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extract this relaxation metric in clinical studies.
Twitter: @yuxipang Methods: Anisotropic R, can be measured inefficiently by standard R, mapping
after removing an isotropic contribution obtained from R; , mapping. In the proposed
method, named as a unique anisotropic R, of collagen degeneration (ARCADE)
mapping, an assumed uniform isotropic R, was estimated at magic angle locations in
the deep cartilage, and an anisotropic R, was thus isolated in a single T2W sagittal
image. Five human knees from 4 volunteers were studied with standard R, and R,
mappings at 3T, and anisotropic R, derived from ARCADE on the T2W (TE = 48.8
ms) image from R, mapping was compared with the composite relaxation (R, — R ,)
using statistical analysis including Student's t-test and Pearson’s correlation
coefficient.

Results: Anisotropic R, (1/s) from ARCADE was highly positively correlated with
but not significantly different from standard R, — R, , (1/s) in the segmented deep (r
=0.83 +£0.06; 8.3 +2.9 vs. 7.3 + 1.9, P = .50) and the superficial (r = 0.82 + 0.05;
3.5+24vs.4.5 + 1.6, P=.39) zones. However, after eliminating systematic errors
by the normalization in terms of zonal contrast, anisotropic R, was significantly
higher (60.2 + 18.5% vs. 38.4 + 16.6%, P < .01) than R, - R, , as predicted.
Conclusion: The proposed anisotropic R, mapping could be an efficient alternative
to the conventional approach, holding great promise in providing both high-resolu-
tion morphological and more sensitive transverse relaxation imaging from a single

T2W scan in a clinical setting.
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1 | INTRODUCTION

Water proton 7, and 7, relaxation times in pure liquids are
primarily determined by modulation of the intramolecular
dipole—dipole interaction created by molecular isotropic re-
orientation and characterized by a rotational correlation time
rc.l In biological tissue, magnetization transfer between water
and immobilized components affects 7 relaxation times, and
water exchange between free and restricted domains alters
T, relaxation times. In addition, intricate cellular and micro-
structural arrangements can restrict molecular reorientation
of water, creating an orientation-dependent 7', and 7', (spin-
lattice relaxation time in a rotating frame) in highly organized
tissues such as skeletal muscles and collagen fibers.' A sim-
ple method for quick quantification of MR anisotropic relax-
ation could provide invaluable insights into the integrity of
structured tissues.

Articular cartilage primarily comprises water (~68-85%
total weight), structural proteins including mostly colla-
gen (60-80% dry weight) and proteoglycans (~15-40% dry
weight), and a sparse distribution (~2%) of chondrocytes.
Proteoglycans consist of a core with one or more negatively
charged linear glycosaminoglycan (GAG) chains covalently
attached. In contrast, collagen forms fibrils and fibers inter-
twined with proteoglycans.* Histologically, articular cartilage
could be divided into the superficial (SZ), transitional (TZ),
and deep (DZ) zones, where collagen fibers are, respectively,
orientated in parallel, randomly, and perpendicularly with
respect to the cartilage surface.*® These highly organized
collagen fibers, particularly in the DZ, create an anisotropic
environment for the vast amount of water in cartilage, result-
ing in reported MR relaxation anisotropies.'””

The orientation-dependent MR relaxation rates R, (1/T)),
R, (1/Ty), and R, , (1/T,,) in bovine patellar cartilage-bone
specimens have been recently characterized at 9.41.° R, , was
determined with both constant amplitude and adiabatic wave-
forms as a function of spin-lock RF power. This study shows
that the relaxation rates R; and R, had minimal and maximal
orientation dependences, respectively. The orientation anisot-
ropy of R, was almost completely suppressed if a stronger
spin-lock RF field was used. More importantly, the relaxation
parameters with higher orientation anisotropies were found
to be more sensitive to cartilage degenerative changes sec-
ondary to osteoarthritis (OA). In other words, the anisotropic
component of R, (i.e., R7 (6)) has the potential to be a more
sensitive MRI biomarker for early cartilage changes in OA
and a valuable imaging tool to follow OA progression after
anterior cruciate ligament (ACL) reconstruction surgery.lo’11

In conventional R, mapping, R7 () is not separated from
its isotropic counterpart, potentially compromising the sensi-
tivity and specificity of the measure. R, and R, , are currently
the most investigated relaxation metrics in clinical studies of
knee cartilage degeneration,”’13 but the interpretation of R,

and R, , measurements in terms of observed structural protein
changes is not straig:,rhtf()rwatrd.12’14’15 Most likely, neither R,
nor R, has sufficient sensitivity to the underlying biochem-
ical and physiological changes in cartilage. To increase the
sensitivity of MR detection of OA, a composite relaxation
metric, R, — R, ,, has been proposed. 117 Subtracting R 1, from
R, removes the isotropic contribution to R, to a certain extent
if the spin-lock RF used in R, , mapping is not strong enough.
Previous work has proposed that R, , is driven by exchange of
hydroxyl protons in GAG with bulk water protons. This hy-
pothesis seems consistent with exchange-driven mechanisms
that determine R, pl L1718 byt conflicts with previous findings
in calrtilage.9’14’15‘19'23

Chemical shift increases linearly with increasing magnetic
field (B,), and the relaxation rate R,, due to exchange between
protons with different chemical shifts, increases quadratically
with By.'"'®2! In contrast, the contribution from dipolar in-
teraction to R, is mostly independent of 30_21,24 Provided that
an increased R, at a higher B, could be attributed entirely to
the chemical exchange effect, a comparison of R, at two dif-
ferent B, should shed light on the relative importance of two
different relaxation mechanisms. Mlynarik et al. performed a
detailed study on R, and R, , of human cartilage-bone spec-
imens at 2.95T and 7.05T and concluded that the (residual)
dipolar interaction was the dominant relaxation mechanism
at B, <3T.”!

Later, two clinical studies on healthy human knee carti-
lage showed that R, at 7T was either close to™ or 18% larger
than®® that at 3T, suggesting that the chemical exchange ef-
fect would have contributed less than 4% to R, if it had been
measured at 3T. A similar finding was reported for R, of
healthy human knee cartilage, with less than 15% increase
at 7T relative to 3T.? Furthermore, the chemical exchange
effect on R, at 3T can be simulated using published parame-
ters,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 out to be a
negligible value of 0.05 (1/s) compared with the observed R,
of about 30 (1/s).2%%

In this work, we first show theoretically that the R () of
cartilage at 3T was partially and inefficiently separated in the
reported composite relaxation metric.”® The prolonged image
acquisition protocol and demanding pulse sequences stan-
dardization across different MR systems have prevented the
reported method from being favorably accepted by the clin-
ical community.13’17 Hence, an efficient method is proposed
here to derive R (0) based on a single T2W sagittal image,
by eliminating an assumed constant isotropic R, contribution
derived from the magic angle locations in the deep cartilage.
We refer to our new method as a unique Anisotropic R, of
CollAgen DEgeneration (ARCADE) mapping to emphasize
its straightforward association with the integrity of collagen
fibers.>?” The derived femoral cartilage R7 (6) values in five
knees from four volunteers were compared with those of



PANG ET AL.

R, —R,,. Our comparable results demonstrate that the pro-
posed ARCADE mapping could be an efficient alternative to
the conventional approach, holding great promise in provid-
ing both high-resolution morphological and more sensitive
RY (9) imaging from a single T2W scan in clinical studies on
joint cartilage.

2 | THEORY

For knee cartilage water proton MR relaxation study at 3T,
only the intramolecular dipolar interaction between two pro-
tons in water will be considered to interpret the observed MR
relaxation rates of R}, R,, and R, p.21’24’28 In general, these re-
laxation rates could be characterized using a two-pool fast ex-
change model, i.e., rapid water exchange between the “free”
and “bound” pools, and thus represented as the weighted av-
erages of two pools,24 as shown in Equation 1,

R, =f; %R +f, %R (0) 0

withm =1, 2 and 1p; f; and f, the molecular fractions of water
in the “free” and “bound” pools, with f;+f, =1; R;'n and R (0)
the contributions from a fast isotropic and a slow anisotropic
molecular reorientation,24 which could be characterized, re-
spectively, by a smaller effective isotropic correlation time
(z) and a larger apparent isotropic correlation time (z, > 7).
To simplify the discussion, R and R? (8) can absorb corre-
sponding f; and f;, to denote the “apparent” relaxation rates
in the following unless stated otherwise.

The molecular anisotropic reorientation of the “bound”
water in cartilage can be characterized using an axially sym-
metric model, with a correlation time 7, assigned to one ro-
tation about the symmetry axis along the collagen fiber, and
another correlation time 7, to the rotation about an axis per-
pendicular to the symmetry axis.” If 7) is set to 7, and much
smaller than 7, (i.e. 7, > 7)), corresponding to the “bound”
water preferential alignments,l’24’30
time 7, of the “bound” water could be determined only by
7,” leading to 7,>> ;. This conclusion had been long be-
fore stated that the pfeferential alignments of water mole-
cules could effectively have their otherwise-short correlation
times amplified by many orders of magnitude.31 Therefore, it
would not be surprising to see a significantly larger 7, for the
restricted water in the “bound” pool.

R$(6) can be explicitly written as R s (3cos*6 — 1)2 /4,
where RJ denotes the maximum anisotropic relaxation rate
and 0 an angle subtending the dipolar interaction vector
and the B, direction.”**% RS () reportedly could be effec-
tively suppressed in R;, measurements if using a stronger
(w, /27 > 2.0 kHz) spin-lock RF strength.9’19 Accordingly, an
effective isotropic correlation time 7, for the “bound” water
could be estimated to be at least larger than 0.5/®;. On the
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other hand, the corresponding 7, for the “free” water should
be at least larger than 0.62/w,, given that R, >>R1.3 133 The
Larmor frequency is denoted by w,/2x and equal to 128
MHz at 3T.

According to the classical MR relaxation theories,
water proton relaxation rates of R, R,, and R;, could be
expressed in terms of an effective isotropic rotational cor-
relation time 7, using Equations 2-4, and profiled correspond-
ingly at 3T in Figure 1,

24,34

Rk T, % )
' 1+a>3762 1+4a)3162 2)

R—K 37, 2.51, T, 3
> 2 l+wi?  1+4w]r? )
1.57, 2.57, T,
Ry,= “

+ +
2.2 2.2 2.2
1+4a)]rc 1+a)0‘rc 1+4a)orc

where K is a constant of 1.056 * 10" (5_2) assuming a
distance of 1.59 (10%) between two proton nuclei in water. " If
7, <0.62/w, (~0.8 * 107" s), all relaxation rates will become
5K, which describes a scenario for water molecules rotating
freely in nonviscous liquids.31 In cartilage, however, water
can attain a longer 7, depending on both interactions with its
neighboring macromolecules and their relative orientations
to Bo.31

_ For the “free” water (0.62/0)0 < 7,<0.5/w)) in cartilage,
R’lp is equal to R, while R} becomes progressively smaller

than Ré as 7y increases. Notably, R‘ll for the “bound” water

1010 = R, i Tb ]
[ |—R, i
[ |= R, (0,221%0.5 kiHz) ; ]
s "' R, (0,=21*2.0 kHz)
100 [ i

i~0.62/®,
IIIII : IIIII IIIII

10" 10° 10°
7. (sec)

Dipolar Relaxation Rate (s_l)

107" 10

FIGURE 1
(1/s) on an isotropic rotational correlation time 7, (s) at 3T (w, /27 =

Dependences of water proton dipolar relaxation rates

128 MHz), with R, and R, depicted, respectively, in blue and red solid
lines, and Ry, in green with @, /27 = 0.5 kHz (solid line), 2.0 kHz
(dashed line). Effective correlation times in cartilage are represented
by 7; and 7, for “free” and “bound” water, respectively
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becomes insignificant, implying that the R, relaxation metric
would be orientation-independent and only sensitive to the
“free” water.”?>>*° For the “bound” water (t,>0.5/w)) in
cartilage, R?p () is progressively decreased relative to R7 (6)
as 7, grows. In this case, R‘l’p (0) can be recast by
R%(6) / (1+4w?t?)because of the dominant first term on the
right side of Equations 3-4. It is worth mentioning that Ry,
will turn into R, (i.e. R,+R7 (0)) and R), respectively, when a
spin-lock RF is absent and a stronger (w7, >0.5) spin-lock
RF is present. Consequently, the reported composite relax-
ation metric R, —R,, can be expressed in terms of R7 (6) as
shown in Equation 5, predicting that R, — R, , would be a par-
tial R7 (0) if a spin-lock RF strength is limited in clinical R,,
mappi11,g.19’37

R,—R,, =R} (0)* {4w’7?/ (1+4w’7?) } )

Here, we propose an efficient alternative to derive R7 (6)
from one T2W sagittal image, assuming constant proton
density (S,) and R; in cartilage.9’32’35 Typically, an orienta-
tion-dependent signal intensity S (6) in T2W could be written
as shown in Equation 6, including both “free” and “bound”
water contributions, with TE being an echo-time.’

S(0)= Syexp (—TE =R, —TE*R%(9)) ©)

S(0=+54.7°)= Syexp (-TE *R,) 7

R (0)={log (S (0 =+54.7°))—1og (S (0))} /TE  (8)

As collagen fibers in the DZ are oriented predominately
perpendicular to the cartilage surface,* RS (0) will become
zero at the magic angles of +54.7°.7%32 In this case, Equation
(6) will reduce to Equation (7), which represents the “free”
water contribution as an internal reference of the assumed
constant Syexp (~TE*RY) in the deep cartilage. Combining
Equation 6 and Equation 7, R (6) could be easily computed
using Equation (8). This proposed method has leveraged the
specific femoral cartilage geometric information that can
substitute the otherwise-required additional T2W measure-
ment in conventional R, mapping.

3 | METHODS

3.1 | Volunteer subjects

Four volunteers (V1-V4) were enrolled in this study. The
first three had a single knee scanned, while V4 had both
knees scanned. Thus, five datasets (S1-S5) were generated
and labeled accordingly by the volunteer’s sex (M/F), age,
and knee (L/R) health status (symptomatic [S], asympto-
matic [A], or ACL repaired [P]), e.g., VAF20LP in Tables
1 and 2. This study was approved by the local institu-
tional review board (IRB) and compliant with the Health
Insurance Portability and Accountability Act (HIPAA).
Each volunteer was informed about the study and signed
a consent form.

3.2 | The MR imaging protocols

R, and R;, mappings were performed on a 3T MR scanner
using a dedicated 16-Channel T/R Knee Coil. The 3D images
with different spin-echo times (TEs) or spin-lock durations
(TSLs) were acquired in the sagittal plane. An acceleration
factor of 2 was used in fast parallel imaging.

R, mapping: An interleaved multislice (= 43) multiecho
(= 8) turbo spin-echo pulse sequence was used in image ac-
quisitions with a voxel size of 0.6 * 0.6 * 3.0 mm?® and a field
of view of 128 * 128 * 128 mm’ covering entire tibiofem-
oral (:ompartments.10 The reconstructed images were then
interpolated to a voxel size of 0.24 * 0.24 * 3.00 mm’. An
effective TE for volumetric image data of each was n * 6.1
ms, withn =1, 2, 3,4, 5, 6, 7, 8. The pulse repetition time
was 2500 ms, and the total scan time was about 9 minutes
per knee.

R;, mapping: A spin-lock-prepared T1-enhanced 3D
turbo gradient-echo sequence was used to acquire Tlp
-weighed images through a segmented elliptic-centric k-
space acquisition.38 The spin-lock RF field strength (w, /2x)
was 0.5 kHz, and TSL was 0, 10, 20, 30, and 40 ms, re-
spectively. A similar field of view was used with an ac-
quired voxel size of 0.40%0.40%3.00 mm® (interpolated to
0.24*0.24*3.00 mm3). The total scan time was about 11
minutes per knee.

TABLE 1 Average relaxation rates (1/s) and Pearson correlation coefficients (r) from five femoral cartilages in the deep zone

ID Subject R, Ry,

S1 VIM52RA 242 +6.8 156+33
S2 V2M47LS 19.9 + 6.8 147+ 3.7
S3 V3F41LA 20.8 £ 6.7 156 +£3.1
S4 V4F20LP 227 +8.5 13.5+2.7
S5 V4F20RA 24.6 +8.9 16.5 +4.1

r R,—R;, RS (6) r

0.39 8.6+6.3 47 +6.7 0.83
0.16 SV 59+7.7 0.86
0.25 53+6.6 92+79 0.75
0.54 92+74 11.5+9.0 0.91
0.32 8.1+8.5 10.1 +£8.2 0.79

Note. Relaxation rate is mean + standard deviation. P value < .001 for all correlation coefficients.
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TABLE 2  Average relaxation rates (1/s) and Pearson correlation coefficients (r) from five femoral cartilages in the superficial zone
ID Subject R, Ry, r R,—R;, RS (6) r
S1 VIMS52RA 21.7+6.6 157+29 0.34 6.0+6.3 1.6 + 8.1 0.87
S2 V2M47LS 16.0 +5.8 14.0 + 3.7 0.50 20+5.0 1.0+72 0.76
S3 V3F41LA 19.1+7.7 147 +£3.0 0.15 43+79 5.8+9.6 0.87
S4 V4F20LP 185 +5.4 12.6 +2.3 0.44 5.8+49 6.3+59 0.84
S5 V4F20RA 192 +6.2 148 +3.3 0.28 44+62 31+70 0.78
Note. Relaxation rate is mean =+ standard deviation. P value < .001 for all correlation coefficients.
3.3 | The MR image post processing Femoral Condyle

All data analysis and image visualization were performed
using an in-house software developed in IDL 8.5 (Harris
Geospatial Solutions, Inc., Broomfield, CO).

Image coregistrations: A free software Elastix*® was used
for intraseries and interseries image coregistrations. The
T2W or T1p 3D images with different TE and TSL were first
aligned within time series; then, the aligned T1p 3D images
were further coregistered to the aligned T2W 3D images. The
coregistration scheme was based on a published protocol for
human knee cartilage, including a multiresolution approach
and a rigid transformation model.*” The coregistration was
optimized over 1,000 iterations using a localized mutual in-
formation (MI) as a similarity metric, and mutual information
was progressively maximized by minimizing its negative val-
ues in the optimization processes. The detailed coregistration
parameter settings (par0017) can be found in http://elastix.
bigr.nl/wiki.

Angular-radial segmentation: First, a whole femoral car-
tilage was manually delineated using a free software ITK-
SNAP*! for each image slice in T2W and T1p 3D data. Region
of interest (ROI) vertices were placed along cartilage bound-
aries, with the vertex path defined as smoothly as possible.
Furthermore, nonoverlaid cartilage areas (due to motion or
misalignment) in both T2W and T1p images were minimized
in delineating cartilage ROI. Second, the localized cartilage
partitions were accomplished by an angular and radial seg-
mentation method.*? Specifically, the vertices (x and y coor-
dinates) from a predefined cartilage ROI were used to fit (by
anonlinear least-squares fitting) a virtual circle in each image
slice, with the circle center located in the femoral condyle.42
Relative to a vertical line, an angle ¢ of a “spoke” connecting
each vertex and the circle center could be calculated; subse-
quently, the whole cartilage was subdivided angularly into 5
partitions based on the range of calculated “spoke” angles.
A reference angle (0") was chosen as the B, direction in a
sagittal image, with negative angles pointing to the anterior
direction and the positive angles to the posterior direction, as
shown in Figure 2. Third, as the shape of femoral cartilage
deviates from an ideal half-circle, especially on the lateral
sides,” a segmented angle ¢ had to be recomputed using only

Inferior,
1
A

0

FIGURE 2 A schematic diagram of femoral articular cartilage
showing an angular-radial segmentation, anatomical annotations, and
collagen fiber characteristic orientations. The deep and the superficial
zones are divided by a red dash-dot line. A segmented region of
interest (ROI), at a magic angle of —54.7° with an angular width of 5°
in the deep zone, is highlighted by a red square. The main magnetic
field B, points downward

adjacent (@ +10°) vertices to generate a new angle 6 to rep-
resent collagen fiber orientation closely in the deep cartilage.
Finally, the femoral cartilage was further subdivided radially
into the DZ and SZ, with a shared border line equidistant to
opposite boundaries. This segmented SZ covers at least both
the histologically defined the SZ and TZ.*’

Ry-R;, parametric map: Both R, and R, , parametric maps
were fitted pixel-by-pixel from coregistered multiple 3D data
based on a simple exponential relaxation decay model, i.e.,
S(t,-) =Spexp (—t; % P), where P=R, or R, and ;= [6.1,
12.2,18.3, 24.4, 30.5, 36.6, 42.7, 48.8] or [0, 10, 20, 30, 40]
(ms), respectively. The corresponding parametric error maps
were also created by adjusting fitted parameter uncertainties
so that the reduced y? was equal to 1.4

RS (0) parametric map from ARCADE: A single T2W
(TE = 48.8 ms) 3D dataset from R, mapping was used. An
internal reference corresponding to the “free” water contri-
bution for each image slice was estimated using Equation 6.
Specifically, the average T2W pixel values (in logarithmic
scale) within each of segmented ROIs in the DZ were fitted
to a function of collagen fiber orientations (0) as shown in
Equation 9, with parametric bound constraints.
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y=A—-Bx (3cos* (0+C)— 1) ©)

The model parameter A was not constrained; however, B
and C were limited to the ranges of [0, 10] and [—10°, +10°],
respectively. The limited freedom introduced for 6 was
to account for potential systematic errors in collagen fiber
orientations.>

The nonlinear curve fitting was performed slice by slice.
The optimal fits were determined using goodness of fits char-
acterized by y? test statistics with a significant level of P >
.95. Finally, the mean of those determined optimal A values
was used as a global internal reference, i.e., log (S (0 =54.7°))
in Equation (8).

Statistical analysis: The differences and associations be-
tween two relaxation metrics were, respectively, quantified
using a Student paired t test (a two-tailed distribution) and a
Pearson correlation coefficient (r), where the statistical sig-
nificance was considered at P < .05. Scatterplots were used
to demonstrate the potential correlation between two param-
eters; additionally, data ellipses with a 95% confidence level
were included for visual enhancement.*> A normalized re-
laxation metric, in terms of zonal contrast, was generated as
(DEEP —SUPF) /| DEEP % 100%, with DEEP and SUPF rep-
resenting RS (0) or R, —R,, in the DZ and SZ, respectively.
All measurements are shown as mean + SD unless stated
otherwise.

4 | RESULTS

A half-circle femoral cartilage sketch is shown in Figure 2 to
illustrate an angular-radial segmentation in a sagittal image,
with a highlighted ROI (red square) at a magic-angle orienta-
tion in the DZ.

Figure 3 presents two segmentations (Figure 3A, C) from
an exemplary dataset S4, and comparisons between seg-
mented angles ¢ and locally refined angles # in one lateral
image slice 14 (Figure 3A, B) and one medial image slice 23
(Figure 3C, D) from the left knee. Significant larger angle
differences (11.0 + 6.7° vs. 4.3 + 3.4°, P < .001) were ob-
served in the medial than those in the lateral side for these
two image slices. Specifically, ¢ in Figure 3D was overes-
timated (lpl > 10l) and underestimated (¢ < #) in the most
anterior and posterior directions, respectively.

An internal reference determination for the same dataset
in ARCADE mapping is demonstrated in Figure 4. A whole
deep cartilage T2W map (in logarithmic scale) was generated
(Figure 4A) based on segmented ROIs, where the segmented
angles @ of +54.7° are indicated by two white dashed lines.
An optimal (Figure 4B, P = .998) fit and a rejected (Figure
4C, P = .052) fit based on the refined angle 6 are shown for
the image slices 14 (as shown in Figure 3A) and 23 (as shown
in Figure 3B), with their spatial locations highlighted by a
white and a red arrow in the T2W map. For this femoral carti-
lage, the internal reference was determined as 5.757 + 0.024.
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FIGURE 3 Two examples of the
angular-radial segmentation on a lateral
image slice 14 (A) and a medial image slice
23 (C) from dataset S4, and a comparison
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FIGURE 4 An estimation of the
isotropic relaxation contribution to T2W
(in logarithmic scale) signal in the deep
zone for dataset S4 (A). Examples of an
optimal (B) fit and a rejected (C) fit for the
image slices 14 (white arrow) and 23 (red
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For the image slice 14 as shown in both Figures 3A and
SF, the derived pixel maps of R, (Figure 5A), R;, (Figure
5B), R, — R, , (Figure 5D), and Rf (0) (Figure 5E), along with
the ROI-based profile comparisons among R,, R, ,, R, —R;,
and R7 (0) (Figure 5C), are presented in Figure 5. The ob-
served orientation anisotropy of R;, compared with R,,
was significantly suppressed with a spin-lock RF strength
(w,/2x) of 500 Hz (Figure 5A-C). Noticeably, R] (6) was
well aligned with the composite relaxation metric features
with increased values and less image blurring (Figure SC-E).
The image acquisition time for ARCADE mapping in Figure
SE was significantly shorter than that for the composite re-
laxation metric as shown in Figure 5D (i.e., 1.2 vs. 20 min-
utes). The T2W image shown in Figure 5F had an echo time
of 48.8 ms.

For the same dataset S4, Figure 6 presents the whole
knee relaxation parametric maps of R, (Figure 6A, E), R;,
(Figure 6B, F), Rz—Rlp (Figure 6C, G), and R‘z’ (0) (Figure

FIGURE 5 Relaxation rate (1/s)
pixel maps of R, (A), Ry, (B), R,—R,,,

(D), and R; (9) (E) for the image slice 14
(from dataset S4) as shown in (F). Derived
from the average value within each of the
segmented regions of interest (ROIs) as
depicted in (A), the orientation-dependent
profiles of R, (blue triangle), R, , (blue
square), R, —R,, (green diamond), and RS (0)
(red circle) were compared in (C). The echo
time (TE) was 48.8 ms for the T2W image
shown in (F)
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6D, H) for the DZ (Figure 6A-D) and the SZ (Figure 6E-H).
Qualitatively, all relaxation rates in the DZ were marginally
larger than those in the SZ as previously reported, and R7 (8)
was comparable to R, — R, .

Scatterplots of R, versus R, , (Figure 7A) and R7 (6) ver-
sus R, —R,, (Figure 7B) are shown in Figure 7 for quan-
titative evaluations, with data ellipses overlaid to enhance
visualization of existing linear correlations. On average, R,
(1/s) values and their variations were larger than those of
Ry, (1/s) in both the DZ (22.7 + 8.5 vs. 13.5 + 2.7) and
the SZ (18.5 + 5.4 vs. 12.6 + 2.3). In contrast, RZ (0) (1/s)
values and their variances were only marginally larger than
those of R,—R,, (1/s) (i.e. 11.5 9.0 vs. 9.2 + 7.4 and 6.3
+ 5.9 vs. 5.8 + 4.9) in these two zones. Unlike the weak
associations between R, and Rlp (r=0.54, 044, P < .01,
0.01), RS (8) was highly positively correlated with R, —R;,
(r=0.91, 0.84, P < .01, 0.01) in both segmented cartilage

zones.
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R, Ry-Rq,,

4

FIGURE 6 Whole femoral cartilage
region of interest (ROI)-based relaxation
rate (1/s) maps of R, (A, E), R,, (B, F),

d33a

-180 p—-T R, R, (C, G), and R5 (9) (D, H) in the
_ -120 deep (A-D) and the superficial (E-H) zones
Q,S_- -60 1§ < (é for dataset S4. The slice number and the
=, 0 § £ g segmented angle ¢ increase, respectively,
% 60 o = from left (lateral) to right (medial) and
120 up (anterior) to down (posterior). All
140 1 9 16 24 32 figures are in the same color scale with the
Slice Number background set to zero (black)
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A o ol B rates (1/s) of R, vs. R, (A) and of R} (6)
10 — — vs. Ry —R;, (B) in the deep (red circle) and
) 10~ Xxx SUPF | — the superficial (blue cross) zones with each
0~ ‘ - . . ‘ . data ellipse superimposed for dataset S4.
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1 a B The Pearson correlation coefficients (r) are
R, (s) R,(0) (s ) included in the plots

The average relaxation rates and linear correlation co-
efficients from each cartilage in the DZ and the SZ are
listed in Tables 1 and 2 for five examined knees. These
tabulated values from the DZ are plotted against those in
the SZ as shown in Figure 8A. The grand means of the
average relaxation rates for five knees are represented by
each data ellipse centroid. In general, R, (1/s) was signifi-
cantly larger than R;, (1/s) in the DZ (22.4 + 2.0 vs. 15.2

+1.1,P<.0l)and the SZ (189 +2.0vs. 144+ 1.1,P <
.01). RS (0) (1/s) was hardly distinguishable from R, —R,,
(1/s) in the DZ (8.3 £ 2.9 vs. 7.3 £ 1.9, P = .50) and the
SZ (3.5 + 2.4 vs. 45 + 1.6, P = .39). However, the nor-
malized Rg (8), in terms of the zonal difference in carti-
lage, was significantly larger than the normalized R, —R,;,
(i.e. 60.2 + 18.5% vs. 38.4 + 16.6%, P < .01) as shown in
Figure 8B.
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FIGURE 8 A scatterplot of the means
of relaxation rates (1/s) of R, (magenta star),
R, (green triangle), R, — R, , (blue diamond),
and R; (9) (red circle) in the deep zone

— against those in the superficial zone (A)
with subgroup data ellipse superimposed,

and a comparison between normalized RS (6)
(yellow) and normalized R, —R, , (blue) for
five knees (B)
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5 | DISCUSSION

In this work, we first established that the composite relaxa-
tion metric (R, —R;,) actually measures inefficiently a par-
tial anisotropic R, (RS (0)) in clinical knee cartilage studies
at 3T, and then introduced a new method to extract an un-
compromised RS (0) based on a single T2W sagittal image.
The comparable results between the derived R (0) and the
measured R, —R;, on five femoral cartilages demonstrated
that the developed method could be an efficient alternative to
the conventional approach.

A key assumption in the new method was a uniform pro-
ton density S, and a constant isotropic R, (Ré) regardless of
its locations and health status in articular cartilage, where the
differences in observed R, relaxation rates stemmed solely
from the “bound” water on differently orientated collagen
fibers. This oversimplified view on the “free” water was
mainly based on previous observations in that the estimated
water content and the observed R, values at the magic angle
(MA) orientations were all nearly uniform across different
zones in cartilage.5 9,35,36,46

For example, one ex vivo study showed that S, was mar-
ginally larger in the SZ than in the DZ (i.e. 90 = 3% vs. 88
+ 4%) at a location near the MA.*® Xia reported an approxi-
mately constant 7, (59 + 6 ms) in cartilage specimens when
orientated at the MA in a high-resolution pMRI study.5 He
also found that 7', was orientation-independent and almost
constant (1.72 + 0.11 sec), as was confirmed recently by
Hiinninen et al.” Based on MR relaxation theories, both iso-
tropic R; and Ril have nearly linear relationships albeit oppo-
site with an effective correlation time 7, of the “free” water in
tissue. Thus, a uniform R, could be reasonably interpreted as
a constant R"z, as the observed R in cartilage is predominantly
contributed from K.

As articular cartilage has a similar biochemical composi-
tion and structural network in extracellular matrix, the “free”
water contribution to R, should not substantially fluctuate
in different cartilages; in other words, the internal reference
derived from the deep femoral cartilage is applicable to the
tibial and patellar cartilages as well. Our preliminary data
(not shown) indicated that comparable correlations between
Rg (0) and R, — R, , were found in the femoral, tibial, and pa-
tellar cartilages, and an average R () in the tibial was almost
three times larger than those found in the femoral and patellar
cartilages.

The assumption used in ARCADE is no exception for
an OA population. The integrity of collagen fibers could
be compromised as a result of pathology leading to less
preferentially orientated water, and the amount of released
“free” water would be very small compared to an existing
large pool of free water. Although the free water contribu-
tion to T2W signal should not be altered in OA subjects,

the observed T, at the locations other than the MA orienta-
tions could be increased and could adversely impact opti-
mal curve fittings in some image slices and thus potentially
lead to a biased 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 exchange effect associated with GAG loss
were taken into account.

Had the assumption been violated, the derived R7(6)
would have been offset systematically from its true value
as the R (0) computation was just a simple subtraction in
logarithmic scale. In this work, the measured R, —R;, was
expected to be smaller than R7 (6) because of a limited spin-
lock RF strength used in R, , mapping. According to previous
reports,g’19 a spin-lock RF strength of 2.0 kHz could ade-
quately (let’s say 99%) suppress RS (), leading to R, — R, , =
99%*R‘; (0). In clinical R, p studies at 3T, however, the spin-
lock RF strength is usually limited to 0.5 kHz,?” which would
translate into R,—R;,~ 86%*R] (). On the other hand,
the observed R, —R,, could be erroneously increased due
to different data acquisitions,lz’B’47 where R, derived from
a multiecho pulse sequence tends to be more overestimated
than R;, from a pulse sequence similar to 3D-MAPSS.Y
Consequently, the enhanced R, —R,, could compensate for
the loss due to a limited spin-lock RF power, which might
Justify the comparable R (6) and R, — R, , observed for some
subjects in the current study.

Our derived Rf (6) values generally agreed with the pre-
diction in the DZ except for the first knee (S1). It was quite
likely that the determined internal references for S1 in the
DZ and for others in the SZ were underestimated, leading to
an unexpected smaller R (¢). However, when using a nor-
malized relaxation metric in terms of zonal contrast such as
shown in Figure 8B, all systematic errors associated with
the internal reference and pulse sequences became irrelevant,
and the derived normalized R (9) from ARCADE was sig-
nificantly larger than the normalized R, —R,, as predicted.
Furthermore, the observed variations in both R7(6) and
R,—R, p (Tables 1 and 2, Figure 8A, B) might reflect col-
lagen fiber unique arrangements due to the volunteers’ dif-
ferent ages (20-52 yr), sexes (M/F), and knee health statuses
(ACL repaired, asymptomatic, or symptomatic). Even though
their true relaxation rates might be systematically offset, the
reported significant correlations should not be impaired.

These encouraging comparable results alone would proba-
bly not be sufficient to justify an alternative to an established
method. However, the great reduction in scan time required
for clinical MR studies and the straightforward image post
processing provide a strong impetus for further validating our
new method in a large clinical study. Additionally, the qual-
ity of derived relaxation metric map from ARCADE could
be much better as can be appreciated in the R (0) pixel map
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(Figure S5E) with respect to R, — R, , (Figure 5D). It was likely
that the subject had involuntary motions during lengthy data
acquisitions, and the blurring images were further degraded
during the complex coregistration processes in the conven-
tional approach.

Asaninternal reference method, the developed ARCADE
mapping should alleviate any systematic errors known for
both R, and R,, mappings due to different pulse sequence
implementations on multiple platforms,lz’]3 making it eas-
ier to standardize R (0) measurement in a multicenter trial
and be integrated in clinical studies. This new method is in-
dependent of the pulse sequence implementation as long as
the image pixel intensities are spin-echo weighted, which
is inherently insensitive to B, inhomogeneity. Advanced
knee coil provides an excellent B; homogeneity, with less
than ~5% variations in flip angle reported across the car-
tilage regions of interest in the sagittal plane.35 Therefore,
ARCADE could be reasonably considered to be insensitive
to both B, and B, inhomogeneities. In short, an isotropic
high-resolution 3D morphological and more relevant and
sensitive R (0) relaxation metric imaging could be fore-
seen with a single scan in a clinical setting48’49 for both
knee and other joints.

There are some limitations in the present work. First, only
five knees were studied, and thus the reported statistical anal-
ysis might be biased. Second, the health status of collagen
fibers (such as OA) at the MA locations could not be deter-
mined as the related residual dipolar interaction is nullified.
However, it is possible to remedy this limitation by running
an additional T2W sagittal scan with the knee rotated with
a small angle along the left-right axis since the proposed
method is efficient. Third, no in vivo validation against the
“gold standard” of diffusion tensor imaging was performed.
It has been demonstrated that diffusion tensor imaging could
provide collagen alignment information in human knee carti-
lage.5 0 R? (0) is mainly induced by restricted water molecular
rotational diffusion within collagen fibers and the diffusion
anisotropy derived from diffusion tensor imaging stems
largely from water molecular translational diffusion along
collagen fibers.** It would be interesting to compare how
two different water diffusions can be associated with each
other. Finally, the potential of the developed method in de-
tecting the earliest cartilage changes that occur in OA might
be diminished if GAG depletion is indeed to occur before dis-
ruption of the collagen network.

6 | CONCLUSIONS

We have developed an efficient method to measure the
collagen orientation-dependent anisotropic
water proton relaxation rates in human knee cartilage. The

transverse

potential to reduce clinical MR scan times significantly and
derive more relevant and sensitive information on colla-
gen integrity of both knee and other joints effectively war-
rants further evaluations and validations in larger clinical
studies.
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