measurements,
according to Zemel et al. (2010). They found that this is the leasteoianethod for

evaluating the influence of height on BMD measuremgrés].

Although BMAD gives more information about vBMD (a thremensional structure)

than does aBMD, it has not been confirmed as being able to predict future fracture risk in
children. DXA @n precisely measurBMC but cannot quantify bone size in three
dimensions since it cannot detect bone d¢pd8, 200, 201]Furthermore, DXA cannot
differentiate between cortical and trabecular hasatmeasures the bone mineral content

in the whole bon§202].

The lack of datavailableon validated correction approaches for children with abnormal
growth patterns or chronic diseasesembined withthe limited normative dabases in
healthy paediatric populations of different ages and ethniciesother drawback of
DXA [3]. Although several studies have been performed to obtain reliable reference data
for the DXA parameters in childremarious challenges have maddlifficult to obtain
reliable referencefkecent reference data for the DXA parameters (aBMDBIAD)

were gathered from 3,59®althy children aged between four and 20 years old. The data
were collected from seven different Wentres Reference curves, adjusted for age, sex,
ethnicity, and body size, were produd¢&84]. This study faced some limitations, such as
variations in the phantom measurements among the scanners and thanadkadata

for crosscalibration, which made it difficult to create a single combined dataset.

Furthermore, the reference data could not represent the general population, as the sample
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size of white people was larger than that foe South Asian and Afr&aribbean

popuktiors.
2. 2. Yerdt erbacalugsees s ment ( VFA)

According to the definition of osteoporosis by ISCD, many children may have &MD
more than two standard deviations (z score) but have suffered a clinically unrecognised
vertebral fractureThis requires the evaluation of the vertebral bones on a lateral spine
radiograph. Vertebral fracture assessment (VFA) was designed to detect vertebral
fractures during BMD assessment using DXAA is conductedduring the same visit
andatthe same timas the DXA for BMD assessment, seatuceghe requirement for

spine radiographs and additional radiation expogi@, 204]

Although VFA is a viable approach for identifying vertebral fractures in adults,
determining vertebral fractures in children is still difub Several studies have been
conducted to investigate the validity and reliability of VF&gardingthe diagnosis of
vertebral fractures in childre®ome ofthese studiefound this method to be valid and
suitable for use with childref205-208]. In contrast, other studi¢209, 210]found that
VFA is not a reliable method for detecting mild vertebral fractures in childeeause
this approach is highly dependent on éx@eriences of the radiologand the diffiwlty
associated witmecognsing mild fractures, as well as the lack of standardised protocols
for diagnosing vertebral fractures in childréigahtani et al[210], in their literature
reviewfocused orthe reliability of usng VFA in childrensuggested the necessity for a

semiautomated method designed for paediatric usgspite the role of VFA in



assessing osteoporosis and treatment effects in children, it cannot neither predict potential

future fracture risk nor provideill information about bone health and microstructure.
2. 2.Pr &b eBomnkeaorr e ( TBS)

Recently, there has been an upsurge in interest in developing an additional parameter
generated from DXA spine scans in order to evaluate trabecular microstructure and offer
further information on bone health. This measurement is knovihedsabecular boe

score (TBSJ2111.TBS i s a textural index that asses:
lumbar spine scansTBS is produced using special software, such as TBS Insight®
software version 3.0.3.0. A large TBS value is associated with a healthier skeletal
microarchitecture, whereas a low TBS value is correlated with a fragile skeletal

microarchitecturg212].

The researchers have demonstrated tthiat methodcan provide valuable information
about trabecular bone and bone qualitgduilts. Itcan be used in association with FRAX
and BMD to adjusthe FRAX-probability of fracture in postmenopausal women and older
men[213-216]. In contrast, using this methedth childrenremainscontroversia[217,

218]

There has been some research on utilising TBS to evaluate bone health in children and
young adults with chronic diseagl9, 220] and they found that the TBS was reduced

in these children compared to healthy children. A recent study developed paediatric
reference values for TBS, categorised by age and gewndehifdren and young people

aged five to 20 yeaf221]. This paediatric reference data can enhance the use of TBS for

predicting fractures in children and young people. Further studies are required to assess
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the applicability of these references in children and to establiskenefewalues for young

children under the age of five years.

2. 2QBant iUt ariase® O QYBEaphy

Quantitative ultrasonography (QUS) is enaging modality that provides quantitative
information on tissue properties, including bone health assess[@28}sThis method
measures bone parameters and eséisnbone mineral status at peripheral skeletal, sites
such as the calcaneus, phalanges, radius, andTheacalcaneus is frequently targeted
for bone assessment using Qtd&void the effects of the large amount of soft tissue and
muscles on bonparameter§223]. QUS measures the attenuation of ultrasonic beams as

they travel through a specific region of interest (ROI).
2. 2.RBRdlvantages aftgapbhbyptbgani ve

Numerous studies have discussed the possibility of usingt@&i@luae and assess bone
health in young children and preterm infaf#24, 225] The need for safe, simple, and
reliable methods for assessing and monitoring bone health in infants and young children
has increasedug to the risk of osteopenia and metabolic bone disease of prematurity.
QUS has beedemonstrated to be a namvasive method for evaluating bone health in
preterm newborns, providing significant information on bone mineralization and bone

disorderd226, 227]
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Quantitative ultrasonography offers many advantages compared with radiography, DXA,
and QCT. Itis considered one of the safest imaging techniques because it is ra@i@tion

easy,and offers the convenience of bedside examingporteble) [228].
2. 2. B.ixnciqulaentaift at asenogr aphy

The first principle of QUS measures the speed of sound (SOS) and broadband ultrasound
attenuation (BUA) in bone to calcula@MD and bone strength. The second principle

to analyse the receiving waves, which reflect the ele@f bone elasticit}229]. The
physical features of a mediymsuch as bone tissumfluence how sound waves behave
[230]. These machines generate pulsed acoustic waves with centre frequencies between
200 kHz and 1.5 MHz. These frequencies vary between the different machines according
to the design protoco] and planned applications, such as QW#ich uses higher

frequencieslike 3 MHz, to detect SOS in bone tiss{#31].

The relationship between SOS and BT€assiderable and represents the dynamic nature

of bone development and mineralization. SOS, measured in metres per second (m/s), is
determined as the ratio of the distance travelled by the impulse, which is the distance
between the probeso the time it ikes for the signal to transmit that distance. This
parameter is affected layvariety ofbone characteristics, including cortical thickness,

density, microstructure, and elastids0, 232]

On the other hand, BTT, as expressed in dB/MHz, represents the bone quality, regardless
of the soft tissue effects, allowing for a targeted examination of the bone characteristics
[233]. It is determined as the difference between the time required for the initial peak of

the signal to reach its greatest level in bone tissue and the time obtained when only soft
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tissue exists between the transdug¢2s89]. Some QUS systems include extra factors t
increasethe degree oprecision, such as the stiffness index (Sl), quantitative ultrasound
index (QUI),andultrasonic bone profile index (UBPI). SI and QUI are produced ftom
mathematical combination of both SoS and BUA, taken ftleecalcaneal QUSand
presented as a percentage. Hence, QuHy provide architectural and mechanical

information about bone as well as bone der2iBg|.
2. 2.BiL®.tati onsubfrgsanogtaphye

Despite the advantages of QUS for measuring and evaluating bone health in children,
infants and preterm infantsthe use of this methodremains controversial. Some
researchers have suggested that bone size may affect the acculn@eyedsurement of

QUS, especially in growing childremany QUS scanners are made with transducers that
are desiged for adult feet, which might not fully capture the smaller feet of a child.
However, newer models have come up with solutions, like adding a device that caters for
smaller fee{235, 236] Chenget al. found that changes in the sizet@bone and ROI

may lead to a decrease in the accuracy of (233].

Although the various QUS techniques that are used to assess bone status in children
depend on the same principles of physics, there are many differences between these
guantitative ultrasound devices in terms of tipe@cision, accuracy, and the skeletal sites

that have been measurdéd.cording to the ISCD hte diversity ofultrasound devicelas
impeded the validation of QUS in clinical practice, and the only solution for that is the

standardisation of techniqugs31, 238]



In addition, a lack of paediatric reference data may leatiffioulties when comparing

the dataobtained bydifferent studie$227]. It is more difficult to measure and determine

bone health in infants and childremenusingQUS without standardised references that

are specific to the paediatric populati¢p26]. Numerous studiehave developed
paediatric reference curves for different QUS machines and syf288is There is a

scarcity of reference curves available for the paediatric age group, particularly across
various ethnicities[240] and [241]. Furthermore, this imaging modality is mainly
dependent on the experience of the operator. QUS can sometimes generate inaccurate data

if it is performed by an inexperienced operd&#2].

Numerousstudieshave examined the reliability of QUS in children and young aff28t,

243, 244] These investigatiortsave demonstrated that QdBSplaysgood reliability both
within the same operator (intigperator) and between different operatarter-operator).

The coefficient of variation has been reported to range from 0.3% to 3.7% for intra
operator reliability and 0.3% to 1.2% for intgperator reliability Although QUS may be
useful for assessing bone density and health in children amdyyalults, its clinical value

has notyetbeen fully exploredand it is still considered as a research tool.

2. 2Malgn d s cnbage n g

Over the last decade, improvements in the use of MRI for bone macw
microarchitecture evaluation have beachieved including the application of finite
element analysis to MRI to computke bone strength parametendigh-resolution

magnetic resonance imaging (HWRI) is a norrinvasive tool thatan provide detailed
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information on bone structure and microarchitecture as well as muscle and marrow
adiposity to such an extent that it has ofterenr e f er r ed t oo pasg@gd4bla O vi r
MRI employs a robust magnetic field with a series of radiofrequency pulses to generate
bone scans that offerthreedimensioml (3D) evaluation othe cortical and trabecular

bone structure and bone marrow with no radiatiinis allows for the repeatahy of

scanning in longitudinal studies, particuladynongthe paediatric population, without

risk of radiationrelated harnfFigure 2.16 [246-248].

Figure2.16.3T MRI scanner. SiemevisagnetomPrisma3TMRI scanner (Erlangen, Germany)

Recent advancements in radiofrequency coil technology and field strengths in MRI have
led toa high signalto-noise ratio (SNR), allowing for images in plain resolutions of 150
em aslbi ce t hi ck[248, 25] Tlese injodEmMantmhave facilitated the
investigation of trabecular bon&¥hereas trabecular bone microarchitecture is a valuable
parameter of bone status and a strong predictor of fracture risk in children and young

adults[251]. High-resolution MRI is often performeat peripheral skeletal &s (distal
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radius, distal tibia, distal femur, and calcaneus); however it recently began to be used on

central sites such as the proximal ferf52].

Additionally, MRI has been used to characterise cortical bone geontietrgis been
developed t@valuateand visualse tissues, such as cortical bone, that have very short T2
relaxation times (<1 msecThis is performed by captimg datausinga very short or

ultrashort echo time (UTHpsteadof conventional echo tim@'Es)[250, 253]

MRI may providean ideal method for assessiskeletal muscle and estinrag muscle
adiposity as well as evaluating bone marrow, especially when combined with MR
spectroscopy254]. Muscle is vital for maintaining and establishimgne strength, and is
considered to act as a positive stimulator for growing bone to alter its shape and mineral
content, making HR MRI an invaluable tool for assessing theiimadtmuscle bone unit

[255-257]

Numerous studies have suggested that MRI offers a promising method for evaluating bone
properties in childreifi258-260]. Modleskyet al (2011) studied 43 prepubertal boys and
girls to determine sex differences in trabecular bone microarchitecture usingir Mfyl

found that the bone microarchitecture measurements in the trabecular component of bone
from MRI are moderatg to stronglyrelated tathe DXA-based measures of aBMD and

BMC in the distal femuf261].

2. 2.48BLhi.tations of MR I

While MRI offers the advantage of being radiatiome, some limitations prevent its
widespread use for investigating bone microstructure in children. MRI scans are

associated with a long acquisition time {2@ minutes), and movement during the scan
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can influence the image quality. These challenges may make MRI inappropriate for use
with children. Some researchers suggest that these limitations can be controlled by
restrictingthe bone region assessment and obtaining fewer MRI slices in order to reduce

thetotal processing timgR62, 263]

Furthermore, c¢claustrophobic individuals (p

be suitable candidates for this procedure

a relatively |l ong period of ti mepémr ea r e
machines could solve this problem). The en
carers/ parents, noi sy) may al so not be chi

A further limitation associated with using this method in children is the lack of availability
of HR MRI reference data for th@aediatrigpopulation. To my knowledge, only a handful

of clinical studies have examined bone health in healthy chi[@6ih 264267], and, to

date, therds no reference data. There is a lack of reference scanning protocols and
normative data for bone density assessment in children and its use is still limited to

research studies.

Finally, MRI is a costly modality with limited availability in research and clinical settings.

Furthermore, it requires experienced stakrsurethe acquisition of consistent results.
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2. 2Chmp ufomdgr aphy

2. 2. RNulantitative computed tomogr aph)

QCT is an imagingnodalityused to evaluate bone health and BMD in both the axial and
appendiculaskeletos. This method has become widely utilised in bone research because
it can evaluate cortical and trabecular bone separately and also compute truervBMD
g/cn? rather tharaBMD in g/cn? [268, 269] QCT is considered an accurate imaging
modality for predicting vertebral bone fractsren children who havelow BMD.
According to Crabtree et al., axial QCT provides the best prediction of vertebral fractures

in boys withDuchennenuscular dystrophy (DMD) whtake corticosteroids daif270].

2. 2. 5Prkkimdefe quantitative computed tomograp

QCT allows visualisation of a wide range of tissue dendigsed on the different-Kay
attenuations of the materials. The change in the intensity of-aay ¥hat hagpassed

through a material is described by the LamiBarér law[271]:
| =1o€e® X

wherel is the transmitted intensity is the intensity from the Xay sourceg is the linear

attenuation coefficient (LAC), andis the thickness of theample.

The emitter ofthe X-rays tube rotates around the body, while the detector on the other
side of the QCT receives the transmitted photdims yields a single 2D attenuation
image (shadow projection). The shadow projection image is captured from different
angles to produce a detailed 3D structure of the samples. This 3D image is reconstructed

using image reconstruction algorithf2y2].
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A computed tomography scanner uses a special calibration phantom with materials of
different densities, such as air and water, and numerous material concentrations with X
ray attenuation similar to bone compartments. QCT uses this phantom td tieeor

attenuation values [Hounsfield Units (HU)] to generate a calibration curve. Subsequently,
the HU values of the cortical and trabecular bones within the CT scan are converted into

BMD units[268].

The HU value of a material can be calculated as follows:

HU = 10 ﬂNater’)/( 8\&at€(r'|' EEair)]

Whereg is the LAC of the sample&wateris the LAC of water, andairis the LAC of air

The HU value of water is 0 and that of air isl 0 [@73].

According to the resolution capabilities of the CT scan, the generated image can capture

and display the bone structy&68] and[274].

The resolution (R) can be calculated as follows:

R=d/M + [1-(1/M)] *

WhereR s the voxekize,d is the detector resolutioM is the magnification, anslis the

size of the focal spot of the-day sourcd275].

The resolution othe CT scan is a critical factor in determining the clarity of the image
and identifyng the details of the sample. Within the area of quantitative computed
tomaography (QCT) different methods have been developed, depending on the differing

levels of resolution, which include peripheral quantitative computed tomography (pQCT),



high-resolution quantitative computed tomograpliR-pQCT), micro-computed

t omo gr ap hysyfclkrardn)radiatianmidcro o mput ed t omogr aphy (

2. 2. 5Adlv.a2n.t ages and | imitations of quantit

QCT measureBMD without any effect of body size (nasize dependent technique) and

offers a threadimensional (B) scan of bone structurallowing for the assessment of
trabecular and cortical bone separately. Pitukcheewanontievestigatedb8 children

and adolescents witherinatallyacquired HI\L1 infection andfound a marked decrease

in the values of aBMD as measured by DX#hile thevBMD measured by QCT was
unaffected.Indeed, this group of patients have small bone sizes relative to healthier
children of the same age and sex, and the results using DXAWweeea@ft ed by t he
size, while the results using QCT were [#t6]. Moreover, QCT is less affected by other

factors such as body fat composition and soft tissue artefemtspared to DXA.

On the other hand, the high radiation dose associated with QCT scans is considered one

of the major limitéions of this method, especially for children. The ionisation dose of a

lumbar spine QCT scan is around 90 €Sv, whi ch
spine scanf268]. In addition, computed tomography modalities are generally expensive

and require an experienced teamobtain reliable results. Furthermortne limited

availability of paediatric reference data is another limitation of QCT
2. 2. Pe?2ipher al guaetdi tambgeapbam (pQC

Due to the concern regarding radiation exposure, most QCT studies in children have
examined peripheral sites using pQCT. This imggmodality is designed to assess the

bone status of the proximal and distgdpendicular (peripheral) skeletguch asthe
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radius, tibia, and femy68, 277,278] (Figure 2.17). In principle, it is like quantitative

computed tomographyut smaller, cheaper, and more mobile than QCT.

Figure 2.17pQCT scanner (Stratec XCT2000L, Pforzheim, Germany)

2. 2. 5Ad2v.aln.t pgeispbér al guantitative comput e

Peripheral quantitative computed tomography tas acquisition resolution of
approximately 2004 0 0 ¢Due to this resolution, this method can determine and
measure the total, trabecular, and cortical volumetric bone mineral démsgymethod

also provides valuable insights into bongeometrical prameters, including cortical
crosssectionalarea (CSA)cortical thickness (€Th), and both periosteal and endosteal
circumference In addition, pQCT facilitates the evaluation of biomechanical parameters

like crosssectionalmoment ofinertia (CSMI),andstrengthstrainindex (SSI)pQCT can

al so measure muscle mass, which wilH t hen
bonedé wunit, which is a realistic diagnost:i

secondary bone disordd69].
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Several pQCT studies have examined bone geometry, density, and strength in the
extremities of healthy childrd@79-282]. Kalkwarf et al. explored the bone status in 424
children with forearm injuries (224 children withforearm fracture and 200 injured
controls withouta forearm fracture) using pQCThe dudy revealed that children with
forearm fractures had a lower vBMD, cortical area, and SSI of the distal radius than
children who did not have forearm fractuf283]. These findings providaninsight into

the significance of pQCT parameters in predicting fracture risk.

In contrast to DXA, pQCTs more suitable for assessing bone mineral content and density
in growing children because it is not a sgapendent technique, and it provid&MD

rather than aBMD. This property providee ability to use pQCT in various paediatric
health conditionssuch as children with chronic kidney disease and growth retardation

[284-287]

2. 2. 5Li2mi2t.atpe oinpherf al qguantitative comput e

Although pQCT has the capabilities mentioned above for assessing bone status, this tool

has some drawbacks, such as being sensitive to motion and having an acquisition scan
duraton of 7 15 minutes, which is considered quite 1¢2§8]. Additionally, the radiation
exposure from pQCT is 10 €Sv, which is | ov

still slightly higher than the DXA radiation dosé 6L ¢ [289)

The spatial resolution of pQCT may be lower than that of other imaging modalities, such
as HRpQCT and ¢CT, which may affect the detailed visualisation of bone
microarchitecture. This limitation could impact the accuracyoofebhealth assessments,

particularly in detecting microstructural abnormaliti280].

Man



A further problem associated with using this method is the lack of availability of pQCT
reference data in children. Although some studies have provided paediatric reference data
at the radiu$278, 291]and athetibia [292], the protocol of scanning (the reference line,
ROI, and number of slices) varied between these studies, and this must be considered
while selecting a reference database. Furthermore, the limited accessibility of pQCT
scannersboth in clinical practice and research settjnmgay restrict their utiation for

evaluating and assessing bone health.

2.2.Hi.gkesol ution peripher al qguantit
( HRQCT)

High-resolution peripheral quantitative computed tonapdyy is a nofinvasive low

radiation exposurenethod It is employed toevaluaé bone health and strength in the

peripheral skeleton (the distal radius and tibia). This method not only meaB®

and assesgsthe cortical and trabecular compartments separately, but it can also evaluate

the microarchitectural morphology andnductfinite element analysis (FEA39, 293]

2. 2. 5Pr3i.nlc.i phiegrhecsfol uti on peri phecamgdut egqdian
tomogr aphQCT)HR

The principle underlying an HRQCT scanner is similar to the quantitative computed

tomography (QCT) techni que. However, HR p
techniquesintermsfr es ol ut i on and f i e lhdh smhaltonoise w . HR
ratio and spatial resolution, with an isotopic voxel size o8 ( Xt r eme CT; Sc

Medical AG, Brttisellen, Switzerland), compared to a pQCT resolution 6#420@ m.
A new generation HRQCT scanner (XtremeCT Il) has been devetopih a resolution

of 6452e m. The r e smCUXtrene@T )asfsuffieiddtly high to determine
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the bone microarchitecture and assess the trabecular bone parameters (trabecular

separation, trabecular thickness, and trabecular inhomogeji28iy])

In addition, the iording radiation dose of the HRQCT scan is lower than that of QCT
and pQCT. It is around 8 S, while in QCT and pQCT, the radiation doses are B v

and10e Sv, reg$2% ctively

In research workmostHR-pQCT studies that are conducted on adult participants use a
standard protocol that is recommended by the manufacAufexed distance ROI at the
distal tibia and radius is used. Prior to the scan, the forearm or ankle is immobilised in a
carbon cast to miniree the risk of motion artefacts occurring during the scan. To
determine ROI, an exploratory fiscouto pro
obtained to mark the reference line [the reference line for the radius (in adultsiign9.5
from the noth between the articulating surfaces for the lunate and navicular joint, and

22.5mm in the tibia from the tibiotalar join{Figure 2.18 [295].

Figure2.18 shows thestandard HRpQCTmeasurement site for the distal radius (left) and tibia (righte
solid line represents the referentiee,andthe dotted line represents the ROI. Copied with permission from
dmproved reproducibility of highesolution peripheral quantitative compute tomography for
YSI adzNBYSy G 2 with peBnjsSon|ipedee fumlie&5600311289685295]
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With regards tahildren, there are some modifications required to determine theTROI

aim of this is toavoid radiation exposure to the epiphyseal growth plate. Burrows et al.
selected a specific ROI that was eddt 8% of the tibial length from the tibial platform
(reference line) and 7% of the ulna length from the lunate and navicular joints (reference
line) (Figure 2.19. This protected the growth plate of the tibia from the harmful effects
of ionising radiation[296]. At this ROI, boththe cortical and trabecular bosievere

scanned and analysed. This protaschlledtheUniversity of British Colimbia protocol.

Reference line

\ 4% of ulna length to

/| the most distal slice

the most proximal

‘ 7% of ulna length to
slice

Figure2.19 HRpQCTscan (scout image) for distal radius in a healplayticipant This figure shows the
reference line and ROI fire distal radius accordintp the University of British Cainbia protocol

There are other paediatric HIRQCT protocols for reference line and ROI placements,
such as the Shriners Protocol and the Starfootbcol. All of these protocols share the
same aim, which is to create a method for generatingp®@RT reference data for the
paediatric populationwhile also protectng the growth plate from radiation during

scanning297].
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The raw projection images are reconstructed to generatalitnensional grayscale
images. A filter with both edge enhancement aspecific threshold procedure is used to
extract the corticabone portion and the trabecular portitine(HR-pQCT analysis will

be explained in detail i@hapter 5; Section5.3.3). The densitometric measurements and
bone morphometric analysigere obtained based on the segmentation of the trabecular
and cortical portions. The total volumetric bone mineral density (in nfyy/¢trabecular

and cortical bone density (in mg/@ntrabecular numbers (in 1/mm); trabecular and
cortical thickness (in mm)rdbecular separation (in mm); trabecular inhomogeneity (in
mm); cortical porosity (in %); and cortical tissue mineral density can be determined from
an HRpQCT scanln addition, HRpQCT can achieve a resolution and sigioahoise

ratio that is sufficieny high to perform FEA stiffnesgn kN/mm), estimated failure load

(in kN), trabecular distal load (#b), trabecular proximal load (in %), trabecular average
von Mises stress (in MPa), and cortical average von Mises stress (in MPa) to assess bone

strengh and predict fracture ridi89, 298]

[ Osteogenesis imperfecta type
| and bisphosphonate status

Radius Tibia

Healthy child
Bisphosphonate naive

Type !
Bisphosphonate naive

Type
Bisphosphonate-treated

Type 111
Bisphosphonate treated

Type V
Bisphosphonate treated

Figure2.20.HRpQCTimages of the distal radius and tibia of a healthy participant (tmp)r The resbf
the scans show the bone microarchitecture with different types of osteogelvepierfecta and
OAALIK2ALIK2Y | GS & |-résiation peripheial $jurantitatNe cémpuated XaEhégraphy in
OKAf RNBY ¢AGK 2 awith petfisygidh &rdmithe AUNbESOBIF SO | £
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2. 2. 5Ad3v.a2n.t agld sgrhesfol ut i on peri pher al guan
tomogr aphQCT)HR

Many studie have discussed the wdtion of HRpQCT in the assessment of bone
microarchitecture and bone strength. It has been found that this technique has the ability

to predict fracture risk300, 301] Farr et al(2014) used HRPQCTto assess cortical and
trabecular bone macrand microstructure at the distal radius in children and young adults

with distal forearm fractures (DFF) due to mild trauma. They demonstrated that boys with

mi | d tr au mabw tabeBulathbang volume fractioaJow trabecular number,

and high trabecul ar separation. On the ot
decrease in trabecular thickness at the distal radmsever, cortical vBMD at the distal

radius did not kange between the two grougs]. All of these previous changes in the

bone microstructure suggest underlying bone problems that may lead to fractures with

minor trauma.

HR-pQCT can achieve a resolution and sigioahoise ratio that are sufficiently high to
aid in FEA [302]. FEA has played a significant role the understandingof bone

mechanical propertieResearchers have found that FE#npredict experimental failure
load and assess bone strengtare efficientlythan aBMDand other microstructural

parameter§l28, 303, 304]

2. 2. 5Li3mi3t.at i wmehe sofl ut i on peripher al guan
tomogr aphQCT)HR

Despite the ability of HBQCT to evaluate bone microarchitecture and ksirength,
there arecertain limitations that prevent this method from being widely used in the

paediatric population. One of these challenges is motion artbftdha a considerable
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effect on bone microarchitecture rather than bone geometric or density [38l5e306]
These artefacts may arise because the scan time is quite 16ngi(8tes) [307]. Any
movement that occurs during the scan will affect the image resolution and resulting in

erroneous findings.

The lackof standardised paediatric reference data for the raiabitectural and vBMD
parameters restricts the widespread clinical use of this imaging modality. The techniques
for image acquisition, reference lines, and ROI determination have not yet been

standadised[297].

Another challenge with HRQCT (particularly in longitudinal paediatric studies) is the
growth of bones. Duringhe longitudinal growth period, the endochondral ossification
process occurs at the growth plakisprocess leads to the formatiohnew bone in the
metaphyseal ard&08]. It is difficult to scan the exact same bone over time. This should
be considered while interpreting HIQCT scans and determining the protocol for using

this method in children.

It is important tanention that HROQCT is mostly used for research purposes. Currently,
the availability of HRpQCT scanners in UK hospitals remains limited. Although HR
pQCT is becoming more popular now as an objective imaging modality for assessing bone
microstructure antione health, its high cost and the need for an expert operator to work

on it, prevent this modality from beingdely used.
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2. 2. 8. dcompuatoensdb gkc&€Phy and synchrotro
mi cr oc otnopmuotgerda phy ( SRCT)
These methods are advanced formsightesolution CT imaging that provide efficient,
non-destructive, detailed 3D images of the bone microstructure. The principle underlying
these advanced imaging modalities is similar to QCT, but they offer a higher degree of
spatial resolution compared tpantitative CT. These methods are used in scientific
research (mainlgx vivg for imaging bone samples, investigations of the bone structure
of small animals, and preclinical medical studies. These imaging modalities offer valuable
insights into variousspects of bone health, including trabecular microstructure, cortical
porosity, mineral density, and the detectofreracks in fragile bone diseaf&09]. In
addition, these methods play a significant role in evaluating treatment efficacy on bone

tissue[310].

Micro-c omput ed t omogr ap hyX-raet@nbgraphy snethmthat is d v an c
characterised by its higtesolution imaging capabilities (with a spatial resolutioniof 1

100 em), which may achieve r BEDpThiamathodhs at
differs from other quantitative CT methgdsncee CT u s eay tubernwithXa cone

beam geometry instead of a faeam geometry as a radiation source and a sample holder

that rotates during imaging to collect detailed 3D pictures of the sd&i@g

The gnchrotron radiation mic)a o mput ed t omography (&ReCT)
hi gher resol ut i o3L3]. inhtlasnimagir@ Ttechaiqus, tthe gkdlux
monochromatic Xray beamsdgynchrotron radiation) are utilised not only to improve the
signatto-noise ratio (SNR) in the images for shorter acquisition times but also to enable

extremely high spatial resoluti¢dl4, 315]SRe CT has an exceptional|
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spatial resolution, ranging from the micrometre scalthé nanometre scale, which can

vary based on the aim of the application, the parameters to be measured, and the machine
setup. This resolution helps to capture small cortical porosities and provide detailed
information about the bone microarchitecture.addition, it facilitates the detection of

microcracks within the bone and enhances fracture risk predj8tiéh

Althoughe CTand SRe CT  hadvaneed availabilitto assess the porosity of and
visualise bone microarchitecture, various limitations affect the utilisation of these methods
in research and clinical practice. One of these limitatiorthasradiation dose, which
varies from 1 to 200 mSyv, according to the imaging quality and the protocol of the project
[317]. In addition, the motion artefacts that may occur during the scanning process reduce
the quality and accuracy of the imaging results. Moreover, the requirement for specialised
facilities, such as synchrotron sources, is considereth@nbmitation; these imaging
modalities are not widely available due to the fact that they are expensive and require an

expert operatof318].
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Table 2.6. The main advantages and disadvantages of the principal imaging modalities
that are used for assessing and evaluating bone mineral density and strength in children

and youngadults

1 Whole 1 The most 1
skeleton. available imaginc
technique.
1 Inexpensive.
1 Easy to use. 1
9 Three 1 widely available. 1
middle 1 Easyto use.
metacarpa § Low radiation
Is bone dose. 1
from PA q Inexpensive.
viewhand ¢  Shortanalysis 1
and wrist time.
radiograph ¢ Aple to evaluate
S volumetric bone
mineral density
(non-size
dependent
technique).

1 Availability of
normative data

in healthy
children.
1 Vertebral 9 Widely available. |
lumbar 1 Easy to use.
spine (L1 § Inexpensive.
L4). 91 Low radiation
1 Whole dose.
skeleton.  §  Short analysis
time. 1

The cumulative
dose may lead to
harmful effects on
children.
Measuring and
evaluating cortical
bone only.

Measuring and
evaluating cortical
bone only.
Insensitive to
trabecular bone.
Extremity
measurements
might not reflect
BMD in other
skeletal regions or
the whole
skeleton.

Inability to
measure
volumetric bone
mineral density.
(Bidimensional
measure).
Bonesize
dependence.

I The radiation dose

varies wih the
skeletonsites.

i.e., Spine Xay
=1.5 mSv (about 6
months to
naturally occurring
background
radiation).

Hip Xray = 0.7 mS
(about 3 months
to naturally
occurring
background
radiation).

FM>{ @ o0l
hours exposure to
naturally occurring
background
radiation).

Aboutlcc > { ¢
(Between 3 hours
to 18 hours
exposure to
naturaly occurring
background
radiation).



Peripheral
bone: q
calcaneus, ¢
phalanges, q
and tibia.  q
Axial il
skeleton. ¢
Appendicu
lar
(periphera
I) skeleton. q
1
Axial |l
skeleton:
vertebral
lumbar
spine. 1
Appendicu
lar
skeleton:

Radiationfree. 1
Widely available.

Inexpensive. 1
Easy to use.
Portable
machine.

1

Radiationfree. i
Offers three
dimensions (3D)
assessment of
bone.

Able to evaluate
volumetric bone
mineral density.
Its resolution is
(150-300> Y ©
and this
resolution can
differentiate
between
trabecular and
cortical
components.

= =4 -9

Offers three |
dimensional (3D)
assessment of
bone. 1
Able to evaluate
volumetric bone
mineral density
(non-size

Unable to
differentiate
between cortical
and trabecular
bone.

Unable to
evaluate bone
microarchitecture.
Lack of robust
paediatric
reference data.
Few paediatric
reference data.
Measuring sites
aredifficult
especially with
uncooperative
children.

Bone size may
affect its accuracy.

Long processing
time.

Motion artefact.
High cost.

Not clinically
available.

High radiation
dose.

High cost.
Sensitive to
motion.

 Radiationfree.

Y Radiationfree.

T 'o62dzi dn
(11 days exposure to
naturally occurring
background radiation).



T

T

femur
midshatft.

Appendicu
lar
skeleton:
radius,
tibia, and
femur.

Appendicu
lar
skeleton:
radius and
tibia.

=

=

dependent
technique).
Evaluating

cortical and
trabecular bone
separately.

Its radiation il
exposure is less
than QCT. 1
Able to evaluate
volumetrichone
mineral density
(non-size q
dependent
technique.
Evaluating

cortical and
trabecular bone
separately.
Providesvarious
details about

bone

geometrical
parameters.

Low radiation 1
R2as8 oo
The spatial 1
resolution (82
>Y0 Aa
evaluate and
measure. 1
bone
microarchitectur

e and finite
element analysis
Able to evaluate
volumetrichone
mineral density
(nonsize
dependent
technique.

N
=

Sensitive to
motion.

Limited paediatric
reference data.
Not clinically
available.

The spatial
resolution (200
nnn>Y0 A
adequate fortiny
bone
microarchitecture

Sensitive to
motion.

Lack of paediatric
reference data.
Not clinically
available.

The time of scan is
moderately long
(3 mirutes).

I 0 2 dzi
(30 hours
exposure to
naturally occurring
background
radiation).

M

l 62dzi o >{
day exposure to
naturally occurring
background
radiation).



Summary

The first section of this background served as a foundational introduction to bone health
and physiology, aimed at providing readers with a comprehensive understahtieg
key terms and concepts related to bone. By understanding the composition of bone, its
growth mechanisms, and the factors influencing its density and overall health, this section
established a solid knowledge base about bone. Furthermore, it exfieréntricate
relationship between bone microstructure and strength, offering insights into the methods

used to assess these parameters.

Moving on to the second section, we shift our focus to the imaging modalities that have
been developed to assess bone health in children and young adults. The majority of these
modalities are still used for research only due to the limitations associgtegbeh one.
Accumulative data and several scientific opinions suggest that DXA is inadequate for
assessing bone strength and predicting fracture risk in children. Therefore, obtaining a
reliable imaging modality to overcome this shortcoming has becooessery. Compared

to the imaging modalities that were mentioned previously, DXR is inexpensive, widely
available, and can be used easily in children because it is a quick technique and offers an
easily computerised measurement of BHI. Furthermore, DXBnisidered a safe tool for
assessing bone health in children because its radiation dose is relatively low. DXR/BHI
describes not only the cortical thickness (T), which represents aBMD, but also measures

the metacarpal length and width, which represent vE&Bonrsize dependence method).
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1Abstract

BackgrouSldel et al i maging techniques have bec
measuring and assessing bone minevreanlerdgeanysXi t y |
absorptiometry (DXA) sitsantthed ctioremctvalaferagec
recommended by the International Society for
i maging modalities, such as quantitative wultr
tomography -( @Qclpletriipingih al qguantitatiwv@CT)omput
magnetic resonance | margayngr adMRolg)r,a mamede r yhiediDXR
developed to further quantify bone health in c
metamal yst e, swasematically research the liter:
met hods and identify the best mo dpaul liattyi ofnesr aa:
children and young people with chronic disease
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3. 2L..ntroducti on

The ability to assess bone strength and n

greatly evolved during the past four decac

children withtaabhmghfraskuoésl dwe t bl bessg,
manage their treatment deci sif®dBg, and moni
Mul ti ple imaging modalities have been deyv

(BMD) and evaluate -boeeghapdbbborpoi dameer yd
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178]
However, there are |l imitations to DXA. For
the age of HAeyemakl| ©Oor whloemar age, because
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challenges forngctuamatery pies##iciThese mod:z:
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fracture risk and assessing bone strength

QUS may be advantageous ihreadwal uat iyrogi ngn at
to the techniquée rikrei)ag ectagyet2ah b iRabts ip 0212 &S |

the advantages of QUS for measuring and ev
preter nm huescefantthsi,s met hod [ i22 44Stoimel roeecrtarr cvhe
suggested that bone si e amay earfefnegc toft hQeU Sa c
i n grcommiilpagreée nt he site of measurement may nc
of the [2Bé&lIllent oand d iotpiacerd,ir sdf reliraecnkc e dat a may

di fficulties when compatiung etshe data bet we

QCT has become widely wused in bone resear
and trabecul ar bone seplaz@lelbweaed, cQ@Ppubh a
l i mitations, especially wlkeonfu€d 18 ckiht
(approxiaBafebgladad plaiediirtadfdeir @ nc e[ 3d2abt]aQE@X i st
was thus devel oped for use in the evaluat.
especially among,ctpibdsemi |l Bn to QCT, but

mor e naonbdi Itehe r adeBa) i osa Hower (fLB8Hgwenadr ,f r o
pQCT can only assess the appendicul ar skel

and the appendicul ar skeleton



SubseqidRpNQAWA s devel ocipredasisvea amd | ow radia
measuBMBPg assessing cortical and trabecul ar
mi carochitecturahd mosipm@| bgpi t EEt#) ednetnd r nainna
bormsd r ehlyeahree s ome tloosmingtp @Q@BQG@GMN,d eHdsRpeci al
children. For exeitasgit ®@vvaee mowemaretr abl e effe
mi cr oar dMBiOtse.c tJubra] rtetmiso na dtoaf pcooduct of | o
(75 wmimer p@CHuft@Rrsp@RT )r.r eQut | vy, only- rel at
pQCT scanners are present s aheodsimpa titrail s n @ae
data f orartchhel tneicctruor a l and vBMD parameters

age of eight yearshicabtusetof hehwsdesphmeh

DXR evaBMDitresn hand [rla6d2 |Oge apbhs omated met h
computer software BoneXpert, devel oped fo
bone mass. This software méas wameas wt ldéeg hc orft
mi ddl e metacarpals from hand radiographs,
i ndex [BBHIXR i s considered a safpadadlrifcor
popul ations because i< s3vr)adinat iiesn adppd @ eids t

Al t hough DXR is an i nexpensaawne ,e awiidegl ybeaw

children, more work iIis neededltiyoeaatenat @i h
status and to enable it to be used as a st
Our aim was to systematically review the

available imaging modalitied)wiatnid DXA i (deeait

most reliable for assessing and evaluating



3. 2Materi als and met hods

3.2.%earch strategy and protocol

A systematic review was undertaken accord
Systematic Reanawygsiandc Medlal g St)e] GRR] S MA)

systematisedcoeputkrof Medline, PubMed, and
conducted to identify <c¢clinical studies th
and/ or correlation <coefficients of bone
modal i ties, owmiéd& hofDXtAh ém.i nAl | dat abase sear
and adol esceunnteksal (ttheygd !l tulhpy Tdoredl 8e yreahlm swad dr e
fuldxt amuimahestudies published tOnanthaer yEng

1990 S®eamHder 2019.



PRISMA 2009 Flow Diagram
c
0 Papers identified through database searching Additional records
ﬁ (n=13412) identified through other
13 sources (n=0
£ PubMed (n=7123), Medline (n=1943) and . ‘. )
ﬁ Web of Science (n=4337)
Duplicated articles
— l v excluded
3
—_—
Records after duplicates removed
(n =10531)
oo
£
c
[}
o
A Articles screened based on title and
abstract | Papers excluded
3
Full-text articles assessed Full-text articles excluded, with
z for eligibility reasons (n = 64)
5 (n=93)
5 ¢ Not comparison studies (n=13)
w ¢ The study's sample was adult and
children (data for children is not
separately extractable) (n=18)
Studies included in this o Conference reports (n=4)
— review o Studies that were comparison
(n=29) studies between two imaging
modalities; DXA was not one of
o them (n=11)
% 1 ¢ Clinical studies that focus on bone
= arthritis not on bone mineral
g Studies included in density and fracture risk (n=5)
- quantitative synthesis e studies that do not present validity
(meta-analysis) mea?ur‘ements [sensitivitY and
(n=22) specificity) or correlation index
between methods or did not
present enough data to
calculate(n=9)
o full text not in English (n=4)
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3.2.3tudy selection

Study inclusion and exclwusion criteria wer

comparator, and o@Wpemes .x( BRI CO) criteria

3.2.2ndl.usi on criteri a

A The popul ati onhewdst hlyealmaHy amd f ema

adol escdaBt yeap st ol d.

A Clinical studi es tindit a gmesetsisee da anuwr ac
correlation coefficientof (twoofor bomoe ehe

modal ities, DXA being one of them.
A Onltyexftulpuwéi @aEmghs s h

3.2. ZExXxZl usion criteria

A Studieahsduilntcsl uadnd chil dren where dat a

extractabl e.

A Studies that did not i nclude DXA as a

ATheul Ilwamextt i n Engl i sh.

A The studies were review articles, cas
The study selection was performed in two ¢
titles and abstracts of al | identified el e

papers. Articles that did notRdfudrfancetshewe
arranged, and duplicatesX9werlen etlhemisneac cerdd
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identified potentially relevant papers by
critically assessed by tiwnagreese maevretr swd P Dr &

consensus.

3.2.Bata items and data extract.
The required information was cbhe efcaleldowinn
data were extracted from each paper: Firs
ssudy design; aim of study; sampl e size; r
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revi ewers (PD and ACO) reviewed the data e
3.2.Quality assessment process

The quality of the riende mparde mptalpyerizsy wtatsr ee
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and applicability concerns as Al ow risk,o
assess marmtyvadhlepepEe nld)i.x Di sagreements bet wee
resolved by consensus. I n this review, the

standard test (DXA) and pRE€ET)nwas Best aE DK
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3. 3Resul t s

3.3.0iLterature search results ar

The initiali deemtricfhi esd rla3d,elglya=pap238p,nf Medl P
= 19A4MBd Web on= SIA3Bi3e/nce Of t hese, 2881 were
EndNoX%. A thorough evaluation of titles
performed by PpnendetdtDew8B pHFers were el
reasons: irnel 8868B); paper &WOarticdliems c@l o]
report @RPHPst9artsgdhi déd) - oddoav=sBBARY ; (adu

popul @t i7oMl ;] &smIumdy2 )( or full nte&@) not i n L

The remaining 93 papers were screened with

from this review: nFotl 39 g mpairei ssotnu dsa'nuld i seasm [
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(n= 4); studies that were comparison studie
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3.3.Quality assessment of studi e

Most papers were | ow risk for methodol ogy;
|l ow i bk ae i n each of the four domai ns (
standar d, and flow and timing) wehriel e7 6t%,e
percentage desigadabDéd &%, hbgh Bandk 13 %, r
remai nder were scored as fiuncl ear 0o because
i ndex and reference test results and how t
about the interxvalndbeteweeamr ntcveo mencdeds. Re.
papers were of |po¥28whtcehnwascepbredeas be
i n patient selection and standard test do
scans, 335 healthy children haanwdi n8g poamrrityi cg L

hawvg both scans without the exact reasons
3.3.8tudy characteristics

The 29 papers included were published betw
4221 i(nfgaongp 3222%] [5330] DXA was compared to QU
DXR ipmapamsg to pQCT in 4 papers. A single

pQC[TLO]No paper-p@Q@Gcer AR d HR

3.3.RAndlysis of studi eg ayhatadc omp @ me
( DXR) aenerdawy Xabsorptiometry (D

The degree of correlation between DXA and

9, -334lhere was a moderate to stDXAgandegr ¢
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DXR/ BHI Tab&®Wur |l @ tcwsttivedlsesh¢l uded t hat t he

correl at i[o9mn[/a]s poor

Table 3.1. The degree of correlation between DXA and DXR

Authors Year Sample Degree of correlation among modalities
size

Leitenetal 2019 101 | All BHIz-scores were moderatg correlated with DXA
BMD sZ-score (= 0.564p < 0.001)

Mentzal et = 2006 26 DXRBMDwassignificantly correlated with DXBMD s(r

al =0.78)

Vanrijnet 2006 67 Therewas astrong correlation between DXR BMD and

al DXA BMBfor acute lymphoblastic leukaemia and grow
hormone deficiency groups € 0.853 M, 0.760 F and
0.760 M,0.779 Frespectively.

Neelis etal 2018 46 Spearman's correlation coefficient for BHI and Bl
scores was 0.85¢0.001)

Alshamrani 2019 465 | A weak correlation was found between BHI SDS and D

et al BMDrsand BMDsz-scores (=0.11 to r=0.35).
Nusman et 2015 35 A weak correlation between DXA and DXR. The Pearsao
al correlation coefficient for DXA BME&»-score with BHI

values vas0.247
F adzZ dz3S3IRASRI yr2fid aRIRERRa & (G KS RSINBS 2FNBR NG I 6RY
R

RAIFI3y2a00 I OOdzN> O 2F (KSaS YSGK2Rao®

Al | the Fisher's transformed correlations
correlation to be wliheirien wahse a apnogsei tii vle arnec
DXR and DXA; ewsgiimptepsoltehdCd : was 45711 .e[0 BH %
0. O0,0mdh]i c h S strong andFisguwrt@.stTlal Il v el
heterogenel’ty9 W&k, htaeydht (Waes Qst at psalocal ky
0.001) . Regarding the sensitivity influenc

detected. This means that none of the pre



correbeffovhiiecrht mi ght have negatively affec
the correlation.
Fisher's z transformed
Study Total correlation ZCOR 95%-Cl Weight
Leijten et al 2019 101 —'— 064 [044;084] 13.0%
Mentzel et al.2006 26 —=— 105 [064;145 10.8%
van Rijn et al.2006 67 P 112 [0.87;1.36] 126%
van Rijn et al.2006 67 e 102 [0.77,1.26] 126%
Neelis et al.2018 46 io—+— 128 [098; 158 12.1%
Alshamrani et al.2019 465 011 [0.02,020] 13.7%
Nusman et al. 2015 35 T 025 [-0.09,060] 11.5%
Alshamrani et al 2019 465 037 [027;046]) 137%
Random effects model 1272 < 0.71 [0.43; 1.00] 100.0%
Heterogeneity: 1 = 95%, t° = 0.1559, p < 0.01' o
15 1 05 0 05 1 15
CAJdabMBP C2NBAl LINKEERFozY &KHNIRABSAIFRNY 5-w YR 5.1 ¢
O2NNBfl a2y
For Dbias publi ¢atei drar gestnoectteditlatoccupi et
the smallestFisgaZBdaMdserodr $he studies wel
for the 95% confidence | i mits around the o
Standard Error
- 7 .
§ (=] '\\_\-\-\-. o
0 0.2 04 0.6 08 1 1.2 14
Fisher's z Transformed Correlation Coefficient
CAJdapdBd Cdzyy St LI 23 F2NI5-w FyR 5. !



Only three papers calculated the sensitiyv

vallhesmparing them wliTh DDARBRBY amet er s

Tab3 é&Sensitivity and specificity of BHI <col

Authors Year @ Sensitivity = Specificity DXA parameters
Leijten et al 2019 67% 83% Compared to DXAZ-scores.
Neelis et al 2018 90% 86% Compared to DXA BMi2

60% 79% Compared to DXA BM}
60% 93% Compared to DXA BMAD
Nusman et al 2015 40% 60% Compared to DXA BMAD

3.3.RAn&lysis of studies that compare
computed tomogr apehnyertgpgQCXT) and d
absorptiometry (DXA)

Four papers compared pQCT and DXA in the
density in healthy and unh283333Tdnitdrean

cal cul ated Pear sonTasb38p.rrel ation coefficie

Tab3d &he degree of correlation between DXA

Authors Year Sample Degree ofcorrelation among modalities
size
DiVastaetal 2016 202 | There was positive correlation between trabecular an
cortical vBMDy-scores of pQCT and DXA BEkAgzores (r
range 0.5¢ 0.82)
Kalkwarfetal 2011 444 | There wagweak to moderate correlation between bon
z-scores for pQCT measures and those from DXA.(rl

to 0.50)
Tsampalieros 2014 65 pQCT vBMDzscores were wakly to moderately
et al correlated with changes in PBMD (r=0.36, p<0.01), PA

BMD HtzZ (r= 0.33, p<0.01), and WABMD (r= 0.49,
p<0.001)z-scores

MHY



Using pooled estimates, arhce PpXAiitn vteh e ep raet
studies wa€l 0. 67205:;85%e9 0FiOgwWrlel ] Bhd | evel

heterogenel?cy 9W&} , htagdt (vmaes Qst at pealical Ky

0.0011) .

Fisher's z transformed
Study Total correlation ZCOR 95%-Cl Weight
DiVasta et al.2016 202 - 065 [051;0.79] 16.9%
Kalkwarf et al 2011 444 _ I 011 [0.02;0.20] 17.2%
Kalkwarf et al.2011 444 - 069 [060;0.79] 17.2%
Tsampalieros etal 2014 65 —= 038 [013;063] 158%
DiVasta et al 2016 202 : -+ 116 [1.02,1.30] 16.9%
Tsampalieros etal2014 65 —=- 0.45 [0.20;0.70] 15.8%
Random effects model 1422 _c:_-::::. 0.57 [0.25; 0.90] 100.0%
Heterogeneity: I° = 97%, ©* = 0.1567, p < 0.01 ol

-1 05 0 05 1

CAJaB2 NB& G LI 2 (0 BNES fd a@(ydzRMId oFAINISSY LW/ ¢ | yR 5!
O2NNBft a2y

With respect to the sensi tfi3BsSdlegmeachad ¥y shav
slightly | ow influence, excluding that v
correlation,reaemnai meccienitheaanal ysis. For
the | argest studies hé&veggrde Hamdl lods tt hset an

within the diagonal l ines for the 95% conf

MH ¢



Standard Error
e
3 - S
o :'\._
S T T .I * T T T T
0 02 04 06 08 1 12
Fisher's z Transformed Correlation Coefficient
CAdapNRtizy y St LI 20 F2NJ LW/ ¢ | yR 5.1
3.3.BAn8lLysis of studies that

and -@dnarn-ggy Xabsorptiometry

Oof t he

demonstrated 329n9g33B] shb&tido mod er8Rt e

seventeen

344AInd 6

Tab3d & Studies

Authors Year Sample
size

Falcinietal 2000/ 108

Njeh et al 2000 22

Hartman et 2004 40

al

studi es

shomwn enlgatai en r memtgwe e n

Correlation coefficient between
DXA and QUS parameters
BUA with BMiswas (r =0.83)
BUA and BM@was (r= 0.81)

BMDsand AdSoS was (r = 0.57)
BMDrgand AdSoS was (r = 0.68)

BMDsand SOS at the radius (r =
0.74)

BMDsand SOS at the tibia (r =
0.26)

t hat

showed 3®bH |[dabi eBl, & h,3.0t

Comments

BUA was significantly
correlated with BMIDs
and BMGCs

BMD.sand BMBRs
correlated significantly
with tibia SOS

There was a significant
correlation between
BMDsand SOS at the
radius anch weak
correlation with SOS at
the tibia

compared

QUS

compar e
( DXA)

qL

cor

and



Acetoetal 2014 | T0=30  ADSo0S %Acore (=0.86, 0.345, The BTT-&core
T1=30 ndyny > bndocyzx significantly
T2=18 BTT &core[(r=0.519, 0.530, correlated with the
T3=12  0.093, 0.405, 0.754,) BMD Zscore at each
respectively at different stages of | stage, while there was
the study (TO, T1, T2, T3, TT4) variable correlation with
AD-So0S Acore at
different stages of the

GCtreatment.
BakDrabik 2016 511 @ BMDsand AdSoS was ¢0.69) Ad-SoS correlated
et al BMDrgand AdSoS was ¢0.74) significantly and
positively with BMDs
and BMBs
Adamczyk et 2018 76 Ad-SoS and BMigwas (r =0.77) | Ad-SoS was significantly
al Ad-SoS and BMIswas (rvalue correlated with BMps
range 0.42 0.69) Ad-SoS was moderately

correlated with BMDDs

Tab3d &t udi e sansohdoewiantge corr el ati on between Q

Authors Year Sample Correlation coefficient between Comments
size DXA andQUS parameters
Brukx etal 2003 40 Correlation coefficient between There was a wderate
QUS and DXA parameters (r = 0.5 correlation between
QUS and DEXA
parameters
Weeks etal 2016| 389 | Correlationcoefficientbetween BUA showea
BUA and BMC and BMD at the moderate correlation
femoral neck (r = 0.47, 0.49) with BMC and BMD
BUA and BMC and BMD at the
lumbar spine (r = 0.49, 0.50)
BUA and BMC and BMD at the
whole body (r = 0.54, 0.56)

Torres 2018 107 | stiffness index (SI) (r = 0.¢8.52) | There was a wderate

Costoso et al Broadband ultrasound attenuation| correlation between
(BUA) (r = 0.5 0.58) BMCDXA and QUS
Speed of sound (SOS) (r =025 | parameters; Shnd BUA
0.27) were positively

correlated with DXA
measured BM@xcept
SOS



Tabd &t udies showing weak or no correlat:i
Authors Year Sample Correlation coefficient between Comments
size DXA and QUS parameters
Christoforidis = 2010 26 No agreement was
et al recorded between
these 2 methods
Christoforidis = 2011 27 No agreement was
et al recorded between
these 2 methods
Sioen et al 2011 61 Correlation between Sl and Sl wasegatively
BMDrgwasr = 0.370 correlated with BMbps
Wikiera etal 2018 43 No agreement was
recorded between
these 2 methods.
Lageweg et al 2018 60 Correlation coefficient between t S| NA 2y Qa C
DXA and QUS measurements | coefficients and partial
was 0.291 correlation coefficients
presented a weak
correlation between
DXA and pQUS
parameters
Srichanetal 2014 181 | Correlation between BMR2 There was a poor
score and SO&score was (r = | correlation between
0.02) BMDz-score and SO&
score
The positive relationship for QUS and DXA
0.57 dIg5%W . 46al 0e 64,i0gp30rGel ] THe | evel of het

hi g% (©OI1 %) ,

-taengt

twaes Qstati-salical xy0s0@b) fic

(O |



Fisher's z transformed
Study Total correlation ZCOR 95%-Cl Weight
Aceto et al 2014 30 :o—— 129 [092; 1671 27%
Aceto et al 2014 30 | 036 [-002; 0.74] 27%
Aceto et al 2014 18 —+— 112 [062; 163] 21%
Aceto et al 2014 12 —_— =039 [-104; 0271 16%
Acelo et al2014 12 —— -0.09 [-0.74; 0.56] 1.6%
Aceto et al 2014 30 —— 057 [020; 095 27%
Aceto et al 2014 30 —— 059 [021; 097 27%
Aceto et al 2014 18 —p— 009 [-041; 060] 21%
Aceto et al 2014 12 ——— 043 [-022; 108] 16%
Aceto et al.2014 12 ——+—— 098 [033; 1.64] 16%
Adamczyk et al. 2018 76 P 102 [079; 125] 34%
Falcini ef al.2000 108 P 1.19 [1.00; 1.38] 35%
Hartman &t al 2004 40 — 060 [028; 093 29%
Hartman &t al 2004 40 +— 027 [-006; 059] 29%
Bak-Drabik etal2016 511 005 [086 104 39%
Bak-Drabik et al 2016 511 085 [076; 093] 39%
Njeh et al. 2000 22 s 0.83 [0.38; 1.28] 2.3%
Njeh et al. 2000 22 — 065 [020; 1.10] 23%
Brukx et al 2003 40 —— 037 [004; 069] 29%
Weeks ef al 2016 380 : 054 [044; 064] 38%
Weeks et al 2017 389 . 051 [041; 061] 38%
Weeks et al.2018 389 : 054 [044; 064] 38%
Weeks et al 2019 389 ; 055 [045 065 38%
Weeks et al. 2020 389 063 [053; 0.73] 3.8%
Weeks et al 2021 389 : 060 [050; 0.70] 38%
Torres—Costoso et al. 2018 107 . 066 [047; 085 35%
Torres—Costoso et al.2019 107 - 055 [036; 0.74] 35%
Torres—Costoso et al.2020 107 - 028 [008; 047 35%
Lageweq et al.2018 60 - 042 [0416; 0.67] 32%
Lageweq et al. 2019 60 — 032 [006; 058] 32%
Srichan et al 2014 181 - 002 [-013; 0171 37%
Sioen et al. 2011 61 e —0.39 [-0.65,-013] 32%
Falcini ef al.2000 108 : 113 [094; 132] 35%
Random effects model 4699 o 0.57 [0.46; 0.67] 100.0%
Heterogeneity: I* = 91%, v =0.0756, b <0101 | T
-15-1-050 05 1 15

For bias publication,dimgotnadt ddines werre twi

l' i mits around tReg@nel ed correlation (



Standard Error

0
|

0.167 0.083
| |
L
L]
.

Standard Error

025
|

©

0.5 0 0.5 1 15

Fisher's z Transformed Correlation Coefficient

Metasnal ysi s for estimatingathasdd semsextivad:
number of TP, FP, FN Tamd TN Twoomttuldi es <tal
sensitivity andalspec, fcompagr iofig BHh&m Wit h

and one studwiddnpBRGA]ld QUS

Tabl7eSt3uldegyvel s out comes

Authors  Year TP FN FP TN Sensitivity = Specificity Weight Weight
specificity = sensitivity
Neelis et 2018 | 37.50% 8.33% 4.16% | 50% 0.818 0.923 14.444 36.558
al
Nusman 2015| 5.71% | 8.57%  17.14% 68.57% 0.400 0.800 33.333 17.411
et al
Lageweg 2018 | 15% 6.66% | 25% 53.33% 0.692 0.681 52.222 46.031
et al
The overall sensitivity was st atpivatliuecal<l y
0.001, 95% Cl: 0.53 0.188] 14vi 8%) .I oWhihled et f

specificity was statisticalpwalslegd0 I, cabh®%

Cl: 0.66 0.94] with s(#gbblFg %Ba)gker ate hete



Forest plot of sensitivity Forest plot of specificity

Nusman etal2015 ¢ = ! 040[0.12,0.77] Neelis etal. 2018 t . 0.92[0.67,0.99]
Lageweg et al.2018 b - 069042, 0.87] Nusman etal.2015 b - 0.80 [0.63, 0.90]
Neelis etal 2018 - - 0.82 [0.52, 0.95] Lagewegetal2018 - | 0.68 [0.54, 0.80]
[
012 053 0.95 0.54 0.76 0.99
Sensitivity Specificity

3. 4D1I scussi on

This systemati-analedvesticesw ma mde rhentea accur acy
di fferent bone iIimaging modalities when con
reliable and is the most widespread met ho

young peopl e.

Of the seven rpead edisqiythaala dX ogopammetry ( DXR)
found a moderate to p8r -&BgM2hd esg rseueg goefs tcso rtrh
may provide results close to those obtaine
density and might refl ect the ability of
evaluating bone démaictwrandifS&r ipr edii ¢ dir @ g

the other hand, two studies condl7ud®d t hat

MO p



| ack of a cor rzeslcaotrieen dleeaeti wealn ftrtoren DXA and
may be duscdroest hef these modalities were

popul ations. DXR with BHI canpméabkangtborasa

which represent -vyotzemeepemnd dB8MOe (metnhod) , w
measure bone depth (it represents areal B N
be more reliable for assfesacthgr domieslistirmeng

Four papers compared pQCT and DXA in the m
unhealthy childr ¢r8aBBIJy®Duhy peaeplsed udy s
trabecul ar vBMDsawdesor meaaler@d8Ab®y omQCV co
with DXAsB8MDe&, whil eal tolwe t ot modées mamwddod vee
di fferent parameters of pQCT and DXA. The
this review, however, i's small . Al t hough
trabecul ar . BM®&ndandorptriocvalde variouscaletail
par anfezéedfshi s tool has some drawbacks, suc
I's therefore considered | ess suitable for
paediraf erence dat a aeradritabdge igir awepssns etfh
of health probl ems. Rfergmmtdh nmpget he@ap@OCFRXATf
O"Brien et al. (20 188hieotningh Iriagdh taegd otnh ed ofsac
significantly | oweire tdhoash®s$ Vbacki@Sigr,o m eps@CTc, t i\

[ 336This | imits the r ouhtianses eusssemeonft piC Tc Hic

The ch@@UR® easfa preferred i maging modal ity
and young people remains under debate. Out

QUS is an acceptabl e tealhtnh qiure dlirl ckervead uan

MO C



with different health conditi ons. Converse
not detect children with poor boAlt mbmgh at

various QUS techniqguetatussse di n nc haislsckersesn nde |

principles of physics, there are many di f
devices in predihseh®het alccauirtaey, tlhadd have L
reastohnmese of QUS a@lsi saifdogehliiladorleen m s st i | | C Ol
Of the imaging modalities compared to DXA
most promise, being i nexpensive, wi dely a
because it IS a o uiwcakr et eacvhani il gaubel ewitthhat s oa
competdermeasur ement of BHI . Additionally,
thickness (T), which represents aBMD, but

which repres®intge vddMbe rf cFoumrcteh enmremmcdhroed,) .DXR i s
a safe tool for bone health in children b
relativel ydadngpw. adihet  iomidose f<o0eSaf DXaAi ogr

radi at ii®@aSvd)ols.e (1

There are sever al ' i mitations to our Trevi ¢
the English | anguage; thus, i mportant dat a
mi ssed. Second, t he pampallywdii o nwag eldi mintdeed tl

studies where the participants were both
children was not extractable. This decisio
HRp QCT and MRIle emxiigtdegd tshiegni fi cant stati
outcome measures due to variability acros

parameteup, dbboht Dwn, patient characteri st



height), and aottthreirbudqeal i tFaotuirvteh , only thr
demonstrated the diagnostic accuracy of ¢t
metaamal ysis to estimate both sensitivity a
numbefr TP, FP,ré&mM, t aaldsdalsihd fveasl. ues wer e onl )
studies incl Jded 8i,n 3tbthidlst r emj etvhe met hodol
conducet iimmgagtihng techniques and the time i nt

and the indexorn ep@QCT)DXRer QUrSot dlhmeapdén e.d i

To susamarnio I maging modality can provide
children and young adults, wa rt &l yesaicsh phraovv
evidence for a strong correlation between
obj e,atndo b wermeal uati on of bone health,s furth
ilts use as a | ow cost, rapid i maging tecl

fracture risk in children and young adul ts

Supplementary data to this article can be

https://doi . org/10.1016/j.bone. 2021.11601




Chapter 4

|l n children under two years of
val ue di ffer bet ween t hose wi t
| mperfecta?

Heba 5ha&Rlacthel ShAV aidCRomabkya 1'C Of fi ah

Di vi si on of CcihnoioclalofMeMkeidciicnene & Popul ation H
Damer Street Building, Western Bank, Sheffield

Medi cal school. University of Sheffield, Shef"
% nstitute of CI ihniReasleaarcd ,ApHulliledro&alMe di c al

‘Radi ol ogy Department, Sheffield Childrenods NHE
2TH, United Kingdom.

Corresponding author:

Mr s . Heba Shal of
E-mai | : hsmshal ofl@sheffield. ac. uk.

ORCI D | D:

HS: QO0®® 5.8 6 3

ACO: -00@BM® DO 36

Et hical Statement/ Conflict of I nterest
None

Aut hor Contribution Statement

H. S. wrote and designed the protocolreperfsesrm
i nterpreamdi dnafted the manuscript.prh.vS.de.d c
assi dgtnamageaft writing. A.R. performed statisti
figures and tablsd. tAeCsOQudyondeptidgalloidgyt hmendr
analysis, reviewed and edited the manuscript &
approved the final manuscript.

MO



4. 1 Abstract

Background

I n children with unexplained fractures who
di fficult to distinguish those with | ow bo
such as osteogenesis Iimperfecta (Ol) from
i maging modality can readily or reliably a
age group.

Ai m

To investigate whethebobenéelséttdamtdharided e x (
deviation scores (SDS) are sufficiently se
two years old with and without OI.

Met hods

I n this retrpyspeet measpi ¢édtBBEHEt uand BHI SDS
(33 Ol , 89 suspected abuse) using BoneXper
test, Pearsonds correlation) were applied
specificitygpermatdi mgceharacteri stic (ROC) c
p<0. 05 was assumed.

Resul ts

BHI was significantly greater in the group
3.75 and 3. HDEQ. 0@3pecTheepgr ¢edlt/aa@den of chi
groups withi2BHII8,Q8Md9042was 0%/ 0%, 27 % 7 %,
18%/ 29%, and 12%/ 36%, respectively. While
group without Ol comgar0e3d0 tadnSdL her @gspept wv &
001), BHI SDS was within the nor mal range

Concl usi on

Al t hough BHI SDS is | ower in Ol children,
withoutbe@Woelramet ri ¢ b ojaes smoicn eartaeld daei ntshi tsyt r ¢
This suggests BHI mi ght be used t®B8MD ffere
and t hose wist hClhiemil ctihamestp @anesdys tdaibnl d sthleids st u
us effaars s et bseemngs i t i viitcyi tayndofs pBetcli fi n det ectin
i ndividuals without Ol. Further research i
age group.

Mnn



4. 2 Il ntroducti on

Fractures are the second most common find
i nj Ur3ibels)]As physi cal child abuse is one of
mor bidity and mortality worl dwide, the ear
in order to offer adequate care afd]preve
Physical abuse is most frequent in childr

unabl e to desc,ainlle twhatealtdapmemrcedhfi dent di

excl uderalplossti bl e causes of fracture, 1incl
bone sftted8Pgtmlging investigations are essEe
children with suspected physical abuse an
children with underlying skel estuaclh dci osnodridteir

i's osteogenesi s iianpreanfgee taf (hOdr)ediwharcyh di s

decreased bomerdeameidtuy eammsdiscepti bility.

Currently, no I maging modality can reliabl
m ner al density (BMD) | 8&5AIntfhaonutgsh eadrgda yyXo u n g
absorptiometryntDXA)anidsartdhea npargasng modal i t
children and adul ts as recommended by t
Densitomeq@mg8]t hi s tool i's unreliable in ¢
because-detpeinsilesat zand cannot measure true
(vBMD3, .1R@di tionally, DXA cannot predict

adull&]s



Whil e sever al i maging modalities are now W
infants and, yohemy efluiclhdrhearwe specific | im
exampl e, obaemenanadrthe | i mitied mrefaeld abc & i
further complaegiitmaegsi ntgo mod alaictcy r tah &t aprs@\8|

of bone health2i76,t R8BS, pad@wllati on

The recent appeay amaceci @odr ammgd tt fay 5 XIOOR) oifs

the key factors driving the renewed inter
digital radi ogr alp hyge tstyisntgesms Tihne scel isnyisctae ms
qguality, faster I mage acquisition, and en

compar ed tfoi-btensaedd triwddXeRl gira pdan i nexpensi ve,
I maging met hod. Further mor e, It i s consid
bone healftamt snand becowamugechitlsdrreandi ati on d«
(abole$Sv) and i s amiptly edattmeranf ke&f Jludsest i t al
specialised softwaeanhassuchheasc BpaleiXlpietrite s

accurate assessment of bone ay®é and densit

The BonseoXfptewatr e ( PACS Server version) was
company based in[HBBiImMaltm,al Degnmeersk gned f o
measur ement s, it uses an automated DXR fe
providing insighinvawoltwedboamralsygiemgtthhe | en
thickness ofalthmetabronepakce#ageenTbe paaodr Xn
presents a standard deviation score (SDS)
agand-neagx hed based on a cohor[t6BoimeXpalt hy

of fe-assAst capabilities that are adaptabl e



Alextension role by c¢compuntarnkge dt,h ea nBdHilk.y BAopnre

had been adopted by 200 radiology departn

departments collectively conducted over 1
[ 354]
BHI is readily <cal cu/laamtded ff radrh ehrefreedndrisass daimt

chilwdirtehn reduced bone strength (iawnodultdh ebree f
a valwuable tool. As a first step, prior t
I nvestigate whether BHI and BHI SD&denl ues
two years of age into two groups: those wi
i ndi viduals without Ol woul d demonstrate
potentially aiding in differentiaticnllhrlecne
The i mportant question we sought to answeil
years of age with one or more unexplaine:

bi omarker of bone fragility?o.



4. 3 Materi als and met hods

We retrospectively searched our picture ar

identify radiographs of suitable particip:

and measured the BHI values usingaBoBHEHKper
and BHI SDS were then compared between
procedures performed in this study were i

Sheffield ChiSICH emdrs tHhhispineatlr spective st
and research ethics committee approval we |

R&D approval

4, 3. Pati ent sel ection

Al | radi ographs were retrospectively obtas
Radi ol ogy aDvalp a 1Ot metHi mie¢ wefenS®™March 2010 an:

to unexplained fractures.
aRadiographs were selected based on the fo

4. Participants aged between 1 month to one
5. Participants in the controlalbyusoeu pwhwve rhead
l eft or right hand and wri st radi ograph
iden{ibbedat ory and geneti.cs results for
6. Participants in the Ol group were patier

handwainsglt radiograph.



7. 1 f two or more radiographs dwaeme trakle mgonr

was chosen.

b. Radi ographs were excluded if:

1. They were the secondsiode & uhhasnedg daenody rvarpi hss
taken on t haenys apmner pdoasye .f or

2.BoneXpert was wunable to calcul ate the B

3.Participants (with or without OI) with

4 Medication had been administered to par

their bone health.
4, 3. Blamwmddi ographs and bone heal

Aldorpsaol madi ographs of the | eft or right h
film under st aatdadrmd damsntobinimo ms dofex kKd/sur e &
andmARs. The films &eprewdilgi LRsédtsnp800p
Di agnostic Pro Advantage scanner (Vidar, l
5. 2. Al | radi ographs were stored in digit
(DI COM) f ortmadgt osn RANCS. aBroen eX@resitons o3 t WPA (
version) was used to analyse the radiogr aj

age, BHI , and BHI SDS.

mMnp



4 3. St atistical anal ysi s

The statistical significance betwewasthe |
cal cul at ed austiedghtaa rtipwcda t aey of 0. 05 (two t a
The correlation was assessed usisifgattihet iPea
significance pxf O0t.0e& )c omarse ldeettietrami{needit tt hTlhoa
strength of the correlations was interpret
very weak, 0.20 O r O 0.rR3®te, @edmk,OO0r 40 @

and 0.80 O r (3550 is very strong

The possible effect o f sex dsfar cbnpf onund
regression analysis. The sample size was ¢
We generated a receiver oper atusnigngatbar act
parametrifc3mS]pndaiephadiunatls cauft sensitivity ar

drawn according tocoheeupendiong adcdeiavessnt f, i es

Appendi.x 1

Statistical anal ysis was performed; using

StataCorp LLC, Coll ege Station, TX).



4. 4 Resul t s

4. 4 . Demographic information

Af ter applying the selection criteria, 12

I nfants diagnosed with OlI and 89 for thoce

abuse)]. There were 66 females and 56 mal
OlBo4 1s a fl ow di atghhemm| & saho@lr u sii g of i ma ¢
Retrieved hand and
wrist radiographs
n=258
3 ;
Excluded radiographs n = 136 || Included radiographs n = 122
+ Oln=61 N + OIln=33
* non-Oln=75 * non-Oln=89
\\
Reasons for exclusion:
« Poorimage quality n =14 (6 Ol)
« BHI/BHI SDS not provided n = 73 (20 OI)
* BAnot provided n = 37 (29 Ol)
*« GP BAcalculated to be <O n =12 (6 Ol)
2O ME | b2% RAI EI[]\IK?\WO& MWIQMJKS?E)@E dzaAzy 2% AYl 3Sa
The mean age of all participants was 9 mon
month to 23 months). For thosé&2wintth sand awmig

from 1 month to 22 mont hs) and 8 mont hs

r estpievcel y. There was evidence pesd. @44d) ffere

Regarding bone age, the mean fwas alld mpamth

(1 year for participants with ®+%0.aln0d0)9. 5



Demographic dat aTaabrdegl swimimaad & d.n2dinl ustr at e

BoneXpert calculations for infants with an

Tabd descriptive statistics for recruited |
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2yS | mdnn ont nodny 03 noymMon<c nainz2 H
68&S'" NB
| L odnm o6nd HPcc (3 oPTp 06, HPTH
I L {5 modénpm 65 mdTo mdnod 6 mdTT

aGreulich and Pyl e method
BHbone heaOlbtédt ecodemes SEs tiampdearrfdeSchit®dv,a md a omah , devi at i on

BA (GP): 1.66 y (M)

BA SDS: 1.99 (CauEu) RIGHT 27/18
Carpal BA: 0.77 y

BA (TW3): below 2.0

Age: 1.14 y

BHI: 2.88

BHI SDS: -1.29 (CauEu)

BoneXpert: 3.0.3
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4. 4 . Bone health 1 ndex wvalues

As shdwmdirde t he group with Ol had a signif
without OlI, 3.41 and 3.75 (mean difference
0.56), respec008el yTlhe nbeadn5 1BpfhotrSEtBhtesvawi t |
an€. 039 for tipes®. @idl) hoow®Vef(, BHI SDS f c

within the nSox)mal range (N2

BHI
i

BHI SDs
(¢]

o7 o

Graphs by Group Graphs by Group
CAIdmpMB . 2E YR 6KAATSNI L 20Ga F2NJ 62yS KSIfOKO2NRBRSE. BLI L
{5{0 060600 F2N)J (K248 ¢AlGK2dzi ODNRdzLJ m0 FYR gAGK ODNRdzLI HO

There was no changefitrejtulsd i mgarf odi fsfeexr ¢ nce
0.33 (:95WMO0GI5). There was no diffeoen8¢&l be

and BHp=SDOS3pg#d @nd81, (Ebma)s.eively)
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Graphs by Sex Graphs by Sex

CA InipMEBRIEY RK A &) SNEAI KRS | £ Vi RS BoLy &R2 KRS | £ ¥i RSIE YRS AIRE & HNB L

{ 50 oFEFNIY HOCRHARI  Ba0
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without ol , the graph

bet ween BHI SDS and
val ues fell within t

4. § c

nor mal

he distributhnon

fi afrri ngeddr @& nt h"el "s csaht & pee

age appeared

ran@eguoe

Table 4.2. The distribution of children with and without Ol based on bone health index

BHI range With Ol group
n (%)
<2.49 0 (0%)
2.50¢2.99 9 (27%)
3¢3.49 19 (59%)
3.49¢ 3.99 6 (18%)
=or>4 4 (12%)

BHIbone health indexQlosteogenesis imperfecta

MPp H

Without Ol group
n (%)
0 (0%)
6(7%)
25 (28%)
26 (29%)
32 (36%)
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As sensitivitysDiSntheageavaoma BHFrrespondi nc¢
as il | usitgdarfee @héeé narea wunder the curve (AU
(95% CIi0 =p®, 1017). When sensitivity was s
to beOn0.tdh7e. ot wbenhampeci ficity was set at
to be 0. 4p50.i nGt hvearl uceust f or MBppe wdirxe Fmod 3 iolwy n
adjust ment of the ROC curve to account f c

remarabkbdti vel yFsgdbkhbe at O0.67 (

Mpn



o
Q -
w0
~ 4
IS
=
= o
BIO
(= (=)
[
n
(Yol
N
o
o
Q —
o T T T T T
0.00 0.25 0.50 0.75 1.00
1 - Specificity
Area under ROC curve = 0.66 (95% Cl 0.51,0.80), p=0.017

CAIueNB © wSOSAGSNI 2LISNI ay3d OKI NI} OGSNAR&aO o6wh/ 0 OdzNI

6.1 L {5{0 /L O2yURSYyOS AyiSNDI ¢

o
(=g
o)
~
=}
)
Zo
B0
r==)
[
wn
o)
N
(=}
o
(=5l
o T T T T T
0.00 0.25 0.50 0.75 1.00
1 - Specificity
Area under ROC curve = 0.67 (95% CI=0.50,0.82), p=0.033

CAImEN® @ wSOSAGBSNI 2LISNI oy 30 DYRSE N&K DIGSINK A6 YORBha i YORING
6.1 L {5{0 I'YROBFURSYBSDPAY(ISNDI
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of 0.-80i9s ),y the corresponding specificity

speci fici-ayied, 0a7mBgd rsfeensspiotnidvi ty of 0. 393
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4. 5 DI scussi on

I n this retrospective study, a comparison
and without Ol revealed that both BHI and
group, which aligns with ¢Ofceanndirrg etas cphr
studies, BHI represent{s,ca®rt ilWhail cBlibdigse ani vne
(vBMD) @&sndepemdent par ametaesr ,meuansluirkded abrye al
our cohort, the BHI (absolute score) was &
Ol group. This suggests t hats siorcfiaartted wiitt o
bones. Therefore, BHI nti vgeha n byeo uunsge dc htiol ddrie

bone miner al densitysand those with health

The BHI SDS for both groups in $Difsr eamutdlye
mean) , i ndicating that the bone headrth of

their age and popuéempl dyhed Bromse XpEhit s sof b d

MPpT



automatically computes a SDS for BHI . Wh i
dat aset derived from helad tyhefajrGauovasi apdal ie
on a Paris longitudinal stuldly7@obhicoveat adhe
created based on measur[4§5t havhhtha @aasrspanle
bone of interest tTo kkal cwl ian er itdhael MCAd , s hmee|
out er width (W) and medull ary i nner wi dt |
met acarpal th&@&hecM@puited as the ratio of C
mi nw)s di vi déhd | ey tW.e MCI provides valwuabl e
does not directly consider the | ength of
i nfants iaaodsphjeectas re Tolie sefdant @b atslkee t s cov e
two years old may have influenced the BHI

BHI SDS f orf abolt thiingprranagds r ange.

Figud 8aa 4daBsdhow t hat the BHI decreased af
reduction in thisyewal ubeondcuragneg. tThhei sf ifrisntc
observations madé€l 76y hToh ondobteerdg ae tsiagini fi can

MClI and the BHI during the first year of ||

i n bone wid$hwahd &aengthedaction in cortic
of [I BF e
Al l chil df etetnhirse csrtuuidtye dwer e | ess than two vy

significant difference in cQIr onop—or@t.sOAI9 ) ag
there was no significant di=f10®0)e,ncen bwh iwete
SDSbasWhidlewme adjusted the BHI for age in our

only minimal c¢changes in the discriminatory

MpYy



of 0.68. However, the sadipst iornactti loanl.tReSC mc U &
when we adjusted the BHI SDS for bone age,
ability between the two groups, with an AU
in the sampl easmaet t avCed ¢toefddkrtiang | mpr ove

robustness to the analysis.

I n this study, we selected two groups of p
scores to ascertain theéeedegwprs uppast ideinftfse rvei
because@itclhéey yt naavmgdhli sw wB MDD, hel p us assess
di fference between patients with and withct
heritable disorders that cause reduced Dbol
trauwmma hiose affected. The wunderl ying mechar
i nsufficient type | coll agen. Approxi mat el
t h@eOL1AaCOL1gB8nes, which code for the prol
procen, arge s[p2edc,t i3vEBley 8656 BAfEr group was infant

(with nor mal | abor st @ady esi)yndi ngs and genet

The findings of this study show that appr

had BHI values falling wi3fhiof tchhe |rdaregie wadf
demonstrated BHbpvakuSMabébyhemdd dheeadi | it
of BHI to distinguish between those with
as indicated by the | ower confidendse 1 nte
cruci al to acknowledge fthawldsscrFmrnawver
threshold, we can extract the s eAmyietnidvixt y

14) . vk etorasnildeurst r atUisMengsaemBaHrli ccut point of

Mp g



i's 0.-809s)  Yand tDbe38-ark&XfJicAtythese two vV
mi sclassifie®dl ) Ol%wi a®e® 7 mont | y classified
cat e@arniteher finding in this study is that
BHI and BHI SDS bet wierenbantal egr cawmps fefmail mf
children. This | ack of disparity suggests
characteristics during theirtr earl i est yea
i ndicatingsitmabodéail Memen eat bet ween boys

regoeultberty (typitayégray®@unjadgda)

This study has some | imitationtswo Fgrresups ti
unequal. There were omncloynmp3a3r epda ttioe n8t9s iinn tthhe
Studying groupal ahcedguaslampil 2esi ze) might r

acculdat e.

Second, we did not remgatridenthe hdinngidyr eoff
Ethnicity is |likely to play a role in BHI
exampl e, African, African AmeriakiagheandBMHBI
than Asian and (38d®abs|iBomeiXmpekirwi cdwdltsvar e i s
Europe and the UK, where it harsd breesie aerncy
endeavours. While the | ack of FDA a@proval
i mportant to highlight that regul atory apr

countries.



BoneXpert software may emgoabminer mahalhlaeng e
particularly those with Dbl uracycoaurntumgl & arr

exclusion of 136 radiographs.

Finally, this was not a power ed-hotcu dy.weWwh i
cal cul ation,recbimsmendedd®i6rfA plraarcgtei cleongi t udi
required to assess the vali@dntyl mn2l0®4 ectts
Heal t hsaOrganirecommended a sampl e [s3i6z7e] of
While there has been | ittle progress sinc
sample size estimation for reference cent.i
25,000 [B&6r8]Tsheixs number is i mpractical, exp

approach, recruiting a convenience sampl e

4, 6 Concl usi on

Statistically signi BHtasDSdweferebses vied E
and young children with and without OI. H ¢
remained withi,sugbesnhbngat hatanhbene health

deviate significamtl ywiftrhon tchhe | ex puencdteerd 2n «

with unexplained sympt oms, a BHI wvalwue of
of specificity (> = 95%). I n other words,
in ruling out tmespsesenpee f ettt asf{ O©bye i n
accurately identifying individuals without

resul ts.
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Th€ rrel ati @B nkkee tHeadaind | n
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I n this chapter, the approach that was f ol

t he DXR-paQCdi HRt hods was outlined. The req

selection wild.l be explained here p@QTMet ai l
that were used in this project and i mage a
chapter. I n addition, statistical anal ysis

This project was a prospective olsgdertvhateieo
years. A total of 36 participants between

July 2021 and May 2023. Twenty-nhpaktpwatcer
with reduced BMD (as confirmed byelRXA) owe:
each child and their family/domiemwrasntb ehfaonrde
wrist radiograph and -pa@QiCT psscianat eTrhael +daidsitoagl!
pQCT scans were performed at t wso Hia sf fietraeln
(SC&nd the Northern GenerQdT Hasamintianlg (i NGH)
at SCH. The data collection and project

(El ectronic Data Gathering and EvEDGEti on)
I D 1345w6Mi ch was used to-refatkdandt maintaige

documentation (consents, asssantsgdatnadstgaoes

5. 1Participant selection an:t

I n this study, 2&ctheiat edyby ompgprod aclwiemg e,
participants and via generic emails to SC
using the UoS email database. Twenty heal!

three were pand elnit swe rséa bdhinlgdsr,en of staff |



HRp QCT scans from two healthy paratriediagamst s
The cohort was designed to ensure an equal

mal e s faennda(BLeOs. )1

(2 males) were

4 healthy controls
siblings of patients

22 healthy controls 20 healthy
(12 males) were participants (10
scanned with wrist males) were
f radiographs and ! involved in this
18 healthy controls HR-pQCT scans study

(10 males) were
children of staff
members at UoS
and SCH

2 controls (2 males)
were excluded due
to movement
artefact in their HR-
pPQCT scans

L 2@Mdb2¢ RAI IABYYA NONSVA NXSy d LI GKglke 2F KSFHfiKe 02y

Thei sphosmahpprzed i e nt s were identified by me
clinical team at the Clinical Research Fa
clinic of SCH (NJB and PA), based on the i

Il nclusion criteria:

f Caucasian children of both sexes age
T Children with | ow BMDs educef tooratniyc ocsat
ot her-mdodoinfeyi ng -tderrung s¢ hrloorhigcagdi & e asoen
di sg@asmmobi | i tryortewleo vieahdmiag ghao hpr ap)
T Ahcd | & hapnadr eems gabde t o read and write
them to read and under st and t he I

consent/ assent f or ms.

MC p



T Fully informed assent and consent we

Exclusion criteria

T Children with | ow BMD who had received

T Family unable to travel to Sheffield or
whateegason) .

f Patients with severe illnesses who wer ¢
whatever reason)

T Pat ihearvtasnfi st ory of wrilsahdHaacture or s

T A child or parents wunable to read and w

The previous DXA scans and medical recor d:¢
receiving bisphospeondwedti deat méntedwd pet e
patients and their parents/ carers were con
team (NJB and PA) prior to ortface ngeaethiemg
or by phone) .odNuJB dand ePAstiundtyr t o the pati e
during this meetindgl i TheaelcePASha t(itehde PFR3ol ds
expl ai satechdpidhenswer ed al l of the parent/ gu
parti ci pant ss/acnadr etrhse igneefoed hvieldi eargfeor mat i on s
understand the pr ojpaerctti cpr paanm mé&eiecdanpy PloS) t4
parent os i nf or mat i on haphpeeer @\ipapr eenad®&4) tTdheh e d [
parkematr ®r s ahdl drhen r were given at | east 2

i nformation sheet to siAgprmpetabg/) c cahlme nt hasd



period was to give them enough time to re

guestions, and decide i f they were happy t
The eligibility of the 42 patients with | c
thpyawas then assessed. There were 26 par
foll owi nd 2hraedasotnar t ed bi sphosphonate ther

scanmnilwmgrrbe unhappy about the transportat:.i
withdomwt hie study duringp@QGé peanoner whasn
(September to October 2022), and one had «L

Bo% 2) .

42 patients (24 males) with

low BMD who were not on 16 patients (6 males) were
bisphosphonate treatment involved in this study
were checked for eligibility

26 patients were excluded for the following
reasons:

1) 12 patients (10 males) started
bisphosphonate therapy before the date
of their scanning

2) 11 patients (6 males) were unhappy
regarding the transportation offerings

3) 2 patients (one male) withdrew from the
study

4) 1 male patient had broken bones in both
forearms and wrists

200N db 26 RAI I BEIYVA NEGNIA NX S y (0 ALSI LK IK@E S (1S o Sy ( a

Al l of the recruits and their families/ car
at any ti me. Al | participants were includ
consent/ assent formshenquéstiheryndiade c omipll e

and their parents/ carers signed the conser



but before it was applieceandAsctams sediree pan c

The study wasrdamawctwed hi n heaefalt8&. Pr ot ect i

5.2Study process

The participants pPpRQE€Cdr wemnsDXR ame KR mMe d

hospitals.

At Sheffield Childraehbspéospctpbhn{SCH) he |
bi sphosnahwvneat @gr oup) -damdeaw&mdhrainsdtn r adi ogr

Experienced radiographers in the Randd ol og

wri stayBdHl ( vahdelBone age). The vi2sO tnsi nluatsetse
(capttthrei ngnage | asted | ess t hariltbwani miurn wetse) s
Foll owing compl eti on of t he first i mage
parents/ guardians travelled by taxi wi t h

preferredemeeldvewv,e hut we covered the pa
transportation costs from SCH to NGH (the

to@k20 mi nutes) .

I n the Clinical Research Facility (ZLIRIF) at
ot he participang@CUundeamwenft tame HIRpsi | at er a
toneasuri nhgi dgnffaenid¢ wkiggihtte s€ studies were pe
Mar gar et Paggi osi ( MP) , Thains ewipsirti éb@etde d a
mnhut es: ten minutes to explain the scanni

the scanning (to minimise the motion artef

MC Yy



during the scan), five minutes f oweitghhet s c

measur ements.

Prior to exiting the study, the participar
compl ete a questionmdiDiXeR ap@QERPpOeiInSd ] ex per
i n addition, the patiemet goompa rwals wa stkhe dI
AppemdCoxmpl eting the questionnaire took ap
of the study, the partt bveaplamne sofwek20d o fAlelr ¢

and scans were supervised and monitored by

Hand radi ogp@@hss aands HRer e anonymi sed, and
a unique study code, consisting of the par
birth. The studry alulmbeffr twhe sutsedy forms, d

preserve confidentiality.

5. 3Measurement s

5. 3.Dlemographic and anthr opomet

The participantso information (name, dat e
contact number) was recorded in a secure d
assessments of their height and weight wit
wadnbunted stadiometer (Seca, Bi r mi rheham,

near estan@eilgbtm, was measured to the nearest

scdHiegb.nle Theanmuwmigdana (LMS) approach was us:«

MC



and-asddgxuusted Z scores for height, wei ght ,

popul ati on [r3e6f9¢r ence dat a

CAJupMEIS t SOUNHPZHFEERRA2YSGSNI YR St SOGNRYAO 6SAIKI

5. 3. Band radiography (DXR)

For this project, didg@imti ala nt avd ia @ d rpaapl dsa $ @ f

hand radiographs) were acquiXrready ursoionng ian F
Radi ol ogy Depard mémtdast@@de| (6¢®K216F; c m,
and tub®ei merpeoaduct 1.6 mAs]. These i mages
Server version 3.0. 3. Quali fadredalrladpamgtia@i

After checking the participantdemidredamti | lsan



after asking the participant which his/ he
fracturesdaoami rtareti rwrniosntss ; tfther dtolme 1a@a np a thiae mt
The participant was seated with their wri:
hand and forearm were flattened and pronat
12 bits per pixel rusiAdv antVa glears cDa mgenro st Vi

USA) and software version TWAIN 5. 2.

The digital i mages were stored on the pi
( PACS) at SCH in DICOM (digital i maging a
which | holhwma&des onnrel ated to I mages, such
and printing instructions. |In addayisnhudyh

were r BonreKepert software versVoBRABABAGS S
Denmkgr was used to analyse the hanwWagedi og
software that <calculates the amount of col
bone age, BHI , and BHI SDS. Thiassl ecsad rciubd eadt i

Il CRlapter SBcti)on 2.2.1. 3

The i mages were first reduced to 150 dpi
met acarpals (and other bones) were determ
i ncludes both the diaphyslisssanmdatt three flusredas
separate boundaries fon Fitppi2¢ ThhRehYOURdang
di aphysis is computed as 64 points, which

across |[$Yybjects



BA (GP): 12.55 y (M)
BA SDS: 1.10 (CauEu)
Carpal BA: (N/A)
BA (TW3): 11.27 y
HE Age: 11.56 y

s. BHI: 4.25
BHI SDS: -1.14 (CauEu)

SBoneXpert: 3.0.3

CA JpiMBP RAMNE 2y 1840 f S DNJ RA 2 IRNEBKR 2328 yomml £t G K& O2y i NP
02NRSNE 28 BAVISRIO0&6A0KNRAY RR i KA A RADK Rz t 062y Saz
F2NJ OF £t OdzAf Fay3a 062yS 3Sovz ! 0Dt 0 DNBdzZ AOK | yR t &f
¢CFYYSNI YR 2KAGSK2dzAS OSNERAZ2Y o

Two points (the mmmaxwsi mdl tared ddiapthay si s) de
three middle metacarpal bones. The | ength
(epiphysis included). ROI was placed at 44
al ong 25% ohe ictosr tliecnaglt ht.hiTckness (T) and w
this area WErgunedaseredsults are expressed

(BHI') using the foll &WEFrh@2])f or mul a: BHI = T



CA 3 pe\aBKK S FYR NI}RAZ2INI LK aKz2ga GKS YSGFOFNLIt YSI 2
NSLJNBasyué iKS tSy3dkK 2F GKS YSGFOFINLIE o02yS o[0Z
0KS IoONNBSs NBLINBaSyida GKS gARGK 2F GKS 02yS 0620

BHI SDS is calculated automatically based

Caucasian chiddde tean éa rddacddyeuwsetaetd ofn b8 5bone a

Bone age i sc alud wlnmattda dGadedwjteidc ho n&mtePydl e@dd @ [IGP )
We selected t helTaGmhkiriatt dlead u & EhTawi )it Gbdepic a u s e
the TW2 method assesses amdrissibreadieagithaplt
reference fAnormal 6 radiographs of i ndi vid
estimated ageorsvhmicthg) .s Itn meontrast, the G
i mage and makes an estimaaimoapiod, boali algle

bone age [c3ar7llclul at i on



5. 3. BRp QCT scan

HRp QCT scans of the distal radius were perf
for Biomedical R e s egaerncelr aaft iQ@NIG Hd Ruasn megr a( X ti rr
Sc anMediA@,I Br ¢gttisel(lFeingbu 4wt zea@ama madse d

by an exrpaedriioeghribepdh earc cor ding to the standar
met hods wused previ ¢ BFR2YT hkey pRa qgHEGCE dts ha ln
simithat ttbhlreeh i QQT scanner Chapgs enSielze @ gbr. ile f1l
All scans were -gemioemedhandshexnept for t
a prior fradomireanth rnmdacei moOo,nNn i n which case

scanned
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5. 3. 3Qual ity Assurance

The -pHRCSfcanner 6s quality assurance was eval
a weekly and daily schedule. The QC tests

to the reference values supplied by Scanc
dai |l ymwer qqwtail ity contr ol test (QC1) was per
patient scans to ensure that there had not
(tcchetchkke st ahbhel B)t pwnhoiElre t hemaeveekd g me otud | mer ¢
performed to monitor the properties of bo
phantom (ScanEbghWeghdicoalsi A&)s (of -rfeisve Byadrn ox
of varied densities thatssomuthéesevaecedoeE
mg HA/ ¢ m3, whi ch represents soft ti ssue;

mgHA/ cm3, 200 mgHA/ cm3, 400 mgHA/ cm3, and
was performed weekly to testomehter ys thayb iulsiitny
European Spine-QPdalaint y mAg LIRrMa n c e i n Radi o

Moehrendor f, Ger many) .

-2

w
T
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5. 3. 3Pr2eparation prior to the scannir

Before initiaticnagl ithheat sopadétiead i wmage whi ch
participant was not i n tdhaer samtnhweatybiexdn i n
the participantods arm inside the (FSicgaunrneer

5.0NVNhen necessary, pads and supporting pil!/l
to enhbwehe pawbsomfadmtwd el i minate movement
scan. During thswegadwni sseédytvpthih o u tt i. malvheeme n t
scan could be repeated dread tdpyernmtadcempoa n tosn
excluded fromt tebewisot mdye meiet ttohat occurr e
scans. The afidyresatt do nbeo ywasHe tried hard to
shivered and moved constyaenattldy .b olyh,e wsheoc owads

to remain stil!/l for three minutes.

CAJmeNRd { K2 60 NOKRSLF NW R (KSUKRBRAa2YAY3



5. 3. 3l.Bage Acqui sition

An exploratory o6éanteroposterior scoutd pro
to identify the ROI. First, the r-2f emence
away tfhreemgr owt h pl ate), and the t odmagor abpehi
about 9.02 mm i hp3V(Rhgd e (Tihl O smoidcelsi)catdi on
to determine the ROI while avoiding radiat
children and protecting it from20b6¢Trhlear mi
effective radi §QCdnsdase wak leeSWHRpem, saaan

(approximately half a dayés exposure to na

B

S Mleasurement Start Line

) :@mmfrom Reference Line

-
J

J
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5 34 3TheRp QCT | mageygtramdi ng

The operator visually assessed the i mage

had been completed and before it was anal

categorised usitnigef o s ual adgessacsi ynbg& dsdyeslakeen e
[ 37Bi] g6
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or each participant. Two partic

were classified as G4 in bot
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5. 3. 3HEBp.QCT processing and anal ysi s

HRp QCT scan processing (contouring, S egme
uts hg the sitmangdafrtdwdmue | tWMedsicah) 600, tBeade

the guidance of an expert operator (MP), t

Contouring and segmentation step

This was the pPpQCItasnepsi s phecdBs. The ai
t he bonTee thiosnseuewas e xsturra otseod t fina tcshsauleé c e

of drmtddRpeQCT dHtdaeclki n@acomigour around the pe
cortidrRilgb®sn &After t hat , -atulh e npartad gcrad rhmnge asgpenmhii
to the following 109 slices. Al of these
any necessary modifications to the peri o:
compart menhbomawercal Ay del i neatbdsesi magtamhai

segmentation algorithm [the maaQbacturer os

i NEK S KIBNSSySliy2 dzNU yoS 0
NbOFt o62YyS

f KBRA 4B & KBY
AYBKSYIISNRA2aGSEE | NBI ¥ GKS
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Standard analysis

I n this stage, the standard parameters, s

wer e dir ecThécyo rmeimmbeuarbeedemlswearn e scal cul ated i1

byorretlhat iGTg | i near attenjwiotnh vead tuaeksl i(sHoeudc
derifvreadm a cali biTati om cplhamicdhmt ect ur al cl
trabecul ar bone (number, thickness, separ a

during this stage.

Extended cortical anal ysis

This procedure was used to determine corti
and porosity.coAtt itchails apnodi nttr,a btehceul ar bone

di fferentiated. |t i's worth noting that t|

(@]
—
(@]

umstances. For exampl e, i f the cortex
structurred itsi glletnlsye aatt ached to the cortex,
bone di sease meditchaeh i ebfinfde 8@ &n.eo ISH>]ci al sof
provided by Scanco Medical (version 6) W
according t o t he approachl 3deldA rtdhoreeds hloy d E
segmentati on approach was applied during t
segmentation of t hle o rfe@F7t6i]lcta It wvedend pa meob b odl
detect the periosteadt amat i€abdisltipa pap Icead d stua
t hfeor mebt i ned segmented bone endiame &moe d.u
Second, the trabecul ar compartment was rem

a dideabsoon approach, | eavi ng cteh,e anfatsekr cwohr

MY H



an extended cortical anal ysis was perform

were reviewed and checked manually by MP.

Finite el ement analysis

Il n t hiFsE As twmacksy ,per f or med usi ng Medfitcvadr  viea s

1. 13solFEer included in the I mage Processin
Switzerl and) to obtain information about
stiffness, estimated failuretheatdrabadultad
cortical bone on tslod dihet aladamd .pr oxi mal e

The FE model par amet er sa uYsoeudh giors tmoidsu | sutsu doyf
trabecul ae bone and Youngdsamdd®Pbussaoho6g0r
measure of materi al deformation, wW&8Bsi79peci
Thetdlsregion of the tibia had been expos
proxriemgiemai neo faxmeput e the estimated f ai
assumpti onl2av&gndeenddthiien,aslsauad failure ocec

of the bone is subjected to strain over a

MYy O



5. 3. Parti@mipp ak towe (ngiuneustteisonnai r ¢

Once the scans andcomphsuedmertasc hwepraa t i ¢
guestionnaire about their experience dur.i
DXR, pHOEAnd DXAt bBea®DXA(scandg uesxp dgroire ntchee w
groam)d how comfortabl eFohega€tbuotli the maete
three optionwvemerien omnive dmdmIrd'andp | pr obhlam" "
Finally, the children were asked which s

experienced any difficulties with any meth

5.4Data anal ysis

To achieve the resear hctdbpdBas sest gdneby |
stati(sARacpipani ed di fferent statistical me t h
technique was chosen to suiitvéheStgpesbicd
was performed using STeATAIBSHatta Garip all GofC

Station, TXpv.alAine aorfbiOt.rOa5r y(t wo tails) was

Continuousl!l y(edigst,rialgwet, e b odhasteangayr i sed BMI m
25 nd5pkrent i |l es, me an, guartil es, and st an
(e. g., sex)wenrde dsiseaopmmbolsiipser cent age (%) . I n a

HRp QCT par amet e sesd weyr emesda ne@id,.r ime a n

BHI valueCadngpaHR meters such as tot al bon:
cortical density f orbitdsehdseahypygaecaotuepcsi p(ahnetasl)

both sexes wamen dceopnepnadreendt bty test (this is

My n



nor mal dia35%bCti ovms,; cal cul at sthy Goap minda

whi skewe pe& oft ar med as vi sual representation

The degree of correl at-pQ6Tbptaavasna( iBHd | wadil ru
for each group mact asasred skRaar ScrmaGd eadorrel a
as necessary. S-¥ qpt at i ery wiomole odt i Bneaad rressovn 66 Corre
coefficient measures the Bdireal odQCame aHR

parameters.

Bl and Altman (BA) plots were used to measu
SDS anpdQMR pasHansdd3e/r8 A pl ot s al so go by
Omean/ di fferenceb6é plots. This graph all ows
agree with each other. BA plots the. dOhfer
t hxaxi s, t he avepQ@Q@le [Bdrl anentdertbR wer e pl ott
bet ween the two methods is -pentedtawtheée B
practice, the two methods wer e vraerpiraebsieen.t sT
the bias between t htehe whoi anetiho dpos iStbimed,i ma
negative. The 95% | imits of agreement (al

maj ority of the wvalwue | i nesal |Wad uoeust Itihearts .lI

Linear regression was used to seek -furthe
pQCT paramet ses. The plbssenbd @anedf dlbeocate oaf g e
confoundisaiwasv aad jabdteed f or usimgamuleigples
assutnbeesr mal ity of the residuals, which was

resi dual i's an unexpllha néadodvmasswmasomenanut

My p



applyi-agqguaeade(aexplained variation) of the i

var i athd esampl e size is too small to all ow

5. 5Sampl e size

The sample size calculation was ibaseldv ed

comparing BHI with DKSA] We ¢biulndr eancamdea @i
bet ween BBIMDamnd Hotsplapysephcechat dren of 0. 52/
of BHI -paQxdT HiBn fneorni or to its correlation wi
of 0.90 (so the probability of failing to
hypotbre Diash@) an al pha @poedf0bdeprcwol eaiel spf

size of 34 children is required. We chose

to divide them into 20 healthy and®dMDb0 pati
in the cohort. Al so, the equal distributio
more straightforward (10 males / females).
mal es and,bludt ffeomaltehse) pati echtomlay tsicx pmalt es

f emal es.

5. 6Data handling and record

After acquiring the anonymised radiologic
hospitals (SCH and NGH), the scans were t
| mage FBEoxrptoarlt (P EP)sed Télee atnrolmmryind data was

spreadsheet on thel sbhhadstkedd Dandesetiard UDoPi e
forms and questionnaires (paper document s)

PhD studentods office. Data was coll ected

MYy C



Act 2018 and was r eviwe Wwdrdd oacnad npornoi cteodruerde si.n

documents will be retained for a period of

57. Et hi c al considerations an

This project was ethical-ICambpprdgRedcemy ctaH e
Ethics Committee (REC reference: 21/ EE/ 00E
Heal t h and Car e Research Wal es ( HCRW) ar
commencing the study I(aAadRdASt ipam,] elcac dID:e t2MBi2
olati nedt HSECoMMHS Foundati on Trust (42%9Z4A) gmdj
t hlko.S Al | approval document Appel) ®t 4t hed
Good CIl i niccearlt iHriaecdt iPcheD st udentdr pehfsr med
and submitted all approval $hwst&tutdg Dsaida

clinical project on EDGE NHS (EDGE I D 1345

The current study's mpampisciopantys’ Thabegpov
HS kterpatck of participants and reported any

the study.

Radi ation exposure is ,ahehomaglbrtlkeéhradiatck
DXR anpQE&®R are negl dSgi bIteh rgefek phoosuuarsdu rtaa | ny
occurring backgr c8wd (dnaayld i eaxtp cosnu)r eantdo 3nat ur
background radiation), respectively]. We c

of our application ,apwe rvwsSreenrt eld oatplpit oy ad p p

MYy T



All radiographs and scans were performed b
repeated in thisp@GQG3ucdayns ,Reagamax inigu mRof t o\

performed for seven participants due to ar

Al | pati @éataandets&dialns, were anonymised. Rese
patient identi fiabl et Hdiegt aii ing oahtuao Mvivieldlf onr om
conduct the study in accordance with the ©TC

My'y
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6. 1. Descriptive statistics

A summary of all participant sTabd.agd aa nadn d hsec
corresponding results are graphi dalgluy esep!
6.16. 5The méhamnodaggichal al | particypaats 1&n 8«
year st,hcewnht hol participants having a -mean a
napgve group having, awlmelaeneta g eobbol hl e 1phagret iyceiap
as determined by the Greulidh h& BRmelaems( GBR)n.
f oorhceont r ol tghbed 8 p h @ snpahpovnea t ger oyuepaarmse r Ve alrls

respekxti Veé yage and bone aagdei fdfiedr ennocte sbheotwy

groppsO0. 5p2 @Gnhditéspectively

I n the <cobnotnreola gger oaunpd, wbrmeé n dll(ygleclids wahg d e
I nt he bi sp-hagphkongte@eue , was a significant

chronol ogboak( age7anwdars and 1d=057YyWear s, r

Regarding the wei ght inansdp intoei ggihg n infeiacsaunrte mee
bet welamont r dli s phdsnpahpovneat gr=o0o WOp.s54[p¢F @a&n8é8471),
respecticoalcyhjolwierteen bot h heavier oapdhemnal leer

napve cthit dmesaamn d f m@d ig &.mle



Tab8 descriptive statisti cshefadcrtomyhreole naanid e
bi s phosnpahpovnessgerpoaurpt el y

Variables Units Whole cohort According to group
(n=36)
Control group (=20) Bisphosphonatenaivegroup (1=16)
Anthropometry
Mean 50" 25" Std. Min Max Mean 50" 25" Std. Min Max Mean 50" 25" Std. Min  Max
75" 75" 75th
dev dev dev
Age Years 113 115 96/ 217 8 144 11 115 89 22 8 14 115 115 95 217 8 14.4
13.6 133 13.7
Bone age Years 10.8 105 84/ 262 68 154 11 12 86/ 251 68 145 107 102 84/ 27 68 15.4
13.2 13 13.2
(Based on GP
method)
Weight Kg 386 356 27.2/ 113 22 59.8 396 386 @ 304/ 113 22 59.7 373 351 268 1195 25 60
49.9 50.3 48.3
Height M 145 147 130/ 1658 120 174 147 154 133 1714 120 174 144 140 130/ 1619 122 171
1.60 1.61 1.58
BMI KoMt | 17.66 17.10 1646 242 13 234  17.80 17.24 1665 209 1475 2286 1748 1675 1545 283 13 23.4
/18.4 /183 /19

BHI and BHI SDS of BoneXpert

BHI 432 4372 400 0485 323 53R 4577 450 432/ 0344 4100 532 4003 39% 37U 0449 323 462
4621 4.815 )

BHI SDS 124 442 216/ 1210 -38a 093 -0387 -0471 093 0758 -L76l 093 -2046 2202 -249 1060 382 0.222
-0.27 10.26 /-1.58

HRpQCT parameters of distal radius

Areas

Total Area cme | 1994 | 189.3 1405 677 97 3294 207.8 211.8 1444 | 4645 1012 308.4 1888 1682 1308 7224 97 329.4
1270 /268 1270

Cortical area | ¢ 154 145 10/ 754 5 378 192 182 1345 7.06 104 378 107 895 7/14. 518 5 21.7
20.75 /21.9 5

Trabecular c? | 1707 1593 1163 637 74 2952 1763 1766 1172 6204 74 2758 1637 1435 1118 67.26 79.6 2952

area 1237 1229 /239

Bone density

Total density mg/ 2212 2107 1843 5512 1201 3702 2504 2466 2205 5264 1734 3702 1846 1889 1647 3181 1201 2453
cme /248, 65 1275. /201. 9



Cortical
density

Trabecular
density

mg/
cm?

mg/
cm?

614.7

1479

615.9

1482

Trabecular bone parameters

Trabecular
number

Trabecular
thickness

Trabecular
separation

Trabecular
BVITV

Trabecular
inhomogen
eity

i
mm

mm

mm

Th.1/
N.SD1

2.055

0.059

0.424

0.126

0.175

2.135

0.058

0.402

0.128

0.161

Cortical bone parameters

Cortical
thickness

Cortical
porosity

mm

Cortical tissue mg/

mineral
density

cm

0.285

0.055

758.7
90

Finite element analysis

Stiffness

Estimated
failure load

% trabecular
distal load

% trabecular
proximal load

kN/m
m

KN

%

%

35.14

1.888

0.519

0.235

0.26

0.038

765.1

36.44

2.016

0.515

0.221

563.1

670.3

121.8
/168.

1.86/
2.3

0.053
/0.06

0.365
10.47

0.102
/0.15

0.136
/0.19

0.175
/0.39

0.032
/0.04

731.2
/788.
66

27.58/
40.32

1.36/
217

0.481
/0.55

0.168
/0.27

65.48

3179

0.342

0.007

0.077

0.029

0.056

0.147

0.080

40.01

10.24

0576

0.084

495.1

13

0.048

0.31

0.077

0.11

0.07

0.021

658.7

15.14

0.823

0.388

0.121

740.3

222

2.51

0.077

0.611

0.185

0.349

0.72

0.516

812.7

63.34

3.088

0.712

0.446

642.7
75

166.2

2.215

0.062

0.387

0.142

0.158

0.355

0.043

766.3
27

41.61

225

0.521

0.236

650.5

164.2

2.24

0.062

0.379

0.147

0.143

0.36

0.040

768.2
13

40.24

211

0.534

0.221

600.9
/681.
85

151.3
/185.

2.045
/2.40

0.058
/0.06

0.342
10.42

0.125
/0.15

0.133
/0.18

0.23/
0.43

0.033
/0.04

740.0
96/79
7.02

37.44/
46.40

2.04
244

0496
/0.55

0.174
/0.29

61.50

26.90

0.204

0.006

0.049

0.025

0.039

0.149

0.014

35.99

7.54

0.35

0.073

0.077

543.9

121.3

18

0.051

0.31

0.101

0.11

0.15

0.023

700.8

29.47

1

0.394

0.130

740.3

222

2.51

0.077

0.5

0.185

0.247

0.72

0.084

812.6

63.34

3.088

0.662

0.386

579.7

125.0

1.855

0.054

0.469

0.107

0.197

0.198

0.072

749.3

27.05

1.44

0.517

0.234

594.4

121.2

1.86

0.053

0.473

0.101

0.174

0.2

0.035

764.0
18

26.79

131

0.489

0.215

535.7
/610.

113.3
/137.

1525
12.20

0.051
/0.05

0.409
/0.52

0.094
/0.12

0.152
/0.23

0.135
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6. 2The cohortsod clinical c ha

By t he ernedc raufi ttmee t stage in May 2023, a
successfully scanned, out of which 20 wer
bi sphosnpahpovneatceni | dr enl  itnftd udo mtgr &1 beprysy p,
boys) headd crad mssues. However, t wo boys ha
(one of dahémakaure after a daafracdciudentaaftan
trauma whil e. phaywenmagrttf io@alt gpymsapgdrd ) presente
di fferent medical i ss &edagbwurntcH aurdmarge ,c otnhsd ri
boy who had previously undergone thhegery
bi sphosnmnpahugvweamer e pladadeatdi agnosi s of ost e
tdan ot her. clomaima dincsal i ssues for all part

Tabg &



Tab8 & Shows the medical hi story of the par
Group Number of Sex Medical history
participants
Healthy 15 (9 girls/6boys) No medical issues
1 Boy Right tibia fracture
1 boy Right fifth metatarsal bone fracture
1 Boy Constipation
1 Girl Eczema
1 Boy Adenotonsillectomy
Patients 5 Girls Ol
3 Boys Ol
1 Girl Ehlers Danlos syndrome
1 Girl Glioma under chemotherapy an
radiotherapy
1 Girl Celiac disease
2 Boys Celiac disease
1 Boy Sickle cell disease
1 Girl Systemic lupus erythematosus und
systemic steroid therapy
1 Girl Lowdensity lipoprotein receptorrelated
protein 5 genel(RP} variant
A comparison of the groups -fdaewe tbolilcdmen
conducted. The figures bel ow show the en
di stribution supecampesendsbdnofheme data a
di stributed,-tast wadepesddntotcompare the
(Fi g uerie.
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6.3. Measurement s

63..1 Comparative anal yspQCadaf DXR/
paramehnheepgetnaletintbdet ween contr ol
bi s phosnpahpovneat e

63. 1. BHI and BHI SDS of BoneXpert

The cohortés mean BHI was 4.322 and the me
wad . 124 and tHhelthediFan Wwesl thy control s, 1
val ues werOe 348.75 7 7r easnpde cBHIV ediyd (BHIe ®RH i wearr ¢
-0. 47, respectivelynpyvaethihehndt sBHsphodpBélhatS®
of 4.2004®d respectively (the median BHI

2.2, respectively).



To compare the BHIlofanth@&Hhe &IDtShw ad aretsr ol s
bi sphosnpahpovnea tpead i eint de-pefdbenBHL and BHI SD
were found to be significant by shp hgohseprh oinnat

nawwe pp0 .(0 0 0d=0a i@ Brpeect i vel y) .
63. 1. HRp QCT parameters of the distal

The two groups differed significantly rega
(p=0, @A0B6P. 002P=0.d0AOr esp.dabei cehy)y ol group ha

hi gher densities (total, cort-napVe @g@gndupr a
Trabecul ar bone microarchitectur e:

The control group also had significantly h
bi sphosnaatpev e pgarbups(W®and 0. 0003, respectiv
t hiei s phosnpahpovneat @r oup had significantly hi

i nhomogeneity t hpvnaltuhees cwoenrter 50t.eOgOpOerc fpa n¢de | Oy.)

Cortical bone microarchitecture:
Regarding cortical parameters (cortical p o
cortical pore diameter), t here cwagmallo si ¢

bi s p h o snpahpgvmea pp=s 209. 8@2=0 .12,0 gprd 32,0 respective
While there was a signifi csonft cdirftfiecppdnctehihb

= 0.0007).



Finite el ement analysis parameters:

Mo st of the FEA pat amat & digt er(adbteiafdf,lnaers sgver
Mi ses stress, and cortical averageowomoMi s

group bhaphohkmpaugvnea pp0 .(A,p60. A,pP60. 000pF5s and

O. @#08r especctoinvterlays)t., Itnher e was no signific
groups in trabecular distal | ope 8NM@W trab

0.85 respectively)

Tab6.e3Shows

the resultsesf aeaomdafdiecpeamteast
parameters of

control c¢hinladpwsn emittsh t hose

t I N} YSGSN& aSly RAUGSNBY LBl dz @ f
0SGpSSy Oz2y
OAALKZ2 aYIKey:
I NR dzLJa f
L nopmaocampbyno LI ndn ndor
.1 L {5({ M ®copmyPoH Procn LI n@dn pdpc

¢20Ff RSyaAide cpowpdqhapdhit LT n@n nobdo

/| 2N OFf RSyaa coHoapoqmnudcn LT ndn odHC

Z
(@
¢
(p))

¢ N} 0 SOdz nmdmmeppnpdy p LI n@n pdnr

¢NF 0SOdzf  NJ K. nonnyneoodmdp LI ndn nodnrs

¢NJ} 0SOdz I NJ ydz nebcn dmpigpwe m LI andgn o der
¢NF 0SOdzf  NJ . 21 nonondqmyvpn t I nc¢ ndnc
¢NF 6SOdzf  NJ &S| m ®nm @ méanohour LY non b7}
¢NF 0SOdzf  NJ Ayl monmédndmdionc LIndno ™ PIPMC
/| 2N Ol f GKAO]l  n ®wmpaT qiupibo LY noén odT1

HOn



/| 2N OFf LR2NRB& mobonmpngodnec LI ndOH mdnjy

| 2N OFf 2&aadzS wmc ogprcdgradagpy LI 1 dOH MDHT

{olySaa M pGhdeccmapdm o LI n dmn p Do
9&4aYlIGUSR FILAf noymppomuboyy LI n@n pdTy
¢CNEOdZX PSINI 3S ( nodcmPuepypdnd LI ndn o dyn
aGNBaa
| 20BFE GSNIF IS € noHmPpnc@™®mun LI ndn HDPTC
a0 NBaa

CNEOdRA NI £ € 2 1 dmm g MPpOD LY yng ndmc
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*Positive values meamnhdi gnheggra niiend @ Wwearl cucenst t bé gopoupo

6322 Correlation coefficients bet
SDS anpdQHR pariameltwedisng FEA

6.3. 21 .Correl ation bet wep@CTB Hol a rvaanheuteesr s
t heenti re cohort

The correlation was assessedtysiamg tthe Bds
significance pxf O0t.0e& )c omarse ldeettietrami{nedtTthler ou
strength of the correlations was interpret
very weak, 0.20 O r O 0.39 is weak, 0.40 C

and 0.80 O r (3550 is very strong

HNOM



Tabd @€orrel ation coeBH&md -pHORCS D a tiarerelhed ibreg
FEAcrobe entir & oacaochhorgr oaunpdb ( ¢ @ ih to snpdhpovaea t e

children)
Whole cohort Bisphosphonate  Control group
n=36 naive grou
(n=36) group (n=20)
(n=16)

Bone health index Total density 0.75 0.64 0.61

standard :

T Trabecular density 0.75 0.60 0.55

(BHI SDS) Cortical density 0.50 0.23 0.29
Trabecular number 0.73 0.58 0.63
Trabecular thickness 0.63 0.50 0.34
Trabecular BV/TV 0.61 0.32 0.38
Trabecular separation -0.64 -0.34 -0.61
Trabecular inhomogeneity -0.48 -0.23 -0.56
Corticalthickness 0.54 0.43 0.21
Cortical porosity 0.13 0.45 0.13
Cortical tissue mineral densit 0.29 0.13 0.31
Stiffness 0.76 0.60 0.55
Estimated failure load 0.77 0.60 0.66
Trabecular distal load 0.27 0.30 043
Trabecular average von Mise¢ 0.60 0.44 0.33
stress
Cortical average von Mise 0.42 0.30 0.41
stress

Bone health index Total density 0.60 0.46 0.43

(BHI) :
Trabecular density 0.65 0.57 0.33
Cortical density 0.31 0.20 0.11
Trabecular number 0.71 0.64 0.50
Trabecular thickness 0.46 0.36 0.37
Trabecular BV/TV 0.56 0.36 0.27

HNH



Trabecular separation -0.56 -0.34 -0.37

Trabecular inhomogeneity -0.38 -0.16 -0.34

Cortical thickness 0.54 0.36 0.21

Cortical porosity 0.12 0.35 0.33

Cortical tissue mineral densit 0.17 0.11 -0.01

Stiffness 0.76 0.67 0.60

Estimated failure load 0.76 0.69 0.48

Trabecular distal load 0.43 0.54 049

Trabecular proximal load 0.24 0.38 0.17

Trabecular average von Mis¢ 0.48 0.43 011

stress

Cortical average von Mise 0.15 -0.17 -0.13

stress
I n the overall analysis of the entire coho
with the mpPRETIi pgr ametH&r 8HI | S5®Sudsdm ekl e
with total density 7baddt mowedc walt @d ydevn g iht ¢ C

= 0.5 09)6.869) .
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There was a strong positive correlation be
tr abeawubaemdr abecul(ar =PO\DRAGVI ,0edpheckiyedeg)
6. 10pand a strong to moderate negative corr
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