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Pur pose:"Anisotropictransverse&, (1/T,) relaxaton of water protots sensitive to
cartilagedegenerative changebhe aim ido develop an efficient method éxtractthis
relaxationsmetric in clinical studies.

Methods: AnisotropicR, can be measureadefficiently by standardr?, mapping after
removinganisotropiccontributionobtainedrom R, , mapping. In the proposed method,
namedasa.unique ARCADE (Anisotropi®, of Collagen Degeneration) mapping, an
assumed.uniform isotropR, was estimatedt magic angle locations in the deep
cartilage, and aanisotropick, wasthusisolatedin a single T2W sagittamage Five
human knees from to volunteers were studied wishandard®, andR,, mappings at
3T, and anisotropi®, derived from ARCADE on one T2W (TE=48.8 ms) imdigan
R, mapping.was compared with themposite relaxationk;, — R;,) usingstatistical
analysis including Student’stéss and correlatios.

Results:"AnisotropicR, (1/s) from ARCADEwas highly positively correlated with but
not significantly different fronstandardk, — R, , (1/s)in the segmented deep
(r=0.83£0.06; 8.3+2.9 vs. 7.3£1.B,= 0.50) andhesuperficial (=0.82+0.05; 3.5+2.4s.
4.5£1.6,RP.=.0.39) zones. Howevedfter eliminating systematic errors the
normalization in terms of zonal contrast, anisotrdpiavas significantly higher
(60.2+18.5% vs. 38.4+16.6%,< 0.01) tharR, — R,,, aspredicted

Conclusion:<The proposednisotropickR, mapping could be an efficient alternative to
the conventional approach, holding great promise in providing bothrésgidtion
morphological and morgensitive imaging frora single T2W scaim a clinical setting
Key words: anisotropicR,; compositeelaxationmetricR,- R, ,; magic angle effect;

chemical exchange effect; human knee cartilage.
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I ntroduction

Water protorf; andT, relaxation times in purkquids are primarily determined
by modulation of the intramolecular dipad@ole interactiorcreatedoy molecular
isotropicsreorientatioandcharacterized by a rotational correlation tirpgl). In
biological tissue, magnetization transfer between water and immobilized camgpone
affectsT; relaxationtimes and water exchange between free and restricted domains alters
T, relaxation timesln addition,intricate cellular andnicrostructurabrrargementscan
restrictmolecular reorientationf watercreating arorientationdependent’, andT;,
(spindatticerelaxation time irarotating frame)n organized tissuesuchas skeletal
musclesand collagen fibergl-3). A simplemethod for quick quantification of MR
anisotropic relaxatiosould providanvaluable insightinto the integrity of structured
tissues;

Articular cartilage(AC) primarily comprisesvater (~6885%total weighj,
structuralproteins includingnostly collagen (60-80% dry weight) and proteoglycans
(~1540% dry weight), and a sparse distribut{e%) of chondrocyte$4).
Proteoglyecans consief acorewith oneor more negatively charged linear
glycesaminoglycan (GAG) chains covalently attached. In contrast, collagesfibrils
and fbersintertwined with proteoglycans (Mlistologically, AC could bedivided into
the superficia(SZz), transitional(TZ) and deegDZ) zones, where collagen fibease
respectivelyorientated in parallerandomly and perpendiculanyith respecto the
cartilage'surfacé4-6). Thesehighly organized collagen fibengarticularlyin theDZ,
createan anisotropic environmefar the vast amount of water in cartilagssulting in
reportedVIR relaxationanisotropies (1,7-9).

TheorientationdependenMR relaxationratesk, (1/T;), R, (1/T,), andRy,,
(1/T,,)in"bovine patellacartiiagebonespecimendave beemecentlycharacterizeadt
9.4T4(9).R, , wasdetermined with bothanstant amplitude (CWjnd adiabatic
waveforms as a function of spioek RF power. This study shows théiet relaxation
rates R; andR, hadminimalandmaximalorientationdependencesespectivelyThe
orientationanisotropy ok, , wasalmost completelguppressed a stronger spiock

RFfield was usedMore importariy, the relaxation paramegewith higker orientation
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anisotropiesverefound to banore sensitive to cartilage degenerative chasgesndary
to osteoarthritis (OA)In other words, the anisotropic componenkgfi.e. RS (6)) has

the potentiato bea moresensitive MRI biomarker for early cartilage chasge OA and

a valuablamaging tool to followOA progression after anterior cruciate ligament (ACL)
reconstruetion surgery (10,11).

In_conventionak, mapping,R$ () is not separated froiits isotropiccounterpart,
potentially compromising the sensitivity and specificity of the mea&yrandR, , are
currentlythe mosinvestigatedelaxationmetrics n clinical studies oknee cartilage
degeneration (11-13), but tierpretatiorof R, andR,, measurements terms of
observed/structural protein changgenot straightforward12,14,15) Most likely, neither
R, nor Ry, has sufficiensensitivity tothe underlying biochemical and physiological
changes ircartilage To increas¢he sensitivityof MR detection of OAa composite
relaxation‘metricR, — R, ,, has beemproposed (16,17). Subtractifg, from R,
removes the isotropic contributionRg to a certain extent thespin-lock RF used in
R, mappingis not strong enougtPrevious work has proposed tifq}, is driven by
exchangef.hydroxyl protons irGAG with bulk waterprotons.This hypothesiseems
consistent.with exchange-drivemechanismshat determin&,, (11,17,18) but conflicts
with previousfindingsin cartilage(9,14,15,19-23).

Chemical shift increases linearly with increasing negnfield (B,) and the
relaxation ratek,, due to exchange between protarith different chemical shifts
increasesjuadratically withB, (17,18,21). In contrast, the contribution from dipolar
interactionto'R, is mostly independent &, (21,24). Provided that ancreased, at a
higherBg eould be attributedntirelyto the chemical exchange effect, a comparison of
R, at two differentB, should shed light on the relative importance of diterent
relaxation mechanismbllynarik, et al. performed a detailed study®nandR, , of
human cartilagéone specimens at95T and 7.05T and concluded that @fesidual)
dipolarinteraction was the dominant relaxation mechanisBy &t 37 (21).

Later, tvo clinical studieson healthy human knee cartilage showed Ryadt 7T
was either clos®o (23) or 18%largerthan (20that at 3T, suggesting that the chemical

exchange effeatould have contributed le$isan4% to R, if it had beemmeasuredt 3T.
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A similarfinding was reported for, , of healthy human knee cartilageth less than

15% increase at 7T relative to &2). Furthermore, the chemical exchamfiectonR,

at 3Tcanbe simulated using published parameters (25), i.e. H20 of 88 [M], GAG of 0.3

[M], exchange rate of 1 kHz and chemical shift of 1 ppm, and it turned outato be

negligible=value of 0.05 (IYysompared with the observé&d of about 30 1/s) (20,23).
In.this.work,we first show theoretically thahe R$ (0) of cartilage at 3T was

partially andinefficiently separated in theeportedcomposite relaxation metr{€6). The

prolonged image acquisitigpgrotocol and demandinaulse sequensestandardization

across different MR systerhave preverd the reported method from being favorably

acceptedy theclinical community (13,17)Hence an efficientmethod is proposelere

to deriveR$(0) based on aingle T2W sagittal imagdy eliminating arassumed

constanisotropicR, contribution derivedrom themagicangle(MA) locations in the

deep cartilageWe refer to ounewmethod as a uniquenmsotropicR, of

CollAgenbBEgeneration (ARCADE) mapping to emphasize its straightforward

association'with the integrity of collagen fibers (6,27). The deffieaubral cartilage

R3 () values in five knees from four voluntesverecomparedvith those ofR, — R, ,.

Our comparable results demonstrate that the proposed ARCADE mapping could be an

efficient.alternative to theonventional approach, holding great promise in providing

both high-resolution morphological antbresensitiveR$ (8) imagingfrom a single

T2W scanneclinical studiesn joint cartilage

Theory

For kneecartilagewater proton MRelaxation study at 3T, only the
intramoleculadipolar interactiorbetween two protons in a wateill be consideredo
interpretthe observedR relaxation ratesf R, R, andR,, (21,24,28). In generalhese
relaxation rates could be characteripsthgatwo-pool fast extiangemodel,i.e. water
exchange rapidly between tHfeee” and “bound” pools, and thuspresentedsthe
weighted averages dfvo pools(24) as shown in Eq. 1,

Ry = fi * Riy + fy * R(6) [1]

with m =1, 2 andlp; f; andf;, being themolecular fractios of water in the “free” and

“bound” pools, with f; + f;, = 1; R}, andR% (6) being the contributionfsom afast
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isotropicand a slow anisotropimolecular reorientatio(4), which could be
characterizedespectively by amaller effectivasotropiccorrelation timg(zy) and a
largerapparentsotropic correlation timerg, > 7). To simplify the discussiomg}, and
R%, (6)can absorb correspondirigandf;,, to denote the “apparent’laxation rates in
the follewingunless stated otherwise.

The'molecular anisotropieorientatiorof the “bound” water in cartilage cdre
characterizedising anaxially symmetrianodel,with a correlation timer; assignedo
one rotation about the symmetry axis along the collagen fiber, and acotredation
time 7, to the rotation about an axis perpendicular to the symmetry axidf(2@)s set
to 7, and imuch smaller than (i.e.z, > T;), corresponding tthe “bound” water
preferential.alignmentfl,24,30), theeffective corré&ation timet, of the “bound” water
would be.determined only by (29) leading ta, > 7. This conclusion had been long
beforestatedthatthe preferentiahlignmens of water molecules could effectively have
their otherwise short correlation times amplified by many orders of magnitude (31).
Therefore, it would not be surprisinggeea significantlylargert, for the restricted
waterinsthes"bound” pool.

R4(8) can beexplicitly writtenasR$ * (3cos?6 — 1)? /4, whereRS denotes the
maximumanisotropic relaxation randé an angle subtending the dipolar interaction
vector.and the&, direction(7,24,32).R%(0) reportedlycould beeffectively suppressed
in R;, measurement$ using a strongefw; /2 > 2.0 kHz) spindock RF strengtt{9,19).
Accordingly; an effectivasotropiccorrelationtime t,, for the “bound”watercould be
estimatedo beat least lager tha®.5/w,. On the other hand, the correspondipdor
the “free” watershould beat leastargerthan0.62/w,, given thatR, > R, (31,33). The
Larmor frequency is denoted hy, /27 and equal to 128 MHz at 3T.

According to theclassicalMR relaxation theorie§24,34), water proton relaxation
rates ofRy R, andR;, couldbe expresseuh terms ofaneffectiveisotropicrotational

correlation.timer,. using Egs. 2-4, and profiled correspondingl@&in Fig. 1,

Ry =K{—fo—+_2c_} [2]

1+w3t2  1+4w3t2

R, = K{S‘rc + 2.5T¢ + T } [3]

2 1+w3t2  1+4w3T2
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1.57, 257, c
Rlp = K{ <+ Z z - } [4]

1+4w37t2  1+w3T2  1+4w3T2
whereK is a constant of 1.056*10(s?) assuming a distance 059. (A) between two
proton nuclein water(1,24).If 7. < 0.62/w, (~0.8*10° s), all relaxation rates will
become5Kt,, whichdescribesascenaridor wate molecules rotatingfreely in non-
viscous liquids (31)ln cartilage however water canattainalongert., depending on
both interactionsvith its neighboringnacromoleculeandtheir relative orientationt®
B, (31).

Forthe “free” water(0.62/w, < 7y < 0.5/w;) in cartilage R, is equal toR},
while R! becomesgprogressivelysmallerthanR’ as T, increasesNotably,R{ for the
“bound’waer becomesnsignificant implying thatR, relaxation metric would be
orientationindependent and only sensitive to the “free” wé®82,35,36). For the
“bound” wakr (7, > 0.5/w,) in cartilage R{, (8) is progressivelylecreasedelative to
R3(8) ast, grows. In this casek{,(6) canbe recast bRz (6)/(1 + 4w?7?) because of
the dominantirst term on the right side of Eqs. 3{#is worth mentioning thak,, will
turn intoR, (i.e. R5+R%(0)) andR} respectivelywhen a spirleck RF is absent and a
stronger{,z, > 0.5) spinlock RF is present. Consequently, teportedcomposite
relaxationmetricR, — R, can be expressed in termsR§f(8) as shown in Eq. 5,
predictingthatR, — R, wouldbe a partiaR; (8) if a spinlock RF strength is limited in
clinical’R;, mapping (19,37).

Ry — Ryp = RZ(0) * {4wit?/(1 + 4witd)} [5]

Herey we proposeneefficientalternativeto deriveR$ (6) from oneT2W sagittal
image assuming constant proton densgy)@ndR} in cartilage(9,32,35). Typically, an
orientationdependent signal intensify(6) in T2W could benritten asshown in Eg. 6,
including both “free” and “bound” water contributiomgith TE being arechotime (6).

S(6) = Syexp (=TE = R, —TE % R$(9)) [6]
S(6 = +54.7°) = Spexp (=TE * R)) [7]
R$(6) = {log(S( 8 = £54.7°)) — log(5(6))}/TE [8]
As collagen fibersn theDZ are orientegoredominatelyperpendicular tohe cartilage
surface(6,32),R$(0) will become zerat the magicanglesof +54.7° (7,8,32).In this
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caseEq. [ will reduceto Eq. [7], whichrepresents the “free” water contributionaas
internal reference of the assuneahstantS,exp (—TE * RS) in the deep cartilage
Combiring Eq. 6 and Eq. R% () could be easilgomputed using Eq. [8This

proposed method h#sveraged the speciffemoral cartilage geometric information that

can substitutéhe otherwise requiredn additional T2Wneasuremenrh conventionakR,

mapping.

M ethods
Volunteer Subjects

Fourwolunteers\(1-V4) were enrolled in thistudy. The first three had a single
knee scanned, while V4 had bathees scannedhus, fve dataset§S1-S5)were
generatecndlabelled accordingly by the volunteer’'s sex (M/F), age and knee (L/R)
health status (symptomatic [S], asymptomatic [A] or ACL repaired ¢&j),V4F20LP in
Table Land.2. This study was approved by the local institutional review board (IRB) a
compliant'with the Health Insurance Portabibityd Accountability Act (HIPAA). Each
volunteer was informed about the study and signed a consent form.
MR I'maging Protocols

R, andR,, mappingsvere performed on a 3T MR scanmising a dedicated 16
Channel T/R Knee Coil. 3bnages withdifferentecho times (TE) or spilock durations
(TSL) were.acquiredh sagittal planeAn acceleration factor @#vo was used in fast
parallel'imaging

R, 'mapping An interleaved mulislice (=43) multiecho (=8) turbo sphecho
(TSE) pulse sequence was usednage acquisitions with a voxel size of 0.6*0.6*3.0
mm?® and a field of view (FOV) of 128*128*128 niaovering entire tibiofemoral
compartment$10). Thereconstructed images weteeninterpolated to a voxedizeof
0.24*0:24*3.00 mm An effective TE for each volumetric image data was n*6.1 ms,
with.a="1, 2, 3, 4, 5, 6, 7, 8. TR was 2500 ms, andadta scan timevasabout 9
minutes perknee.

R;, mapping A spinlock prepared T1-enhanced 3D turbo gradient-echo
sequence (T-TFE) was used to acquire g-lveighed imagethrougha segmented

elliptic-centrick-spaceacquisition(38). The spintock RF fieldstrength ¢, /2m) was 0.5
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kHz, and TSLlwasO0, 10, 20, 30 and 40 ms, respectively. A similar FOV was used with an
acquired voxel size of 0.40%0.40*3.00 mMiinterpolated to 0.24*0.24*3.00 nin The
total scartime was about 11 minutes per knee.
MR I mage Post-processing

All.data analysis and image visualizatware performedusing an in-house
software developed in IDL 8.%érris Geospatial Solutions, In@roomfield, CO).

Image coregistratiors: A free softwareElastix (39) was usedor intra and inter-
seriesmageco-registratiors. T2W or T1p 3D imageswith different TE and TSlwere
first alignedwithin time-series; therthealigned T) 3D images weréurtherco-
registeredoithe aligned T2W 3D image$he caregistration schemwas based oa
published protocol for human knee cartilage, includingultiresolutionapproachand a
rigid transformation modd€K0). Theco-registrationwas optimized over 1,000 iterations
usinga localizedmutual information (Ml)asa similarity metric andMI was
progressively maximized by miniging its negative values in the optimization processes.
The detaileco-registrationparameter settingpar0017)anbe found
in http:/felastix.bigr.nl/wiki

Angular-radial £gmentationFirst awhole femoral cartilage wasanually
delineatedising a free software IH6SNAP (41) for eachimage slice inT2W and Th
3D data ROl vertices wer@lacedalong cartilagdoundarieswith the vertex-path
defined.as smooly as possibleFurthermorenon-overlaid cartilagareagdue to motion
or misalignmentin both T2W andl'lp imageswereminimized indelineatingcartilage
ROI. Seecond, théocalized cartilaggartitionswere accomplished gn angular and
radial segmentatiomethod (42). Specifically, the vertices (x and y coordinates) &rom
pre-defineccartilage ROI were used fid (by a nonlinear leastquares fitting) a virtual
circle in.each image sliceiith the circlecenter locatedh femoral condyle (42Relative
to a vertical'linean anglep of a “spoke” connecting each vertex anddhele center
could becalculated subsequently, the whole cartilagassutdivided angularlyinto 5
partitionshased on the range cdlculated‘'spoke” anglesA reference angléd’) was
chosen as thB,, directionin a sagittal imagewith negativeangles pointingo the
anterior directiorandthe positiveanglesto the posteriodirectionas shown in ig. 2.

Third, as the shape of femoral cartilage devi&tesy an ideal half circleespecially on
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thelateralsides(43),asegmented angle had to bee-computed using only adjacent
(o £ 10°) vertices tageneratea new angl® to closelyrepresent collagen fiber
orientationin the deep cartilag&inally, the femoral cartilagevasfurthersuldivided
radiallyinto the DZ and SZAyith a shared border line having an eligtantto opposite
boundariesThissegmente®Z covers at least both the histologically defitleel SZ and
TZ (4,5).

R2-Rj, parametricmap: Both R, andR,, parametrianaps werditted pixel-by-
pixel from co-registered multiple 30latabased on a simple exponential relaxation decay
model,.i.eS(t;) = Spexp (—t; * P), whereP = R, orR,,, andt; = [6.1, 12.2, 18.3, 24.4,
30.5, 36.6, 42.7, 48.8] or [0, 10, 20, 30, 40F), respectivelyThe corresponding
parametricerror mapsverealsocreatedoy adjusting fittedoarameter uncertainties so
that the reduceg? wasequal toone(44).

R4:(6) parametricmap fromARCADE A singleT2W (TE=48.8 msBD dataset
from Ra"mappingwas usedAn internal reference corresponding to tiree” water
contributionfor each image slicwasestimated using E®. Specifically,theaverage
T2W pixel values (in logarithmic scale) witheachof segmentedROlsin theDZ were
fitted to afunction of collagen fiberientatiors @) as shown in Eq. Qyith parametric
bound.constraints.

y =A—Bx*(3cos?(0 +C) —1)? [9]
The modeparameter A was not constrainégwever, B and @erelimited to the
ranges of [0, 10] and1€°, +1C], respectivelyThelimited freedom introduced fa?
wasto account for potentiadystematic errarincollagen fiber orientation,9).

The norinear curvefitting was performed slice by sli¢d4).The optimalfits
weredeétermined using goodness of fitsaracterized by? test statisticsvith a
significantlevel of P > 0.95.Finally, the mean of those determined optirAalalues was
used am globalinternalreferencei.e.log(S(6 = 54.7°)) in Eq. [8].

Statistical aalysis Thedifferences and associatiobgween two relaxation
metricswere respectivelguantified using a Student’s pairetes$t (@ two-tail
distribution) and a lineagorrelation coefficienfr), where the statistical significance was
considered a® < 0.05. $atterplots were used to demonstratepibiential corelation

between two parameteiadditionally,data elipses with a 95% confidence level were
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includedfor visualenhanceent(45). A namalizedrelaxation metricin terms of zonal
contrastwasgenerate@s(DEEP — SUPF)/DEEP * 100%, with DEEP andSUPF
representingRy (6) or R, — Ry, in theDZ and SZ respectivelyAll measurements are

shown.as mean + SD unless stated otherwise.

Results

A halt-circle femoral cartilage sketas shown in Fig. 2 to illustrate an angular-
radialsegmentation in sagittalimage with a highlightedROI (red squareat a magie
angle grientation in thBZ.

Figi"3 presents twsegmentation@~ig. 3a, ¢ from an exemplary dataset S4, and
comparisondetween segmented angtesndlocally refined angled in onelateral
imageslice 14 (Fig. 3a-b) and onmedialimageslice 23 (Fig. 3c-dfrom left knee.
Significantlarger angldifferenceq11.0+6.7° vs. 4.3£3.4%F < 0.001)were observeth
themedialthanthose in thaateralsidefor thesetwo image slicesSpecifically, ¢ in Fig.
3dwasoverestimated ¢ | > P |) and underestimateg (< ) in themostanteriorand
posteriordirections respectively.

Aniinternal reference determinatitor the same datasegt ARCADE mappings
demenstrated in Fig.. A wholedeep cartilage T& map (n logarithmic scale) was
generated (Fig. 4a) basedsegmented ROIs, where the segmented aigtdst54.7°
are indicated by two white dashed linds.optimal (Fig. 4b P = 0.998)fit and a rejected
(Fig. 4¢ P=10.052)fit based on the refined andgleareshownfor theimage slice 14as
shown in"Fig. 3a) and 2a¢ shown irkig. 3b) with their spatial locations highlighted by
a white and a red arrow T2W map For thisfemoralcartilage, the internal reference
wasdetermined aS.757 £ 0.024.

Forthe image slice 14 as shown in both Fig. 3a and Fig. Setineedpixel
maps ofR3(Fig. 5a).R,, (Fig. 5b),R, — R;, (Fig. 5d) andr3 (8) (Fig. %), along with
the ROI-basedprofile comparison@mongR,, R,,, R, — Ry, andR3 () (Fig. 5c)are
presented in Fig. 5. The observed orientation anisotropy ofcompared witlR,, was
significantly suppressedith aspin-lockRF strength {,/2m) of 500 Hz (Fig. 5&).
Noticeably,R$ (6) waswell aligned withthe compositeelaxationmetric featuresvith

increased valueandlessimage blurring (Fig. 5c-e)-heimageacquisitiontime for

This article is protected by copyright. All rights reserved



ARCADE mapping in Fig. 5evas significantlyshorter than that fahe composite
relaxation metri@sshown in Fig. 5d (i.e. 1.2 vs. 20 minutes). The T2W image shown in
Fig. 5f had an echtime of 48.8ms.

For the same dataset $4g. 6 presents the whole knesaxationparametric
mapsof Ry (Fig. 6a, e)R,, (Fig. 6b, f),R, — R,, (Fig. 6¢c, g) andk3 (8) (Fig. 6d, h) for
theDZ (Fig«6a-d) andhe SZ (Fig. 6e-h) Qualitatively, all relaxation rates in tiZ
were marginally larger than those in tB2 as previously reported, aid (8) was
comparable td, — R, ,.

Scatterplotsof R, versusR, , (Fig. 7a) andk (8) versusk, — Ry, (Fig. 7b)are
shown'in/Fig. #or quantitativeevaluationsyith data ellipse overlaidto enhance
visualization of existindginear correlationsOn averageR, (1/9 valuesandtheir
variationswerelarger tharthose ofR, , (1/s) in both thédZ (22.7+8.5 vs. 13.5+2.7) and
theSZ(18.515.4 vs. 12.6+2.3). In contrakt (0) (1/9 values andheirvariances were
only marginallylargerthanthose ofr, — R, (1/9 (i.e. 11.54£9.0 vs. 9.2+7.4 and 6.3+5.9
vs. 5.8%4.9)irthese two zonesJnlike the weak associations betwegnandR,, (r =
0.543,0:44P< 0.01, 0.01)R3 (8) washighly positivelycorrelatedvith R, — Ry, (r =
0.91, 0.84P < 0.01, 0.01) in botkegmented cartilageones.

The arerage relaxation rates and linearrelation coefficients from each cartilage
in theDZ andthe SZ are listed in Table 1 andf@r five examined kneeshe&se tabulated
valuesfrom theDZ areplotted agairisthose in th&sZasshown in Fig. 8a. The grand
mears of theaveragaelaxation rates fdiive kneesarerepresented bgach datallipse
centroidingeneral R, (1/9 was significantly larger thaR, , (1/9 in theDZ (22.4+2.0
vs. I5:2¥171P < 0.01) and th&Z (18.9+2.0 vs. 14.4+1. P < 0.01).R%(6) (1/9 was
hardly distinguishblefrom R, — R;,, (1/9 in theDZ (8.3+2.9 vs. 7.3+1.® = 0.50) and
theSZ (3.5+£2.4 vs. 4.5+1.8 = 0.39). However he normalizedk$ (6), in terms of the
zonal differencen cartilage was significantly larger thatme normalizedr, — R, , (i.e.

60.2+18:5% vs. 38.4+£16.6%,< 0.01) as shown in Fig. 8b.

Discussion
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In this work, we first establishedhatthe composite relaxation metiig, — R,,)

actuallymeasuremefficiently a partialanisotropick, (R$(8)) in clinical knee cartilage
studies at 3T, and then introducedew methodo extractan uncompromisefy (6)
based,on a single T2W sagittal imagke comparableesultsbetweerthe derivedR$ (0)
and themeasure®, — R, , on fivefemoral cartilagedemonstrate that thedeveloped
method'coulde an efficient alternative the conventional approach.

A key assumptioim thenewmethodis auniform proton densitys, and a
constant isotropi®, (R}) regardless its locations and headthtusin articular cartilage
wherethedifferences irobserved?, relaxaton ratestemsolely fromthe “bound”water
ondifferently orientated collagen fibers. This oversimplifiéelw on the“free” water
wasmainly based on previous observationghat the estimated water content and the
observed?, values at the MArientatiors were all nearlyuniform acrosdifferent zones
in cartilage(s,9,35,36,46).

Forexample, onex vivostudy showedhatS, wasmarginallylarger in theSZ
than in theDZ (i.e. 90 £ 3% vs. 88 + 4¥at alocation near the MA46). Xia reported an
approximately constarit, (59 + 6 m3in cartilage specimens when orientated aiMide
in a highreselutionuMRI study (5) He alsdoundthatT; wasorientationrindependent
andalmest-constanfl.72 + 0.11 sec), which was confirmextentlyby Hanninen, et al.
(9). Based on MRelaxation theorieyothisotropicR} andR! have nearly linear

relationships albeit opposite witim effective correlation timg- of the“free” waterin

tissue Thus auniform R, could be reasonablgterpreted as a constaky, as the
observedRyin cartilage is dominantly contributed fraRs.

Asarticular cartilagdnasa similar biochemical composition argiructural
networkin extracellular matrixthe “free” water contribution t&8, should not
substantiallffluctuatein different cartilagesin other wordsthe internal reference
derived from the deefemoral cartilage is applicable toetibial and patellar cartilage
as well.Our preliminary data (not shown) indicated tbaimparableorrelatiors between
R3(8) andR, — R,, werefoundin thefemoral, tibial and patellar cartilageand an
averageRy(0) in the tbial was almost three times larger than those founceirfietimoral

andpatella cartilage.
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The assumption used in ARCADE is no exception foDampopulation. The
integrity of collagen fibers could be compromised due to pathdésagling to less
preferential orientated water, and the amount of released “free” water would be very
small compared to an existing largeopof free water. Although thede water
contributien to T2W signal should not be altered in OA subjects, the obseraethe
locations other than thdA orientations could be increased, which could adversely
impactoptimal curvdittings in somamage slices and thus potentially de® abiased
internal reference. On the other hand, if localized OA happens to be at the MA sites, the
internal reference would not be altered unless an insignificant (<4% at 3T) chemical
exchangereffect associated with GAG Ibegaken into account.

Hadthe assumption been violated, the deriRédd) would have been offset
systematially from its true value athe RS (6) computatiorwasjusta simple subtraction
in logarithmicscale In this work,the measureft, — R, wasexpected to bemaller
thanR3(6)-due to a limited spin-lock RF strengtked inR;, mapping. According to
previous report$9,19) a pin-lock RF strength of 2.0 kHz could adequately (let’'s say
99%) suppresg3 (0), leading toR, — R;,= 99%*R3(0). In clinical R, , studies at 3T,
however,the spiteck RFstrengthis usually limited to 0.5 Kz (37), which would
translatéinteR, — R,, ~ 86%*R3(8). On the other hand, the obsenigd— R, could
be erroneously increased due to different data acquisitions (12,13,47),Ryltkmeved
from a'multiecho pulse sequence tends to be more overestimateR,thérom a pulse
sequence similar to 3MAPSS(47). Consequently, the enhandgd— R, , could
compensate for the loss digea limited spidock RF power, which might justify the
comparabler; (6) andR, — R,, observed for some subjects in current study.

Our derivedr (0) valuesgenerallyagreed with the prediction in ti¥Z except
for the first knee (S1). It was quite likely that theterminednternal references for S1 in
the DZ andsfor others in th8Z were underestimated leading towarexpected smaller
R§ (8y=However, when using a normalized relaxation metric in terms of zonal contrast
such as shown in Fig. 8all systematic errors associated with the internal reference and
pulse sequencdmecame irrelevant, and the derived normalizg@) from ARCADE

wassignificantly largethanthe normalize®, — R,, as predicted~urthermore,he
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observed variations in boftf (6) andR, — R,, (Table 1 and 2, Figure 8a and 8b) might
reflectcollagen fiber unique arrangements duedohvolunteer’sdifferent agg20-52

yrs.), sex (M/Fand knedealth status (ACL repaired, asymptomatic and symptomatic)
Even thoughheir true relaxation ratemight besystematially offset the reported
significanteorrelatiors should not be impaired.

These encouraging comparable results alone would probably not be sufficient to
justify an alternative to an established method. However, the great redud@aniime
required for clinical MR studies and the straightforward image pastessing provide
strong'impetus for further validating ooewmethod in a large clinical study.
Additionally; the quality of derived faxation metric map from ARCADEould be much
better as can be appreciatedky (6) pixel map(Fig. 5e) with respect t&, — R, , (Fig.
5d). It was likelythatthe subject hadnvoluntary motions dring lengthy data
acquisitionsand the blurringmages werefurtherdegraded duringhe complexco-
registrationsprocess@s theconventional approach.

As an internal reference method, ttevelopedARCADE mappingshould
alleviateanysystematierrorsknown for bothR, andr;, mappings due to different
pulse sequence implementations on multiple platforms (12,13), miakiagjier to
standardiz&’s (6) measwement in a multcenter trialand be integrateith clinical
studies.This newmethod is independent of the pulse sequence implementation as long as
the image=pixel intensities aspinechoweighted, which is inherently insensitiveRg
inhomogeneity. Advanced knee cpibovides an excelle?; homogeneity, withess than
~5% variations in flip angleeported across the cartilage regions of interest in sagittal
plane(835). Therefore, ARCADE could be reasonably considered to be insensitive to both
B, andBginhomogeneitiesn short, an isotropihigh-resolutiorBD morphological and
morerelevantand sensitiv&$ (6) relaxation metric imaging could be foreseen with a
singlescanin clinical setting(48,49) for both knee and other joints.

There aresomelimitations inpresent workFirst, only five knees weratudied
and thughereportedstatisticalanalysismightbe biasedSecondthe health status of
collagen fibers (such as OA) at the Ni#cations couldhot bedeterminedas therelated
residual dipolar interactiois nullified. However, i is possible to remedy this limitation
by running an additional T2W sagittal scan with the knee rotaitbda small angl@long
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left-right axis since the proposed method is effici&hird, noin vivo validation against
the “gold standard” of diffusion tensor imaging (DTI) was perforniigos been
demonstrated that DTI could provide collagen alignment informatibmman knee
cartilage(50). R$(0) is mainly induced by restricted water moleculztational diffusion
within cellagen fibers and the diffusion anisotropy derived from &&mdargelyfrom
water moleculatranslationaldiffusion along collagen fibers (30,50). It would be
interestingtccomparenow two different watediffusions can bessociatedavith each
other.Finally, the potential of the developed methodl@tecing the earliest cartilage
changes that occur in O&ight be diminished IGAG depletion is indeed to occur

before disruption of the collagen network.

Conclusions

We have developed an efficient method to measure the colbaigemation
dependent anisotropic transveveater protorrelaxation rates in human knee cartilage.
The potential to significantly reduce cliniddR scan times and effectively derive more
relevant angensitive information onollagen integrity of both knesnd other joints

warrants futher evaluations and validatiomslarger clinical studies.
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Tables

Table 1 Averagerelaxation rates (%) and linear correlation coefficienty {rom five

femoral cartilages in the deep zone.

ID  Subject R, Ry, r R, — Ry,
S1 VIMS52RA 24.2+6.8 156+3.3 039 8.6+6.3
S2 V2MA7LS 19.9+6.8 14.7+3.7 0.16 52+7.2
S3 V3F41LA 20.8+6.7 156+3.1 025 53+6.6
S4 WAF20LP 22.7+85 135+27 054 9.2+7.4
S5 V4F20RA 24.6+89 165+4.1 0.32 8.1+85

2(0)
4.7 £6.7
59+7.7
9.2%7.9
11.5+9.0
10.1 £8.2

r

0.83
0.86
0.75
0.91
0.79

Note Relaxation rate is mean *+ standard deviatfowalue < 0.001 for all correlation

coefficients.

Table 2"Averageelaxation rates (1/s) and linear correlation coefficients (r) from five

femoraleartilages in the superficial zone.

D Subject R, Ry, r  Ry—Ry,
S1 VIM52RA 21.7+6.6 157+29 034 6.0+6.3
S2 V2M47LS 16.0+x58 14.0+x3.7 050 2.0%5.0
S3 V3F41LA 19.1%x7.7 147+3.0 0.15 4379
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2(0)
1.6+8.1
1.0£7.2

5.8+9.6

r
0.87
0.76
0.87



S4 VA4F20LP 185+54 126+23 044 58*49 6.3+59 0.84
S5 VA4F20RA 19.2+6.2 148+33 028 44+6.2 3.1+x70 0.78

NotewRelaxation rate is mean + standard deviatfomalue < 0.001 for all correlation

coefficients:

FigureCaptions

Fig. 1. Dependences water protordipolarrelaxation ratesl(s) on an isotropic
rotational.eorrelation time, (s)at 3T w,/27=128 MHz) with R,andR, depicted
respectivelyin blue and red solid lirszandR, ,in green withw, /27=0.5kHz (solid line),
2.0 kHz«(dashetine). Effective correlation time in cartilagearerepresented by, and

T, for “free*and “bound” water, respectively.

Fig. 2.A schematidiagramof femoralarticularcartilageshowing an angularadial
segmentatioranatomicabnnotations and collagen fibemaracteristiorientationsThe
deep-andhesuperficial zoneare divided by aeddashdotline. A segmented ROI, at a
magicangle of -54.7° with an angular width of 5° in the deep zone, is highlightad by

red square. Thmain magnetic field, points downwards.

Fig. 3.Two examplesof the angular-radial segmentation alateralimageslice 14 (a)
anda medialmageslice 23 (c) fromdataset 8, and a comparison between segmented
angles(p)-and locally refined anglg®) for theimageslice 14 (a, b) and thienage
slice23(cyd).

Fig. 4.An estimation oftheisotropic relaxatiorcontribution to T2Win logarithmic
scale) signain the deep zontr dataset S4a). Examples of an optimal (fif and a
rejected (c) fit for the image slice 14 (white arrow) and 23 (red areshownin T2W

map (a)with two white dashed lines indicatindpe segmented angles of +54.7°.
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Fig. 5. Relaxation rate (1/s) pixel mapsRgf(a), R, (b), R, — Ry, (d) andR3 (0) (e)

for the imageslice 14 (from dataset S4) as shown in grived from the average value
within each of segmented ROIs as depicted in (a), the orientijoendent profiles of
R, (blue triangle)R,, (blue square}y, — R,, (green diamond) ang; (8) (red circle)

were compared in (c). The ectime TE was 48.8 ms for the T2W image shown in (f).

Fig. 6. \hole femoral cartilagROl-basedelaxationrate(1/s) mapsof R, (a, €).R,, (b,
f), R, —R15(C, 9 andR3(0) (d, h) in the deep (a-d) and theperficial (eh) zonedor
dataset:S4The slice number and the segmented apglecrease respectively from left

(lateral) to rightihedial) and up (anterior) to downogerior). All figures are in the same

color scalewith the backgroundet to zerolglack).

Fig. 7.8catterplots of relaxation ratel¥'§) of R, vs.R;, (a)and ofR3(6) vs.R, — Ry,

(b) in the deep (red circlgndthe superficial(blue cros3 zones with each data ellipse
superimposedbr dataset S4The linear correlation coefficients)(are included in the

plots.

Fig.'8-Aseatterplot of the means of relaxation ratéfs)(of R, (magentastar),R;,
(green.triangle)R, — R, , (blue diamond) an&3 (8) (red circle) in the deep zoagainst

those in the superficial zone (&jth subgroupdata ellipse superimposeahda

comparisorbetween normalizedy (9) (yellow) andnormalizedrR, — R, (blue)for five
knees (b)-
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Tables

Table 1. Average relaxation rates (1/s) and linear correlation coefficients (r) from five femoral

cartilages.in the deep zone.

ID
S1
S2
S3
S4
S5

Subject
VIM52RA

\2M4TLS

V3F41LA
VAF 20LP
V4F 20RA

R, R,

P
24.2+6.8 156 +3.3
199+6.8 14.7 +3.7
208 +6.7 156 +3.1
22.7+8.5 13.5+2.7

246+89 16.5+4.1

r

0.39
0.16
0.25
0.54
0.32

Rz — Ry
8.6 +6.3
52+7.2
5.3+6.6
92+74
8.1+85

R3(6)
4.7+6.7
59+7.7
9.2+7.9
115+9.0
10.1 +8.2

r

0.83
0.86
0.75
0.91
0.79

Note: Relaxation rate is mearstandard deviation. P-value < 0.001 for all correlation

coefficients:

Table 2. Average relaxation rates (1/s) and linear correlation coefficients (r) from five femoral

cartilages in the superficial zone.

ID
S1
S2
S3
S4
S5

Subject

CVIM52RA

V2MA7LS
V3E41LA
V4F20LP
VAF20RA

R, Ry,

21.7+6.6 15729
16.0+58 14.0%3.7
191+7.7 147230
18.5+5.4 12.6+2.3
19.2+6.2 14.8%33

0.34
0.50
0.15
0.44
0.28

R; — Ry,
6.0+6.3
2.0+£5.0

43+7.9
58+4.9
44+6.2

R3(6)
1.6+8.1

1.0+£7.2

5.8+9.6
6.3+5.9
3.1+7.0

0.87
0.76
0.87
0.84
0.78

Note: Relaxation rate is mearstandard deviation. P-value < 0.001 for all correlation

coefficients.
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