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ARTICLE INFO ABSTRACT
Handling Editor: Professor H Madry T1p and Quantitative Susceptibility Mapping (QSM) are evolving as substrates for quantifying the progressive
nature of knee osteoarthritis.
Keywords: Objective: To evaluate the effects of spin lock time combinations on depth-dependent T1p estimation, in adjunct to
?incular cartilage QSM, and characterize the degree of shared variance in QSM and T1p for the quantitative measurement of
p

articular cartilage.

. R Design: Twenty healthy participants (10 M/10F, 22.2 + 3.4 years) underwent bilateral knee MRI using T1p MAPPS
Magnetic resonance imaging 3 k ) . | ¢
Microstructural integrity sequences with varying TSLs ([0-120] ms), along with a 3D spoiled gradient echo for QSM. Five total TSL
Arthritis combinations were used for Tlp computation, and direct depth-based comparison. Depth-wide variance was
assessed in comparison to QSM as a basis to assess for depth-specific variation in T1p computations across healthy
cartilage.

Results: Longer T1p relaxation times were observed for TSL combinations with higher spin lock times. Depth-
specific differences were documented for both QSM and T1p, with most change found at ~60% depth of the
cartilage, relative to the surface. Direct squared linear correlation revealed that most T1p TSL combinations can
explain over 30% of the variability in QSM, suggesting inherent shared sensitivity to cartilage microstructure.
Conclusions: T1p mapping is subjective to the spin lock time combinations used for computation of relaxation
times. When paired with QSM, both similarities and differences in signal sensitivity may be complementary to
capture depth-wide changes in articular cartilage.
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1. Introduction

Osteoarthritis (OA) is a progressive joint disease whereby co-
localized intra-articular inflammation, subchondral bone remodeling,
and loss of articular cartilage can lead to chronic pain, functional limi-
tations, and decreases in quality of life [1]. At the microstructural level,
the cartilage thinning process of OA is characterized by depth-wise
degeneration of the collagen-proteoglycan matrix [2]. These changes
induce alterations of the mechanical and biochemical properties that
characterize articular cartilage, subsequently weakening knee joint
loading capacity. Unfortunately, the onset of OA is subclinical in nature
and lacks quantitative measurement for progression, until loss of the
articular cartilage has led to chronic pain and functional limitations. This
limited capacity to quantify the degenerative process of OA, especially in
early onset stages, has limited the identification of mechanistic un-
derpinnings that could inform best treatment and ultimately preventative
strategies.

Magnetic resonance imaging (MRI) offers the most promising
approach for non-invasive evaluation of articular cartilage and moni-
toring the progression of OA in vivo. [3] Specialized sequences, such as
T1p or T2 imaging, can provide indirect measures that estimate under-
lying tissue composition and potentially identify OA-based cartilage
degeneration [4]. For instance, T1p relaxation times have been shown to
reflect changes inversely proportional to cartilaginous glycosamino-
glycan content, both in vivo and in vitro [5,6], in conjunction with con-
founding effects from local collagen network properties such as collagen
anisotropy and cartilage hydration [7,8]. Increases in T1p relaxation
times have been documented in patients with advanced radiographic
stages of OA, when compared to patients in early stages of OA, or con-
trols, suggesting that T1p may be sensitive to the degradation of carti-
laginous matrix including, changes in proteoglycan content, as well as
alterations in collagen structure and cartilage water content [6,8-10]. A
lack of correlation between T1p and glycosaminoglycan content has also
been reported, emphasizing that such signal is driven my multifactorial
components making up the cartilage structure [7,11]. In individuals at
high-risk of developing post traumatic osteoarthritis (PTOA), such as
those who suffer anterior cruciate ligament injury, longitudinal changes
in tibiofemoral cartilage T1lp relaxation times have also been docu-
mented and related to the adoption of joint-protective movement stra-
tegies (e.g., underloading of the involved limb during gait) [12], growing
the clinical utility of such imaging to understand the clinical trajectory of
articular pathology.

Despite efforts toward standardizing T1p imaging for articular carti-
lage, there remains large variability in the duration of the spin lock time
(TSL) combinations used for acquisition [4,13]. Specific to the study of
articular cartilage in clinical knee pathologies, differences in T1p relax-
ation times suggesting higher risk for OA have been documented using
TSL combinations ranging between [0-125] ms [4], creating discrep-
ancies on the effects of spin lock time choice toward resulting MR
cartilage maps. Furthermore, as noted by Pfeiffer et al. [12], mean esti-
mated T1p values using shorter spin lock time combinations (i.e., up to
40 ms in their work, relative to mean T1p estimates between 40 and 60
ms) may underestimate T1p relaxation, warranting further study of the
effects of TSL combination on resulting T1lp measurements. This is
especially relevant in the context of improving the prospective identifi-
cation and monitoring of knee OA and PTOA, where T1p is expected to
increase with pathology.

Aside from the lack of standardized MRI acquisition parameters, post-
processing of T1lp imaging generally consists of extracting relaxation
times from the whole anatomical cartilage, precluding insight into ver-
tical, depth-specific differences in structure, or content, that may un-
derlie focal depth-wise disease progression and severity [14]. Healthy
articular cartilage is comprised of four primary zones that are each
characterized by unique cartilaginous tissue and mechanical loading
properties [15,16]. For instance, collagen fibers within the radial zone
(2nd deepest layer) are aligned perpendicular to the orientation of the
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underlying bone, allowing for optimal resistance against compressive
axial loading forces. The calcified (deepest) and radial zones also contain
thicker collagen fibers, along with higher proteoglycan content, which
allows for modulation of compressive forces within the deeper cartilag-
inous tissue [15]. In comparison, the superficial zone contains collagen
fibers running primarily parallel to the underlying bone, allowing for
resistance to shear stress [15]. Given that structural factors like collagen
fiber orientation, or anisotropy, likely influence the estimation of tissue
composition, including T1p measurements [10], complementary imaging
techniques that are also sensitive to both tissue content and organiza-
tional properties of tibiofemoral cartilage may help to better characterize
articular microstructural integrity.

In recent years, Quantitative Susceptibility Mapping (QSM) has
emerged as an additional imaging method used to study OA-related
structural alterations in articular cartilage. QSM captures local changes
in calcification and provides depth-specific estimates of the microstruc-
tural cellular arrangement within the collagen fiber network [17-21].
QSM is well-suited for this purpose as both differences in collagen fiber
structure [20,22], and changes in the amount of calcification [23],
induce specific changes in local susceptibility, which affect the QSM
contrast [24]. Clinically, decreases in the predictable variation of local
susceptibility across the depth of the tibiofemoral cartilage has been
related to OA severity [21,24], suggesting the potential for QSM to
provide complementary insight about depth-wise changes in the collagen
network microstructure that underlie the degenerative sequalae on
articular cartilage, and its correlation to clinical symptoms.

Conceptually, QSM and T1p imaging may provide complementary
assessments for quantifying healthy and pathologic knee cartilage, each
offering valuable insights and sensitivities to tissue organization and
composition. Therefore, the purposes of this study were to 1) evaluate the
effects of spin lock time combinations on resulting depth-dependent T1p
estimation within healthy articular cartilage of the knee, in adjunct to
QSM, and 2) characterize the shared variance of QSM and T1p for the
quantitative measurement of articular cartilage. We hypothesized that
changing the spin lock time combinations would affect the resulting T1p
computation in ways that would highlight the need for standardizing
acquisition methodology in T1p mapping of articular cartilage. Given
that both T1p and QSM signal contrasts are influenced by T2 relaxation
time [25], we further hypothesized some degree of shared variation
between both signals throughout the depths of the cartilage.

2. Methods
2.1. Subjects and ethical approval

Twenty healthy subjects (10 M/10F; 22.2 + 3.4 years; 78.0 + 13.0 kg;
176 + 12 cm) without history of prior traumatic knee injuries or pain
(self-reported) underwent sequential unilateral imaging of their right and
left knees, respectively (40 total imaging datasets). The present obser-
vational study (within-subjects design; level of evidence 3; clinical-
trials.gov: N/A) was approved by the institutional review board at Emory
University and informed consent was obtained from all participants prior
to commencement of any study activities. Data were collected at the
Emory Sports Performance and Research Center (SPARC; Flowery
Branch, GA, USA).

2.2. Magnetic resonance imaging acquisition

All MRI sequences were acquired on a 3.0 T GE SIGNA Premier
scanner (General Electric; Milwaukee, Wisconsin) using an 18-channel T/
R knee coil (Quality Electrodynamics, Mayfield Village, OH, USA). QSM
data was acquired using a sagittal 3D spoiled gradient echo sequence
with fat saturation to reduce the effects of chemical shift between fat and
water [21,24]. Global shimming was done prior to the QSM acquisition
to homogenize the magnetic field (see Table 1 for specific details
regarding the QSM acquisition parameters).
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Table 1
Summary of MR acquisition parameters.

MRI modality T1p - SHORT Tlp - EXTENDED  QSM
Acquisition type MAPSS spoiled
Acquisition 3D; sagittal 3D; sagittal
Slice thickness 3 2

(mm)
In slice resolution 0.3125 x 0.3125 0.3125 x 0.3125

(mm®)
TR (ms) 4.5 26
TE (ms) [Min, 1-5] 5.1
Bandwidth (Hz/pixel) 244 488
Flip angle (deg.) 70 15
Acquisition matrix 192 x 192 512x 512
Reconstruction matrix 512x 512 512 x 512
Spin lock frequency 500 -

(Hz)
TSL (ms) [0, 10, 20, 30, [0, 10, 30, 60, -

40, 50] 90, 120]

Number of slices 32 72
Parallel imaging factor - - 2
Scan time 7 min 49 s 7 min 11's

MAPSS = magnetization-prepared angle-modulated partitioned-k-space SPGR
sequence, QSM = quantitative susceptibility mapping, TSL = time of spin lock.

Two sagittal 3D MAPSS (magnetization-prepared angle-modulated
partitioned-k-space SPGR sequence) sequences with identical parame-
ters, except for the TSL combination, were acquired to estimate T1p
relaxation times [21]. One T1p sequence was acquired using a shorter
TSL combination (V-SHORT; TSL = [0, 10, 20, 30, 40, 50] ms) [12,26]. A
second Tlp sequence was acquired using extended TSL with longer
maximum spin lock time durations (V-EXTENDED; TSL = [0, 10, 30, 60,
90, 120] ms). Table 1 summarizes specific acquisition parameters for the
MAPSS acquisitions.

2.3. Voxelwise susceptibility mapping

All data manipulations were accomplished in MATLAB (Mathworks,
Inc., Version 2022b; MA, USA) using a mixture of modified scripts
developed in-house and functions from the FSL toolbox (FMRIB group,
FSL, version 6.01; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) [27].

Prior to QSM computation, the native magnitude image was aligned
to an anatomical template using linear (FMRIB's Linear Image Registra-
tion Tool, FLIRT) and non-linear (FMRIB's Non-Linear Image Registration
Tool, FNIRT) transformations [27-30]. Linear and non-linear trans-
formations were inverted and resampled back to native magnitude space
allowing for partial volume classification of the bony structures (i.e.,
femur, fibula, patella, and tibia) and articular cartilages (i.e., femoral
condyle, lateral tibial condyle, medial tibial condyle, patellofemoral),
which informed manual segmentation in native space (Fig. 1A1). Seg-
mentation was completed using the magnitude map from the QSM
acquisition as it provides the best anatomic contrast.

The following steps were done in sequence based on recommenda-
tions from the STISuite (https://people.eecs.berkeley.edu/&#x223C;ch
unlei.liu/software.html), which consists of MATLAB (Mathworks, Inc.,
Version 2021a; MA, USA) scripts to compute voxelwise magnetic sus-
ceptibility, adapted for the knee by Wei et al. [21,24] Briefly, results from
the segmentation were used to create a mask that covers the knee joint
while excluding the bone regions (Fig. 1A). The mask was input into
STISuite along with the native magnitude and phase images for
Laplacian-based phase unwrapping of the GRE phase (Fig. 1A). The use of
such mask is specific to data acquired using the 3D GRE sequence with fat
saturation, since saturation within the bone regions can introduce error
in the estimation of field maps, related to the ill-posed inverse problem
associated with QSM computation [24]. The isolated mask thus provides
edge information for local field calculation using background phase
removal [24] via variable kernel sophisticated harmonic artifact reduc-
tion for phase data [31]. Voxelwise susceptibility QSM map are then
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obtained by inputting the local field maps into a two-level STAR
(streaking artifacts reduction) algorithm for QSM, as per the original
method [19,32], using the mean QSM of masked region within the field
of view as reference. [24] The resulting QSM maps were then masked to
the articular cartilage (Fig. 1A2).

2.4. Voxelwise T1p computation using different spin lock time
combinations

To assess the effects of TSL combination on resulting T1p computation
within the articular cartilage, a total of five spin lock time sets were
created using the acquired MAPPS echoes. Common alignment
across both T1p acquisitions were ensured by linear co-registration of the
baseline 0-ms TSL echo from each acquisition (e.g., T1p-SHORT gy, — o and
T1p-EXTENDEDtg, — o) with the matching high-resolution magnitude
map from QSM (FLIRT, 6 DOF) (Fig. 1.3). The resultant transformations
were then applied to the remaining respective spin lock echoes
(TSLV-SHORT = [10, 20, 30, 40, 50] ms; TSLV-EXTENDED = [ 10, 30, 60, 90,
120] ms), allowing for all images to be co-registered within a respective
participant's knee.

A total of five TSL combinations were set to compute voxelwise T1p
(Figs. 1B and 2). These included V-SHORT (TSL = [0, 10, 20, 30, 40, 50]
ms), V-EXTENDED (TSL = [0, 10, 30, 60, 90, 120 ms]), V-EXTENDED (+)
(TSL = [0, 10, 20, 30, 40, 50, 60, 90, 120] ms), V-EXTENDED (—) (TSL =
[0, 10, 30, 60, 90] ms) and a V-CHALIAN-LIKE (TSL = [0, 10, 40, 90] ms)
[13] V-SHORT served as the experimental version for a shorter TSL
combination. V-EXTENDED, V-EXTENDED (+) and V-EXTENDED (—)
served as the experimental versions for longer TSL combinations.
V-EXTENDED (+) maximized the number of echoes for a potentially
better exponential fit (Fig. 2), at the cost of requiring two acquisitions
(i.e., longer scan time). V-EXTENDED (—) on the other hand depended on
a single acquisition, with longer end spin lock times, and less weighted
effects from noise data, which increases at higher TSL (i.e., 120 ms).
Lastly, the V-CHALIAN-LIKE combination was closely similar to recom-
mendations from the Quantitative Imaging Biomarkers Alliance (QIBA)
to standardize T1p mapping, for direct comparison [13]. Echoes that
were present from both acquisitions (i.e., 0, 10, 30 ms) were averaged
once aligned, prior to voxelwise T1p fitting.

The segmented articular cartilage mask was used to compute voxel-
wise T1p relaxation times (Fig. 1.4) using a standard mono-exponential
two parameter equation:

(431/“0)

where, TSL corresponds to the duration of the TSL (ms), S7s;) represents
the signal intensity for the corresponding TSL, Sy is the signal intensity
when TSL equals 0, and T1p is the constant relaxation time in the rotating
frame (ms) (Fig. 1B-F.5). Signal-to-noise ratio (SNR) for each TSL echoes
was also measured for comparison. SNR was computed as the ratio be-
tween the mean signal within the tibiofemoral cartilage over mean of the
background. Background signal was extracted using a 10 mm sphere
region-of-interest over the field-of-view where no anatomical part of the
knee was present, for each participant.

S(TSL) :S() -e Eq. (1)

2.5. Distance-based segmentation of tibiofemoral weight-bearing articular
cartilage

The tibiofemoral weight-bearing cartilage within the knee joint was
isolated using a modified systematic anatomical mapping approach
described by Moran et al. [33] First, referenced anatomical landmarks
(Fig. 3A-E) derived from the International Cartilage Repair Society
(ICRS) and the Whole-Organ Magnetic Resonance Imaging Scoring
(WORMS) mapping system were converted to three-dimensional vol-
umes [34]. Those were then combined to create three-dimensional
anatomical tibiofemoral labels for cartilage that separate the knee joint
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Fig. 1. Sampled voxelwise QSM and T1p computation output within the knee articular cartilage. (A) Voxel-by-voxel Quantitative Susceptibility Mapping (QSM)
of the articular cartilage was derived using the phase and magnitude images, for each knee. Prior to voxelwise QSM computation (2), the magnitude image for each
knee was co-aligned with an atlas using a series of linear and non-linear registrations to augment manual segmentation (1) of the bony (black; fibula, femur, patella,
tibia) and cartilaginous structures (femoral, red; lateral tibial condyle, green; medial tibial condyle, cyan blue; patellofemoral, yellow). (B-E) Voxel-by-voxel T1p
mapping was done in alignment with the magnitude image to allow for co-localized sampling of region-of-interest measurements post pre-processing. A sample
matching sagittal slice for each spin lock time (TSL) combination (i.e., T1p-short (B), T1p-extended (C), T1p-extended plus (D), T1p-extended minus (E) and T1p-
chalian-like (F)), is shown on the left-hand side, as well as the resultant voxelwise T1p maps on the right-hand side.
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to noise quotient is listed under each plot.
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Fig. 3. Three-dimensional anatomical landmarking for tibiofemoral cartilage parcellation and definition of weight-bearing region-of-interest. Combined
anatomical landmarks described in Moran et al., 2022 for the systematic mapping of knee magnetic resonance imaging (A-E) were combined in three dimension to create a
three-dimensional anatomical labelling system for articular cartilage of the knee (F). These include coronal (A) and sagittal (B-E) labels from the Whole-Organ MRI Scoring
mapping system, as well as the International Cartilage Repair Society method for mapping cartilaginous lesions. The anatomical labels associated with weight-bearing
areas of the distal femur (F*) were combined to mask in weight-bearing articular cartilage overlying the femoral condyles (G, blue). This was combined with the
whole tibial cartilage (G, red) to create the resultant three-dimensional tibiofemoral weight bearing region of interest for layer-based analysis. A = anterior; C = central;
L = lateral; LSs = lateral subspine; LT = lateral trochlea; M = medial; MSs = medial subspine; MT = medial trochlea; N = notch; P = posterior; T = trochlear.
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into medial/lateral, central and trochlear-notch sub-compartments along
the left-right axis of the knee (sagittal plane), and posterior, central,
anterior and trochlea sub-compartments along the posterior-anterior axis
(coronal plane) (Fig. 3F). From there, articular cartilage regions within
the femoral and tibia weight-bearing surfaces could be isolated (Fig. 3F)
and masked (Fig. 3G). The above was completed on the template atlas,
and then resampled to each participant's native imaging space using the
aforementioned inverted warping fields.

Depth-based segmentation of the femoral cartilage was done using a
modified angular binning approach, as previously described [35,36].
First, a point cloud from the cartilage mask was used to fit circles using a
least-square approach along the sagittal slices. This was done to create a
cylinder with a resulting two-dimensional centroid that was weighted by
all valid coordinates within the femoral cartilage mask, accounting for
in-plane rotations due to patient positioning (Fig. 4A and B). From there,
each sagittal slice was separated into 360 angular bins by fitting angular
rays at 1° increments extending from the centroid to 1.5 times the dis-
tance between the centroid and the most anterior proximal point within
the cartilage mask, ensuring all valid coordinates were captured
(Fig. 4C). The computed distance from the articular cartilage to the
cortical edge of the bone was then computed using signed distance be-
tween the contained pixels within an angular bin, stepped by 5° (Fig. 4D)
[15,16]. The resulting distance-based mask was combined with the
weight-bearing mask (Fig. 3G) to assess for depth-wise differences in T1p
and QSM (discussed next), within the weight-bearing cartilage region of
the knee.

Depth-based segmentation for tibial cartilage was less intensive as the
tibia plateau lays relatively flat in the axial plane, unlike the complex
three-dimensional anatomical curvature of the femoral condyles. Thus,
depth segmentation was done by taking the intersection between the
sagittal and coronal planes, for each sagittal slices, and splitting the
contained pixels using the same sign-based distance mapping described
above, relative to the cortical edge of the bone. Because the tibial carti-
lage is largely weight-bearing in nature, no further masking was done for
data extraction.

2.6. Statistical analyses

All statistical analyses were completed in MATLAB using the statis-
tical toolbox. First, the average SNR for all TSL combination were
compared using a one-way between-subjects analysis of variance

2D slice of femoral
cartilage mask

Point cloud of the

femoral cartilage mask 1'

Circles are fit to the point cloud
using sagittal least square fits
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followed by post-hoc testing with statistical significance set at p < 0.05.
Average SNR were computed as the average of TSL SNRs, for each
participant, based on the set of TSL combination selected.

Average Tlp relaxation times for each TSL combination, in each
subject, across both knees, were computed based on the binned distance
from the cortex. Prior to averaging, the contained data was filtered for
possible outliers using Tukey's method and a G-factor of 1.5 [37]. Mea-
surements from the femur and tibia weightbearing portion were com-
bined in the average computation. The same approach was done to
estimate mean QSM at each distance bin. Depth-wise T1p times were
compared across TSL combinations using a Kullback-Leibler divergence
index to assess for similarities across the datasets, with a value of
0 meaning no perceived difference. The mean signal [38,39] for each
distance bin across subjects was also analyzed for all TSL combinations
and QSM to compute the inflection point at which the statistical property
of the signal curve was most abrupt, as another way to assess change in
measurement distribution across depth of the cartilage.

To assess differences in T1lp at each depth bin for the varying TSL
combinations, separate between-subjects analyses of variances were
performed. Follow up, Bonferroni-corrected post-hoc t-tests were used to
determine statistical significance (p < 0.05/10). Lastly, the linear cor-
relation coefficient between T1p relaxation times from each TSL combi-
nation and QSM were squared to determine the proportion of variance in
susceptibility across the cartilage that is predicted by T1p, according to
TSL choice.

3. Results

Differences in SNR were documented across the TSL combinations for
T1p computation (Fig. 2). In general, V-SHORT and V-CHALIAN showed
higher averaged SNR compared to both V-EXTENDED and V-EXTENDED
(+) (p < 0.0001), as well as V-EXTENDED (-) (p < 0.008), although the
two were not statistically different from one another (p = 1.00). Aver-
aged SNR for V-EXTENDED (—) was also higher than both V-EXTENDED
and V-EXTENDED (+) (p < 0.0001). V-EXTENDED and V-EXTENDED (+)
did not differ from one another (p = 0.9132).

Kullback-Leibler indices for depth-wide distributions of T1p relaxa-
tion times showed varying degrees of divergence between the TSL
combination with V-SHORT and V-EXTENDED showing the greatest
degree of relative entropy (Table 2). Comparisons of V-EXTENDED(+), V-
EXTENDED(—) and V-CHALIAN all showed similar distributions (low
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Fig. 4. Depth-based subject-specific sign-distance segmentation of the articular cartilage. Circles were fit along the sagittal slices of segmented articular
cartilage (femur sampled here) using least-square fits (A-B) to establish the three-dimensional centroid (B*) and most anterior-proximal point (B+), which became the
minimum radius of the overall three-dimensional cylinder covering whole cartilaginous structure. From there, linear rays were extended in a circular fashion with
increments of 1° (green) to establish equal angular bins (C). For each angular bin, the contained voxels were tagged based on the signed distance function between it

and the cortical edge of the bone (D), to approximate the depth within cartilage.
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Kullback-Leibler indices, [0.04-0.2]; Table 2). V-EXTENDED(-) and V-
CHALIAN were noted to be most similar with a resulting Kullback-Leibler
of 0.04.

T1p averages across distance bins from the bone cortex showed
similar trends across the depth of the cartilage, although clear differences
in the magnitude of computed T1p were noted (Fig. 5A). For instance,
T1p was higher in the more superficial cartilage with downward trending
toward deeper cartilage layers. The inflection point across all TSL com-
binations, as well as QSM, was found to be at ~60% of the cartilage
depth, from the superficial layer (Fig. 5A, bottom). Except for the deepest
bin (voxels closest to cortical bone, 1), depth-specific average T1p times
were not statistically different for V-EXTENDED(+), V-EXTENDED(-)
and V-CHALIAN (white squares, Fig. 5B). In contrast, T1p relaxation
times estimated directly from V-SHORT, and V-EXTENDED were signif-
icantly shorter, and longer (p < 0.0045), respectively, across all depth
bins, in comparison to V-EXTENDED(+), V-EXTENDED(—) and V-CHA-
LIAN (yellow squares, Fig. 5B). Depth-based susceptibility measurements
showed a similar but more definite trend with respect to changes from
superficial to deep bins making up the cartilage mask, where values were
noted to transition from paramagnetic (positive) to diamagnetic (nega-
tive) susceptibility near the inflection point (Fig. 5C).

Lastly, a ranging degree of squared correlation coefficients were
documented between T1p relaxation times and QSM, according to the
TSL combination (Fig. 6). Specifically, V-SHORT and V-EXTENDED
explained the most (65%), and least (7%), percent variance within QSM
measurements, respectively, followed by V-EXTENDED(+) (44%), V-
CHALIAN (38%) and V-EXTENDED(—) (32%).

4. Discussion

This study evaluated the effects of spin lock time combinations on
resulting depth-specific T1p relaxation times, in adjunct to co-localized
quantitative susceptibility. We further characterized the shared vari-
ance in QSM and T1p, which provided insight into the complementary
yet distinct nature of both T1p and QSM for measuring articular cartilage
in vivo. The key findings from this study are threefold: (1) Significant
differences in resulting T1p computations were noted according to the
chosen TSL combination, with the greatest discrepancy in resulting
relaxation times documented between V-SHORT and V-EXTENDED. (2)
Decreasing T1p and QSM were observed across the depth of the articular
cartilage from superficial to deep with all signals showing changes at
~60% of the cartilage depth. (3) More than a third of the variance in
quantitative susceptibility can be explained by changes in T1p relaxation
times (unless using V-EXTENDED) suggesting that the two sequences
share inherent mutual sensitivity to microstructural properties of the
articular cartilage matrix, as well as underlying differences that may
render their combined use fruitful for imaging knee cartilage pathology.

Many iterations of TSL combination have been implemented for the
study of cartilage using T1p mapping [4,13], creating limitations for
comparison and interpretation of data. In this study, varying combina-
tions of TSL for T1lp computations were compared, showing a depen-
dence for the residual relaxation time extracted within healthy cartilage
because of the voxelwise fit for Tlp exponential decay. This was
consistent across the documented average SNR, depth-wide T1p mea-
surements, and residual relationship to QSM, emphasizing the sensitive

Table 2
Kullback-Leibler divergence index across TSL depth-based T1p distributions.
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nature of T1p computation to the choice of spin lock time used for image
acquisition. Despite all combinations showing similar trends across the
depth of the cartilage, significant differences in the residual T1p mea-
surement were observed between V-SHORT and V-EXTENDED, with the
more pronounced discrepancy in terms of TSL combination. The appli-
cation of shorter maximum TSLs may underestimate T1p relaxation times
[12], which is particularly relevant in the context of arthritis progression,
where T1p is expected to increase secondary to the degenerative sequalae
of the disease [40]. In contrast, minimal gross differences in T1p
computation were noted across the majority of the depth bins for TSL
combination V-EXTENDED(+), V-EXTENDED(—) and V-CHALIAN, sug-
gesting that some spin lock time combinations may lead to homogenous
results, in healthy cartilage.

In this study, both T1p and QSM were evaluated to look for changes
across the depth of the cartilage, given their respective sensitivity to
changes in microstructural organization and content. A depth-based
analysis approach was utilized to leverage sign distance mapping to
segment articular cartilage without requiring oversimplified assumptions
about superficial and deep layer stratification. Results within healthy
knee cartilage showed down-trending T1p relaxation from superficial to
deep, with an inflection point at ~60% of the depth, from the surface.
When compared to T1p, QSM also showed down trending changes from
superficial to deep, transitioning from paramagnetic (positive) to
diamagnetic (negative) susceptibility, with an identical inflection point
at ~60%, crossing neutral (QSM ~ 0). The lower T1p findings in the
deeper cartilage is in line with existing literature that suggests a possible
inverse relationship between T1p times and proteoglycan content [5,9,
41-43], acknowledging that co-localized parameters including collagen
orientation, cartilage hydration, and overall matrix organization would
also influence the voxelwise signal. To date, proteoglycan content is
known to vary across the depth of the cartilage with usual peaks around
50-80% of tissue depth relative to cartilage surface [44].

When correlated against one another, varying degrees of variance
predictability was observed according to TSL combinations. Across those,
except for V-EXTENDED, over 30% of the variance in QSM could be
explained by T1p which suggest some inherent mutual sensitivity to the
biological properties that make up the cartilage matrix. This also in-
dicates that some degree of independent effects modulates both the T1p
and QSM signals, independently, supporting the notion that the two may
be complementary in nature with respect to quantitively characterizing
cartilage using MRI. Whether these are differences in sensitivity to the
effects of collagen network organization, collagen anisotropy water
content, or proteoglycan content, this may suggest that studying patho-
logic cartilage using both T1p and QSM together may capture micro-
structural disruptions in articular cartilage that advances the
understanding of degenerative OA [44], similar to previous studies using
multimodal imaging. In this study of healthy subjects, the V-SHORT
acquisition was found to explain the highest variance in QSM (65%)
compared to the other tested TSL combinations. This may be due to the
constrained limits of the T1p computation bounded by the shorter spin
lock times that, in turn, prevent the introduction of higher T1p relaxation
times from more superficial areas within the cartilage, which are noted in
the extended TSL combinations (Fig. 6B-E, bottom right). As we imple-
ment the proposed approach into the study of pathologic cartilage, such
discrepancy in the variance explained by T1p against QSM may provide

V-SHORT V-EXTENDED V-EXTENDED (+) V-EXTENDED (-) V-CHALIAN-LIKE
V-SHORT 0 - - - -
V-EXTENDED 14.8 0 - - -
V-EXTENDED (+) 6.2 1.9 0 - -
V-EXTENDED (—) 3.8 3.0 0.2 0 -
V-CHALIAN-LIKE 4.9 2.6 0.1 0.04 0

The include signal from the femur and tibia combined.
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Fig. 6. Direct linear correlation between T1p and QSM. The individual T1p (x) and susceptibility (y) for each subject and bin distance are plotted, along with a

linear best fit line for which the squared correlation coefficient is labelled.

insight about the sensitivity of combined sequences to highlight under-
lying changes in the cartilage structure, inviting follow-up investigations
that explore the effects of TSL combinations in OA using a similar
framework. Altogether, combined with the proposed method, this
approach may yield opportunities to study gradual changes within su-
perficial cartilage early and monitor transitions to advanced OA features
including collagen disorganization [2], as indices for OA severity. As
shown by Wei et al. [21], the loss of variability in susceptibility across
layers may also be of interest to indicate of degenerative sequela of OA,
setting up future studies to consider the addition of QSM to assess
changes in cartilage structure [35,36], along with T1p and conventional
T2/T2* imaging [4,13].

4.1. Limitations

Considering the data presented in this study, several limitations
warrant acknowledgment when interpreting these findings for clinical
practice, as well as for future study designs. First, the recruited sample
was limited to healthy adults with no history of knee injury or pain. We
strategically recruited a healthy cohort to evaluate the effects of
manipulating spin lock time durations in conjunction with QSM. Future
research will aim to assess the effects of such changes in acquisition on
pathological cartilage, specifically comparing the different TSL combi-
nations in knees of individuals with differing OA grade severity (i.e.,
grade O vs. grade 5) or at differing risk of PTOA development (i.e., pa-
tients with ACLR 1 year vs. 10 years post-surgical reconstruction). The

addition of T2 mapping will also improve the proposed imaging protocol,
as the use of ultra-short T2* mapping can probe cartilage composition
within deeper layers, also shown to be susceptible to increase in intensity
secondary to tissue degeneration [45,46]. Here, multiple TSL combina-
tions were assessed to evaluate the effects of changing spin lock time on
T1p. Despite showing that T1p estimates are sensitive to changing TSL,
the present study does not provide an optimal combination of spin lock
times, as no formal ground truth for the “real” T1p relaxation time was
available for direct comparison. This may be addressed in future research
using simulation-based methods. Of note, QSM is direction-dependent,
like other T2-weighted signals [47], and thus is limited to the assess-
ment of the studied regions within the knee, as those are parallel axially
to BO. QSM also requires more advanced computational steps to solve the
ill-posed field-to-source-inversion problem [24]. Additionally, a single
echo QSM acquisition was implemented to match existing literature
studying OA in the knee at 3T. However, in-vitro and in-vivo studies of
cartilage have shown that multi-orientation susceptibility tensor imaging
is required to properly characterize and distinguish microstructural dif-
ference in collagen network structure [18,20,48,49]. The authors also
acknowledge that no intra-subject analysis was performed, given existing
literature demonstrating adequate test-retest reproducibility for both T1p
and QSM [13,21]. Lastly, the analysis in this study was limited to
weight-bearing regions within the femoral cartilage given the
orientation-dependent nature of QSM [24], as well as T1p [7], which is
affected by the changing collagen-related anisotropy in cartilage, in
relationship to the magnetic induction field [47,50].



A.A. Champagne et al.

5. Conclusions

The current study provides supporting evidence that T1p mapping is
subjective to the choice of spin lock time combination used for acquisi-
tion and computation of relaxation times. In the context of studying
cartilage degeneration in conditions like OA, or PTOA, where T1p is
expected to increase, clinical studies must weigh the benefits of shorter
spin lock time durations like higher SNR against the possibility to un-
derestimate T1p. Altogether, the current study provides a framework for
further investigation aiming to characterize articular cartilage using
advanced MRI-based imaging, as well as an exploratory hypothesis
related to the complementary relationship between Tlp and QSM to
characterize knee cartilage health. Specifically, the integration of both
T1p and QSM imaging, along with T2 mapping and depth-based analysis,
may allow for improving the ways by which degenerative changes in
knee articular cartilage tissue composition and organization can be
evaluated, respectively. Such approach may in turn provide avenues for
earlier identification and classification of OA, as a mean to improve the
early detection pathological disease and monitoring of interventions.
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