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Bone microarchitecture has been shown to provide useful information regarding the evaluation of skeleton quality with an
added value to areal bone mineral density, which can be used for the di-agnosis of several bone diseases. Bone mineral
density estimated from dual-energy x-ray absorp-tiometry (DXA) has shown to be a limited tool to identify patients’ risk
stratification and therapy delivery. Magnetic resonance imaging (MRI) has been proposed as another technique to assess
bone quality and fracture risk by evaluating the bone structure and microarchitecture.
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| 1. Introduction
1.1. Bone Disorders and Investigative Tools

A large number of studies have demonstrated the substantial burden of bone disorders worldwide 28, Considered as
the second greatest cause of disability [, musculoskeletal pathologies account for 6.8% of total disability worldwide 2.
Bone pathologies are usually affecting the bones solid phase, which is composed of both cortical and
cancellous/trabecular types of bone. Bone alterations commonly include cortical shell thinning, increased porosity of both
cortical and trabecular bone phases 5], and reduced density, volume, and regenerative power. These bone modifications
generally account for a reduced resistivity and flexibility eventually leading to an increased risk of fragility fractures
accompanied by long-term disabilities. Recent studies have shown that people over the age of 50 with a high risk of
osteoporotic fractures represented more than 150 million people worldwide with 137 million women . This number is
expected to exceed 300 million by 2040 (8. Fragility fractures lead to more than half a million hospitalizations each year in
North America alone, with an annual direct cost, which has been estimated to be $17 billion dollars in 2005. This cost is
expected to rise by almost 50% by 2025 4. Overall, the early identification of bone fragility risk is a major health issue (&,
In the clinical context, bone disorders are usually assessed using dual-energy X-ray absorptiometry (DXA), which is able
to assess the bone mineral density (BMD). The BMD score is then compared to a reference range of values calculated in
healthy (25-35 years old) volunteers taking into account sex and ethnicity. Accordingly, a score (T-score) is generated
indicating how far, in terms of SD (standard deviation), the measured BMD is from the reference values. A T-score
between -1 and -2.5 indicates a low bone mass or osteopenia while a value lower than —-2.5 is indicative of osteoporosis.
The corresponding method has good sensitivity (around 88% for both men and post-menopausal women), but the
specificity is poor (around 41% for post-menopausal women and 55% for men) [ resulting in a low clinical diagnostic
accuracy (70%) 29, |n addition, DXA measurements do not take into consideration microarchitectural alterations, which
have also been recognized as part of the structural picture in osteoporosis. Of interest, bone microarchitecture can be
assessed using quantitative computed tomography (qCT) L1122, Given that both DXA and qCT are both radiative imaging
techniques, non-radiative alternatives would be of great interest. Over the last decades, magnetic resonance imaging
(MRYI) L3IL4]I15] has been indicated as a non-ionizing and non-invasive technique.

Using MRI, a large number of studies have attempted to assess bone microarchitecture in bone disorders and more
particularly in osteoporosis LEIL7IEIL0  The corresponding studies have been conducted at different magnetic field
strengths, using different Radio Frequency coils and pulse sequences. Although, the results were compelling, the
sensitivity of the corresponding microarchitecture metrics for diagnostic purposes and the assessment of the disease
severity is still a matter of debate.

On the basis of a comparative survey of MRI, computed tomography, and DXA-based metrics, we intended to address the
issues related to the diagnostic potential of the corresponding metrics and their capacity to predict disease severity. The
final section will be devoted to potential perspectives offered by magnetic resonance spectroscopy (MRS) and chemical
shift encoding (CSE-MRI), solid-state MRI, and quantitative susceptibility mapping (QSM).



1.2. Bone Microstructure

Bone is a multiphase material composed of a solid phase and a viscoelastic component. The solid phase is considered as
hierarchical, anisotropic, and heterogeneous and is composed of 65% of inorganic matrix (mostly calcium hydroxyapatite
crystals) and 35% of organic matrix (type | collagen, proteoglycans, and bound water) 2. While the inorganic matrix is
characterized by a high rigidity, a high resistivity, and an elastic behavior, the organic matrix is deformable thereby
providing the tissue with tensile strength. Due to the combination of these two materials, bone tissue is simultaneously
deformable and rigid 2. The solid phase creates a shell for the bone marrow, which is the viscoelastic component. The
bone marrow on the other hand has a double function. It provides nutriments to the solid phase allowing higher
regenerative rate and is able, due to its viscoelastic properties, to spread the dynamics of an impulsive action, reducing
the risk of fractures due to impacts 22, Bone tissue is composed of both trabecular and cortical bone phases. Cortical
bone covers the whole surface of the bone. It is compact, dense, and characterized by overlapped and parallel lamellae,
which provide a large resistivity 29, Trabecular bone is the inner compartment of bone tissue. It is composed of 25% of
bone and 75% of marrow [23. At the microstructural level, trabecular bone appears as a complex 3D network of
interconnected trabeculae rods and plates responsible for tissue resistance to loading forces. The bone inner architecture
is an important contributor to bone strength independent of bone mass 4. It is characterized by a high porosity so that
trabecular bone is lighter and less dense than cortical bone. In fact, cortical bone mainly works in compression while
trabecular bone principally works in flexion and torsion reaching a higher area under the stress—strain curve 23],

Bone is actually a dynamic porous structure and this porosity can change as a result of pathological processes but also as
an adaptive response to mechanical or physiological stimuli. This change in both cortical and trabecular bone porosity can
strongly affect the corresponding mechanical properties 23!,

| 2. MRI Based Approach

A non-invasive alternative to DXA and qCT could be MRI. Over the last two decades, a large number of studies have
intended to assess bone microstructure using MRI. The initial investigations have been performed using T1-weighted spin
echo sequences characterized by short TR (<1200 ms) and short TE (<25 ms) in distal radius and calcaneus 16124125][26]
Due to technical advances, tibiae 1127281 gpine (24129 and proximal femur [28IBYIR1IE2] haye been investigated. MRI of

trabecular microstructure can be obtained by imaging the marrow phase inside the bone segment, which appears as a
hyperintense signal in conventional MR images. Using higher field MRI, i.e., 3T one can expect an increased signal to
noise ratio (SNR), which can be translated either in a reduced acquisition time or an increased image resolution. Over the
last decades, due to the higher availability of high-field (HF) MRI scanners, a large number of studies have been
dedicated to the MRI assessment of osteoporosis LALEISAIS328I32]31] \/ery recently, clinical FDA and CE-approved ultra-

high field (i.e., 7T UHF) MRI scanners with announced MSK applications have become available. Their clinical availability
is still poor and the coming results will be of utmost importance to decide about the future of UHF MRI for clinical
purposes.

Using MRI, the most common extrapolated features are the bone volume fraction (BVF), the trabecular thickness (Th.Th),
spacing (Tb.Sp), and number (Th.N) [L8133],

2.1. Technical Considerations for Clinical Usefulness

A signal to noise ratio (SNR) of 10 has been reported as the minimum value for the investigation of bone microarchitecture
(34 The scan time considered acceptable for clinical examination has to range between 10 and 15 min. As a result the
minimum voxel size, which has been obtained at 1.5T was between 0.135 and 0.250 mm while the slice thickness was
between 0.3 and 1.5 mm. One has to keep in mind that SNR would be higher for superficial anatomical sites (radius or
calcaneus compared to deeper anatomical sites, e.g., proximal femur) leading to higher resolution or shorter acquisition
time. Moreover, SNR can be increased at higher field strengths and/or using multichannel coils B4I35I[36][37]

MRI pulse sequences such as gradient recalled echo (GRE) and spin echo (SE) have also been tested at different field
strengths LAB2IE8] |t has been shown that SE sequences were less susceptible to partial volume effects as compared to
GRE sequences and that GRE were more sensitive to trabecular broadening than SE. These results indicate that SE
sequences would provide more accurate results regarding trabecular characteristics 1228l However, the use of these
pulse sequences might be problematic using ultra-high field (UHF) MRI considering power-deposition issues.

A list of the main literature references, scanned regions, sequences, and principal MRI setup parameters is reported in
Table 1.

Table 1. List of the main magnetic resonance imaging (MRI) parameters and sequences.
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2.2 MgrRatrMGIYLEd MERUIAU QMbecular Bone Structure Best? Eur. Radiol. 2003, 13, 663671,

doi:10.1007/s00330-002-1695-5. ]
In the majority of MRI literature, the morphological parameters that are reported are BVF, Th.Th, Th.Sp, and Th.N [32](38]
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ha\éﬁ,ipgﬂgﬁé@é&l&ﬁg@@@ggm@artim volume effects occurring given the poor resolution of MRI as compared to the

trabeculae dimension (28141421 5 far, no standard reference has been suggested. _ .
43. Modlesky, C.M.; Subramanian, P.; Miller, F. Underdeveloped Trabecular Bone Microarchitecture Is Detected in Children

StudiksCeseloiahEdisy dnfegdrioMResmdionrblagielic BesananepdyingoPateapgiofaliilitg 0P8ctlPed 68avd Gllustrated
mi&%%%éﬁ?gllsél%%&@@éa&’éd BVF and increased Th.Sp) whereas DXA T-scores were unchanged. In a study

aepRiieissk e disB!; rnillips, 94, KSiawsky: eVal, shQwadagirhaosiFnaisrrusRl womsHHhFWe vighibtdomefomatioshaee
volpraetiirefiare Axg ctibighenigrosRnaind @QE T Teasarapadetainecaattals HidtakTigetral. Radiustatyp csmekictpduamithe
provorakfergte afosos hedltR 1MaRS and—eslalds:a8iig®MotDA198-ad8-3568HRI showed good correlation (r up to 0.86)
4‘%‘?‘&&82@&’.?%%%'0% raarﬁ‘j“f:}?rﬁi%’%%&% fromdn eF_Vﬁ%ﬂHFA%”ste@,%'r%esﬁ'ieo’ﬁé%%g %F&’EF%HS&&?B%%%‘S‘% Yjfstructure
of @Srﬁﬁ?é‘é‘?‘?ﬁée@éﬁé%sﬁ#gﬁm’é@'XrFlQHEfs‘?'%‘?JﬁB*?‘eéﬁ.350%‘,”1%;51‘665]41\('ﬁé?i‘é%‘i@/j?dl%ﬁﬂ@%.%b%bﬁe” reported

in a large variety of cases including chronic kidney disease (CKD) B3l Hivinfection 24, glucocorticoid-induced

46. Baum, T. Usg of I\éR-Base TrabeculapBone Microstructure Analysis at the Distal Radius for Osteoporosis Diagnostics:
osteoporbsis =4, or disuse 0steoporosis =2,

A Study in Post-Menopausal Women with Breast Cancer and Treated with Aromatase Inhibitor. CCMBM 2016,
In HoEtQRY13R/agrebAYZeER 1R- Hi88H-tibiae of 20 patients with CKD, Ruderman et al. reported trabecular deterioration

4pgeihes With reduged, sertisall thiskeess PHagresverad Wuedsonduciee iuafopasiesibafiseirg Byfnd stage renal

disgpe dréHRBYiredn herr Howodhatifis Dsihg- 3 MRY Bviteoseussitinass. wasergigrificantly, loger (p < 0.01) is ESRD
compiated 861P@s 1481 Al86tiar. study conducted on distal tibiae of 11 kidney transplant recipient patients have high-
ANense. postiranRpiant gsteporatian dn. yahectlarchope awalty "5, In 4 gudypconducted in proximal fefpurs at 3T,
9luRQEBHSAIh FRAlReb AR XAt & ARESY S SR GRBPHIMBY: BRRSSAE RIRIICHOE 3 GorP-769), and a largely
incB‘?ﬁﬁ%ﬁlbﬁ%?ﬂj%@aBb%@.PZL.]OlFiE.‘tiems with a disuse osteoporosis displayed similar anomalies for BVF (-30%), Th.N
(-21%), Tb.Th (-12%), and Th.Sp (+48%) (45], Chang et al. _[1—8] further supported and extended these results in a study
Ardteid n dRAM o ST In 3 SN e Bactiras They resortods jower BUYRE0E > Yoo RoLUsY), and
Triabecular Bone in Osteoarthritis of the Knee: A 3-T S dx. tOsteo oros. Int. 2012, 23, 589-597

tu
erosion index ;—6%). Moreover, In a 71T MRI study conducted in"the distal radius of 24 women, Griffin et al. reported a
0i:10.1007/s00198-011-1585-2.

trabecular bone microarchitecture gradient with an overall higher quality (+123% BVF, +16% Tb.N) distally (epiphysis)
Branectinkaily [Enigspydis) Mizente, J.; Bendahan, D. Trabecular Bone Microarchitecture: A Comparative Analysis

between High Field, Ultra High Field MRI and X-Ray Micro CT in Humans Anatomical Samples. Bone Rep. 2020, 13,
Ultapo it fiets: MRI1 0561 rovidd 20A@s4ath a smaller pixel size (0.156 mm x 0.156 mm) as compared to the resolution
sACeNSh A e IS RUSBIL %A B L3 CBTLI: MBI AY 3B, Paun; V! B! T BE iy gonducted in
dis 4Biak B O Ao RO HRIANRS Rh LR B e FRARHPT NI TRY SR SO MRS S A RIaRS g SHeauhivgre difersad than
thogg AuREHIeAEeMghT AT maReaMPEs SREGISAINCHARICANFARKERGARIS. wiNissh eraased fH4F £147%) and Tb.Th
(+2890) vheeEas B 8.66000t500 666 18N (—4%) were both decreased [88]. These results suggest a higher discriminative

5power_ of UHF MRI for trabecular features. ) . . o )
2. Rajapakse, C.S.; Magland, J.; Zhang, X.H.; Liu, X.S.; Wehrli, S.L.; Guo, X.E.; Wehrli, FEW. Implications of Noise and

Resolution on Mechanical Properties of Trabecular Bone Estimated by Image-Based Finite-Element Analysis. J.
Orthop. Res. 2009, 27, 1263-1271, doi:10.1002/jor.20877.



52. R MecrestriudtappalseDXA.; Opperman, A.; Robertson, P.L.; Masterson, R.; Tiong, M.K.; Toussaint, N.D. Bone
Microarchitecture in Patients Undergoing Parathyroidectomy for Management of Secondary Hyperparathyroidism.
In BsiddyePIbmiedIN190 APEAGNAP 08l Wemery 2argogbal. showed a good correlation between DXA-based BMD

and MRI T2 and T2 * in calcaneus (r = -0.8, p < O 001) and s in r = -0.53, p = 0.002) B9, Similar results have been
54. H Jansujwicz, A.; Simmons, C.A.; Snyder, B.D. Trab cua Bone Morﬁholo y from Micro-Magnetic Resonance
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values 22 T2 * relaxation time illustrates the susceptrbrlrty differences between trabecular and bone marrow leading to
550RaiA0As BIStoRrGASRZHeR RN MARORY RSP RIRCBLLACURANNY & TIRRISHLRANS A YeLsheel,
seVARl QR P ROROQII FARCLAiR RISt GUEH FARER VAT SRaldg BREQPHEY M raMussyesheletsRISafd 245 «

measurgr%e%él %%%%’8 289 O?elpgﬁeg%lsigniﬁcant difference between benign and malignant neoplastic vertebral

SéorsjioveshorRirabuite MV GRsyeA Doddizem BstiRizciirakieamkepenphte dBXIey Nh &vabiretionsafoFrairegddve correlation
wabligaichiactee thd\pansteppneotitaRosinenapa ssbWoEMAThcand ki Baeidsgh): RorkeMinahRRRREAE the
cor?@sé&r%’mb@g(ﬁfﬁd&do@tvmm1—5950.646, p < 0.001) BA The negative correlation indicates that patients with

SR ARaRA DONE TARsAlIRIBISHNAL: Sharacierizes by, an. ineranad, Tt sondent . benarmgaton, HEL RT: Parrott, AH.;
Tien, P.; et al. Trabecular Bone Microstructure Is Imparred |n the Proximal Femur of Human Immunodeficiency Virus-

Ba?%%c?edr}\?g Y)?%a Eoneaﬁlene aI]I§ensrty 8uant '{nt%grng RAX%J § & Em gBeg ai?zShOWEd a lack of significant

cor&%llairgr}f)@é\yﬁqln DML/‘%&LHed BMD T-scores and MRI computed microarchitectural parameters in the femoral neck

in both controls and glucocorticoid-treated patients B, Similar results were also reported more recently in subchondral

t%oragq@rdproxrmanrrhrlIJrsF{—"—Z]' e?tN %lréeslé—al’ B'"ogtm paﬁ)grgts atftgcctk%]%%} drabe'YIe"’Isg@M EueNr'lrc]Jh%ngtv & ?epo?{n glthat
e BRI e FeL Ay magig Modaliny € S LGRS PG Y RN 8§€F8§é”(feo%‘drihed’%§£'% Ving e
End-Stal 4gle Renal Disease. Bone 2019, 127, 271-279, d |10 10153/1 .bone.2019.05.022
0 r° = the presented results suggest that al though ensity and structure metrics illustrate bone quality,
SPicbaroredtlirall prrsdiete M. ProfliehdeidoRRinRataationTedaeing. SkeRadaelgifly. Robertson, P.L.; Ebeling, P.R.;
Sorci, O.R.; Masterson, R. Changes in Bone Microarchitecture Following Kidney Transplantation-Beyond Bone Mineral

2.5 4exelSizaandoMitroctsustyuee3347, doi:10.1111/ctr.13347.
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mpor an y, ISTIACtiON’ must be ma1 DEtWoeh Iy e 00r12 ugr 3aé18es resolution.” For specific orrene plane
(mostgl perpenc{f‘%ular to tne tra ecgla% an in-plane MRI plxePsrze |thhe same order of magnitude than Th.Th dimension
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vivBrxem g sl as {d iV A\¢HrRpdIo BB, % d Grtetdisd &b s dd4d/B8RE LR bEN8eAR8- using small isovolumetric

6LoXeAnd 035 PrIBY, RIossrdRidee FRetypbitbicknansyRio R IolReEIRSMANES GIBERERDIRING A @sridAlies Aimes would
exaeeth paeisoviviacsentante diirason @ @stespoais ase. thoBNR a5d 7addes 10el 00quisiioogo0801illY an increased slice
Sl eSS ledieepins, e RANGPXENF 26 SRBSIenS. Aoty e adus RerpRaceitel PARMEIP'S FORpyd fom
S r%{g'.'i‘tg'SHS Rl siret SaAiferent SH"éh‘.'i‘dC‘éH‘tﬁﬁt‘%srﬁ?pﬁ d“&%é‘té)slﬁﬁéﬂﬂ‘ & Q3R MRS, 1L 58 Em >
0. 53%\& dor: 10(1%§8/f@'§bié)6&§821m x 0.7 mm 24 and 0.153 mm x 0.153 mm x 0.9 mm &2y were comparable. In fact,
the bone |nner microarchitecture appeared to be a mixture of oriented plates- and rod-like structures. The parallel
tra ecu a?B S{\I ucM?gsoare s%pgr% éJ by%brlt‘enrdnséart{bw an aqlrjtrlfn t?e?gghdrdu%r t0¥h(e; (ﬁ)ro%%riélacng [—é} 8n cEhat 'l:)asrs
The ahronshrri) between Adéao ){J gone Ddensrt and Microarchitecture Is M pl ung \ﬁlor{nen Irr%éJectrve
rncreasrn i ane pixel siz | re accurate results in e{)en en y o the slice thickness reported
of Drabetes Status lin. Endocrinol. 2017, 87, 327-335, doi:10.1111/cen
by Mulder et al., the calculated volume of eIIrpsord at high resolution (0.1 mm x 0.1 mm) is independent from the
Eanistiedpinthdor Batsidte PtthSofienaianslod.; Newitt, D.C.; Genant, H.K.; Majumdar, S. Magnetic Resonance
Imaging of the Calcaneus: Preliminary Assessment of Trabecular Bone-Dependent Regional Variations in Marrow
DifRegatesloni®rneedompedcin wisiabuaniX -#ay. AbsugitioraEnian talaedkel 998e ABBESHuB difterEmt slieesthicaesses
ab633P(86)8026ep6rted comparable morphological results L3IL8I43] - However, in a study conducted by Majumdar et al. in

639 VSIS SREAPORBSASIRY Vg, TR A0S, CoRRRE SRR SISl M BRGS HRE S RRfeter
tha, dnsifs FAREr LR, S3uTaINBER BoHE IR FHRIALEA YVl ihe sigilicrbobideiggNy418-2 in 0.9-mm thick

images GRESsHiRHS4yggections) (671, Similar results were obtained in vivo in distal radii scanned at 1.5T (0.156 mm x

0.156 mm x 0.5 mm) with an acce?table SNR around 10 B8, Moreover, wrists and distal tibiae scanned in Ezatrents using

67. Brismar, T.B. MR elaxometryo Lumbar Spine, Hip, and Cal aneus in Health Premen%oausal qulen elatronshno

1.5T with |er sizes |n t e sgme range of trabecular fhickness (0.156 mm and X
with Dual Ener sorptiometry and Quantitative Ultrasound. Eur Radlol 2000, 10, 1215—1221

1(?0' TH’}oo%s&%%Booo) é%oortrng lower acquisition time for wrist (12 min) than for fibiae (16 min) and good image
quality in both anatomical regions. In a second study conducted by Majumdar et al., 31 cadaveric proximal femurs were

G FFRUBRR: B MAMERr SoidREoARAMEi2oufH R Lo B BRI BERGYRISAHBEHILSI B YR ASSSsSTRstaHiio 3
mn%y%rhtétaéwﬁ'\g%ﬂm%a@%@.@éﬂ@f@.@%ﬁﬁg%@@ QH@Q&QW&%%@W%@%% Jr(eagﬁectively. The corresponding

acéju)rgr %% i“rr?é%awg'r%%’e%’?o%g?f?i%zand 73:14 min), i.e., much longer than what could be accepted in clinics [Z4,

69. Schmeel, F.C; Luetkens, J.A; Feil3t, A.; Enkirch, S.J.; Endler, C.H.-J.; Wagenhauser, P.J.; Schmeel, L.C.; Traber, F.;
Thekife ASUIRIRDINAS RIS BERMETTEEGM A tDR Y-k BalRRAF iRt 1ok HlSHHEPIAR SRGT I A WBR RERNARY &t
3T Nl Glamves tRerar soy FiatkBd8nBdR J. REYIGT-JHhesa sesues phedsi aeiies; BdebysZberp £t al., in the distal

trbrae of 20 postmenopausal women with osteoporosrs The scannlng time usmg 3T MRI (0.137 mm x 0.137 mm x 0.410
hen, W.; Chen un@m%/a M.; Shapses, S.; Heshka, S.; Heymsfield, S.B. MRI- Measured Bone Marrow Adrpose
mrr_tl_) was less than 15 min %et al. further confrrmed these results in & study com arrng RI (0,156 mm x 0,156
Issue Is Inverselg Related to ItD ﬁ\ MeasutgethBone Mrngrtakljrn Cau((j:assrarcthom(en (@) teog r%s IntOI 60% 18 \9\‘/1hll G?h7
or.go.llggp/sa(%il %g%szes% 8C nigues both ex vivo (5 tibiae an radii) and in vivo (5 radii an ibiae). ile the

scanning time was less than 10 min, correlations were reported between both methods and so for the whole set of
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by 9ei&R1d486aAiRSE30 L& ding previous results ZAIZSIZE],

72. Woods, G.N.; Ewing, S.K.; Sigurdsson, S.; Kado, D.M.; Eiriksdottir, G.; Gudnason, V.; Hue, T.F.; Lang, T.F; Vittinghoff,

2'%”—%%3“,"?%!‘;%?&.Fé?(le%{tgt%rr‘wgtlua%fg\ﬁ%diposity Predicts Bone Loss in Older Women. J. Bone Miner. Res. 2020,

35, 326-332, doi:10.1002/jbmr.3895. S _—
The technica advglntages OZ{mrg\r/mg frt?om 1.5T to 3T or 7T MR scanners were clearly visible in the acquisition of deeper
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7@Kind|er, J.M.; Pollock, N.K.; Ross, H.L.; Modlesky, C.M.; Singh, H.; Laing, E.M.; Lewis, R.D. Obese Versus Normal-
Weight Late-Adolescent Females Have Inferior Trabecular Bone Microarchitecture: A Pilot Case-Control Study. Calcif
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SNR increase together with a corresponding contrast-to-noise ratio (CNR) increase at higher magnetic field. While the 3T
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higHeluger (4SBY.O3 B4Rty 4986t trabecular characterization at 3T than 1.5T 28, Moreover, 3T MRI could be used
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mnﬁ&l%‘,%@,'%@%ﬁ%d%ﬁ@ﬂn]iﬂ.%%?.nd HR-pQCT. Krug et al. showed that tibial trabecular structures were over-
represented at higher field strength. Due to susceptibility-induced broadening smaller trabeculae normally not visible due
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and could detect bone deteriorat?on in women with fragility fractu;és f%r whom BMD was normal 28, |n addition to the
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repRostthesiopasaHBspEpPEniefevenvenmBdned 26 1 Fafheirhese lindmistidyddidbered 40 10re@. tadaveric proximal femurs
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SQ:M@%%E%WWCM-Wé%WWn&R Direct Depiction of Bone Microstructure Using MRI with Zero Echo
Time. Bone 2013, 54, 44-47, doi:10.1016/j.bone.2013.01.027.
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Z.G?IBEQ?ng]er' Res. 2007, 23, 463-474, doi:10.1359/jbmr.071116.

85. Wu, H.-Z.; Zhang, X.-F.; Han, S.-M.; Cao, L.; Wen, J.-X.; Wu, W.-J.; Gao, B.-L. Correlation of Bone Mineral Dgnsity with
B P S e DAY O R R R AT 10 S TTErRB L 8 B st AV M b JESp oS 0SB S 81%: £0 1087 T8 e
cora%ga%ﬁggd preparation protocols (replacement of marrow), they remain poorly representative of the in vivo conditions
(L3](391[42)(67181]  One of the first studies validating MR bone structure measurements was performed by Hipp et al. in cubic
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gEARSCUR RIS RIBAHEMEM FRESIIadb scariab it BT (RERR et RS0 Ryt Q3T RMEHILKS RIS To-RAB
M ispreitEIEjely Hofdissliveshowed 2 BRAE SRR Mem R BiEdgle st ghietrics with BVF and Tb.Th performing the

best (r = 0.77 and 0.87 respectively) and Tb.ﬁ) and Th.N the worst gr = 0.53 and 0.6 respectively). However a significative

89. Van Oostwaard, M, Osteooo rosis and the Nature of Fra |I|tz Fracture: An qy_glrwew. In Fragility Fracture NursmgI;; Hertz,

statistical ditfference (p > 0.01) was reported for all the calculated features ) X
K.,Santy-Tomlinson, J., Eds:; Perspectives in Nursing Management and Care for Older Adults; Springer International

oan ] ! -
sy e e malest aBec i DRSS 01gsr a7} 45 ! galy geachable. On that hais, ore cannot expect to

fully characterize it. Moreover, these findings were further extended in a larger study conducted in 39 distal radius

. MRI images with an in plane pixel-size

specimens scanned at 1.5T MRI (0.152 mm x 0.152 mm x 0.9 mm) and using contact radiography (0.05 mm



Retradwecbfrinn Mtipsrésnlty cibpedid. pubignifigAristooyfshaniefig§n 560.61) between bone microstructure parameters derived
from both methods with Th.Sp and BVF providing the highest correlations (r = 0.69 and p = 0.75 respectively) 7. More
recently, Rajakapse et al. conducted a study in 13 cylindrical specimens (7 proximal femurs, 3 proximal tibiae, and 3 third
lumbar vertebrae) extracted from 7 human donors and computed microarchitectural parameters using 9.4T micro-MRI
(0.050 mm isovolumetric) and PCT (0.021 mm isovolumetric). Architectural parameters were found to highly correlate
between these two modalities with a slope close to unity (r? ranging from 0.78 to 0.97) B2 |n a more recent study
conducted in three cadaveric entire proximal femurs evaluating the trabecular morphology using 7T MRI (0.13 mm x 0.13
mm x 1.5 mm) and comparing the results with those acquired using uCT (0.051 mm isovolumetric) (Figure 1), Soldati et
al. showed a good intraclass correlation coefficient for all the parameters (ICC > 0.54) between 7T and uCT “2 illustrating
that bone morphological metrics of human specimens can be properly assessed using MRI. Moreover, due to the
comparison between MR images and gold standard high-resolution CT images, it has been shown that trabecular features
derived from images with a similar pixel size provide statistically comparable results. However, when assessing bone
trabeculae using MR, partial volume effects will occur and will affect image segmentation and trabeculae quantification.

Figure 1. Comparison between MRI and CT. (first row) MR images of in vivo distal tibia acquired using gradient echo
sequence at 7T MRI (a) (0.156 mm x 0.156 mm x 0.5 mm) and 3T MRI (b) (0.156 mm x 0.156 mm x 0.5 mm), and
compared with high-resolution peripheral computed tomography (HR-pQCT) (c) (0.082 mm3) (reproduced from J. of Mag.
Res. Im. 27:854-859 (2008)). (second row) MR images of cadaveric proximal femur acquired using turbo spin echo
sequence at 7T MRI (d) (0.13 mm x 0.13 mm x 1.5 mm) and 3T MRI (e) (0.21 mm x 0.21 mm x 1.1 mm), and compared
with uCT (f) (0.051 mm?3). Note that using MRI, the trabecular bone appears black and bone marrow delivers the bright
signal whereas for HR-pQCT and uCT the trabecular bone is shown bright. Additionally, note that the trabecular network is
clearly more enhanced at 7T compared to 3T.

2.6.2. In-Vivo

The MRI potential for the bone microstructure has also been assessed in vivo in anatomical regions more affected by
osteoporosis, i.e., tibiae and radii, vertebrae [24I83184 distal MBIZAIAISIBES  and proximal femurs BB
Microarchitectural parameters extrapolated from 3T MRI (0.156 mm x 0.156 mm x 0.5 mm) and compared to HR-pQCT of
tibiae and radii of 11 healthy volunteers showed good correlation for BVF (r = 0.83) and Tb.Sp (r = 0.7) in tibiae and good
correlation for all the microarchitecture parameters investigated in radii (r = 0.65, 0.95, 0.83, and 0.63 for BVF, Th.N,
Tb.Sp, and Tb.Th respectively) 38. Kazakia et al. extended these results in a study conducted in tibiae and radii of 52
postmenopausal scanned at 3T MRI (0.156 mm x 0.156 mm x 0.5 mm) and using HR-pQCT. A significant correlation
between MRI and HR-pQCT has been reported for Th.N (12 = 0.52) and Tb.Sp (r? = 0.54-0.60) with no statistical
difference for these two parameters. Poor correlations were reported for BVF and Th.Th (2 = 0.18-0.34) [88]. Similar
results were also reported by Folkesson et al., in a study conducted in 52 postmenopausal women scanned at 3T (0.156
mm x 0.156 mm x 0.5 mm) and using HR-pQCT in both tibiae and radii. All the structural parameters derived from MRI
were highly correlated to those obtained from HR-pQCT (Tb.N was equal to 0.68 and 0.73 and Th.Sp was equal to 0.77
and 0.67 for tibiae and radii respectively) with the exception of BVF and Th.Th for which correlations were less significant
(BVF was equal to 0.61 and 0.39 and Tb.Th was equal to 0.43 and 0.32 for tibiae and radii respectively) 2. Furthermore,
Krug et al. confirmed and extended these results in a study conducted in distal tibiae of 10 healthy volunteers scanned at
3T and 7T (0.156 mm x 0.156 mm x 0.5 mm for both techniques). The results showed that microarchitectural parameters
extracted from HR-pQCT images had higher correlation with those extracted from 7T MR images (r equal to 0.73 for BVF,
0.69 for Th.N, 0.89 for Th.Sp, and 0.13 for Th.Th) as compared to 3T MR images (r = 0.83, 0.49, 0.67, and 0.15 for BVF,
Th.N, Th.Sp, and Th.N respectively) (Figure 1). Interestingly, the corresponding absolute values did only differ by 0.6% for
7T and 3% for 3T [49, All the findings reported above indicate good correlations for Th.Sp and Th.N between MRI and HR-
pQCT. In contrast, this was not the case for BVF and Tb.Th. The limited resolution in MRI leads to partial volume effects



responsible for the exclusion of the smallest trabeculae, while susceptibility artifacts enhance the remaining trabeculae
leading to an overestimation of Th.Th. This double effect seems limited when using UHF MRI. Indeed, good correlations
were found between MRI and HR-pQCT metrics although a poor correlation was still existing for Th.Th.



