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A B S T R A C T   

Purpose: The development of ultrashort echo time (UTE) MRI sequences has led to improved imaging of tissues 
with short T2 relaxation times, such as the deep layer cartilage and meniscus. UTE combined with adiabatic T1ρ 
preparation (UTE-Adiab-T1ρ) is an MRI measure with low sensitivity to the magic angle effect. This study aimed 
to investigate the sensitivity of UTE-Adiab-T1ρ to mechanical load-induced deformations in the tibiofemoral 
cartilage and meniscus of human cadaveric knee joints. 
Methods: Eight knee joints from young (42 ± 12 years at death) donors were evaluated on a 3 T scanner using the 
UTE-Adiab-T1ρ sequence under four sequential loading conditions: load = 0 N (Load0), load = 300 N (Load1), 
load = 500 N (Load2), and load = 0 N (Unload). UTE-Adiab-T1ρ was measured in the meniscus (M), femoral 
articular cartilage (FAC), tibial articular cartilage (TAC), articular cartilage regions uncovered by meniscus (AC- 
UC), and articular cartilage regions covered by meniscus (AC-MC) within region of interests (ROIs) manually 
selected by an experienced MR scientist. The Kruskal–Wallis test, with corrected significance level for multiple 
comparisons, was used to examine the UTE-Adiab-T1ρ differences between different loading conditions. 
Results: UTE-Adiab-T1ρ decreased in all grouped ROIs under both Load1 and Load2 conditions (− 18.7% and −
16.9% for M, − 18.8% and − 12.6% for FAC, − 21.4% and − 10.7% for TAC, − 26.2% and − 13.9% for AC-UC, 
and − 16.9% and − 10.7% for AC-MC). After unloading, average UTE-Adiab-T1ρ increased across all ROIs and 
within a lower range compared with the average UTE-Adiab-T1ρ decreases induced by the two previous loading 
conditions. The loading-induced differences were statistically non-significant. 
Conclusions: While UTE-Adiab-T1ρ reduction by loading is likely an indication of tissue deformation, the increase 
of UTE-Adiab-T1ρ within a lower range by unloading implies partial tissue restoration. This study highlights the 
UTE-Adiab-T1ρ technique as an imaging marker of tissue function for detecting deformation patterns under 
loading.  

Abbreviations: MR, magnetic resonance; MRI, magnetic resonance imaging; 3D, three-dimensional; UTE, ultrashort echo time imaging; UTE-Adiab-T1ρ, adiabatic 
inversion recovery UTE T1ρ; RF, radio frequency; FOV, field of view; ROI, region of interest; TE, echo time; TR, repetition time; FA, flip angle; TFC, tibiofemoral 
articular cartilage; M, meniscus; FAC, femoral articular cartilage; TAC, tibial articular cartilage; FAC-MC, femoral articular cartilage covered by meniscus; FAC-UC, 
femoral articular cartilage uncovered by meniscus; TAC-MC, tibial articular cartilage covered by meniscus; TAC-UC, tibial articular cartilage uncovered by meniscus; 
AC-MC, articular cartilage regions covered by meniscus; AC-UC, articular cartilage regions uncovered by meniscus; PG, proteoglycan. 
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1. Introduction 

The articular cartilage and meniscus, two crucial components of the 
human knee joint, are under compressive mechanical load during 
walking and standing [1,2]. The articular cartilage lines the surfaces of 
tibial and femoral osteochondral bone to facilitate joint articulation 
[1,3], while the meniscus plays a significant role in absorbing me
chanical shock and in facilitating load transfer between the femur and 
tibia [2]. Approximately 60–70% of the dry weight of the cartilage and 
meniscus is comprised of collagen [1–3]. One of the most prevalent 
diseases that affects the knee joint is osteoarthritis (OA), a degenerative 
condition that breaks down the cartilage and other critical tissues of the 
joint [4,5]. Patients with advanced OA may be unable to perform the 
usual activities of daily living and often require serious medical in
terventions, such as surgery, that result in increased national health care 
costs [6]. 

Due to its ability to provide high resolution and high contrast images 
of the knee joint, magnetic resonance imaging (MRI) has been used 
increasingly to detect degeneration in knee joint tissues, providing 
morphological assessment that can aid in the diagnosis of OA. However, 
a large portion of these knee joint tissues, namely the meniscus and deep 
layer cartilage, cannot be quantitatively assessed with standard clinical 
morphologic MRI sequences due to their short T2 values [7–10]. Ultra
short echo time (UTE) MRI sequences, on the other hand, are able to 
image musculoskeletal (MSK) tissues with high signal [10–18]. Using 
UTE MRI, signal can be acquired after radiofrequency (RF) 
excitation—as quickly as is allowed by the RF hardware (e.g., 32 μs)— 
before any major transverse magnetization decay. However, even when 
leveraging the ability of UTE MRI to image these MSK tissues with short 
T2 relaxation times, the quantitative MRI biomarkers, such as T1ρ, T2, 
and T2* are still sensitive to the tissue’s orientation angle in the scanner, 
i.e., the magic angle effect [19–21]. 

It has been hypothesized that T1ρ relaxation time is sensitive to the 
slow-motion interactions between protons of water molecules and pro
tons of proteoglycan (PG) macromolecules in the articular cartilage and 
meniscus [22–24]. A novel three-dimensional UTE T1ρ sequence that 
uses an adiabatic spin-lock pulse cluster followed by Cones data acqui
sition (3D UTE-Adiab-T1ρ) has recently been developed [25]. The adia
batic pulses provide robust spin locking that is insensitive to B1 
inhomogeneity [25]. Furthermore, a recent study has reported signifi
cantly lower magic angle effect for this 3D UTE-Adiab-T1ρ sequence 
compared with Cones continuous wave T1ρ and Cones T2* sequences 
performed in patellar cartilage [26], making it a strong candidate for 
robust quantitative MRI assessment of the articular cartilage and 
meniscus in the knee joint [25,27,28]. 

MRI-based knee investigation traditionally takes place with the pa
tient supine, non-weight-bearing, even though this positioning does not 
mimic the actual physiological condition of the loaded joint. This 
methodology is not optimal for the detection of cartilage and meniscus 
degeneration during early-stage OA. It is hypothesized that changes in 
collagen fibrils and PG of the cartilage and meniscus that are known to 
occur at the early stages of OA disease progression can alter the me
chanical properties of the tissue components [3,29–31]. Several MRI- 
based studies on knee joints have been performed under mechanical 
loading in an effort to better detect disease-specific changes in knee 
mechanics [31]. It is thought that mechanical malfunctions in the joint 
associated with early-stage OA degeneration of the cartilage and 
meniscus may be unmasked in distinct deformation patterns under 
known mechanical loads. In most reported MRI-based knee-loading 
studies, subjects are assessed while lying in a supine position inside a 
standard clinical scanner while the mechanical load is applied to their 
feet using an MRI-compatible loading device [32–53]. 

The loading-induced changes in conventional T1ρ values of cartilage 
have been studied in the literature and resulted in contradictory reports. 
Several studies have shown a decreasing trend of T1ρ during loading, 
with an increasing trend during unloading [44,49], whereas other 

studies have demonstrated T1ρ increases during loading, with decreases 
during unloading [54–56]. Similar studies done in the meniscus have 
reported an increasing trend in T1ρ values of meniscus during loading 
[50,51]. 

The main objective of this study was to investigate the sensitivity of 
the UTE-Adiab-T1ρ biomarker to tibiofemoral cartilage and meniscus 
deformation in human cadaveric knee joints during mechanical loading. 
Tissues undergoing an increasing load step were hypothesized to 
demonstrate decreasing T1ρ values associated with extracellular matrix 
(ECM) compaction, altered fiber orientation, and subsequent dynamic 
water shift in tissues. 

This feasibility study provides a basis for future in vivo studies 
focused on detecting potential mechanical malfunction in early-stage 
OA knee joints. 

2. Materials and methods 

2.1. Mechanical loading device 

An MRI-compatible loading device was manufactured from polyvinyl 
chloride (PVC) tubes, high-density polyethylene (HDPE) plates, and 
nylon bolts and screws. Fig. 1A shows the final prototyped loading de
vice with a wrapped, mounted knee joint. Eight sets of plastic springs 
(Ultem* PEI resin, LL100125U40G, Lee Spring, NY, USA) with known 
stiffness were used and the applied compression load was manually 
adjustable using a 1-in. nylon screw. The applied load was calculated by 
multiplying the spring stiffness by the average spring deformation 
length (calculated by the operator using a plastic measure during MRI 
scans). The average stiffness of springs was 3.2 N/mm, as measured and 
reported by the manufacturer. 

2.2. Sample preparation 

Eight normal, fresh-frozen human knee joints from relatively young 
(42 ± 12 years at death) donors were acquired from a non-profit 
donation company (United Tissue Network, Phoenix, AZ). Frozen knee 
joints underwent one freeze-thaw cycle before scanning and were 
imaged using a 2D x-ray scanner to confirm that the joint space width 
was normal. No joint-related diseases were recorded for the donors 
before death. The proximal and distal shafts (femoral and tibial) were 
cut in order to fit the joints into the loading device. The final length of 
each joint was approximately 30 to 40 cm (Fig. 1). The tibia holder of the 
loading device (left black cylinder in Fig. 1A) was vertically adjusted 
using the connecting screws and a set of holes drilled at different heights 
on the HDPE plate. We attempted to avoid knee flexion during loading 
by properly adjusting the joint alignment before scanning. Moreover, 
dense polyfoam pads were placed within the MRI coil on top of the joint 
to prevent potential flexion. No significant flexion of the joints was 
observed in this study. 

Each of the cadaver joints was wrapped in biohazard absorbent pads 
and then sealed before being placed in the loading device. 

2.3. UTE MRI scans and mechanical loading 

The following three loading conditions were applied for all eight 
knee specimens: Load = 300 N (Load1), Load = 500 N (Load2), and 
Load = 0 N (Unload), while only the last four scanned specimens un
derwent an additional fourth scan at baseline (Load0). A 20-min rest 
period was included between each loading condition, which was 
initially assumed to be an adequate amount of time for tissue restora
tion. The Load0 scans were omitted for the first four specimens in an 
effort to reduce the total scan time. While the Load0 results were 
initially assumed to be similar to the Unload results, this was questioned 
after analyzing the first four scanned specimens and was subsequently 
found to be incorrect after analyzing the remaining four scanned 
specimens. 
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Knee joints mounted in the loading device were placed parallel to B0 
and scanned on a clinical 3 T MR scanner (MR750, GE Healthcare 
Technologies, WI, USA) in the sagittal plane using an eight-channel 
transmit/receive knee coil at room temperature (~20 ◦C). For each 
loading stage, the UTE-Adiab-T1ρ sequence was repeated seven times 
with different pairs of adiabatic full passage (AFP) pulses including 0, 2, 
4, 6, 8, 12, and 16 pulses, corresponding to spin-locking times (TSLs) of 
0, 12, 24, 36, 48, 72, and 96 ms, respectively, in addition to the standard 
fat saturation pulse. Other imaging parameters included: TR = 500 ms, 
TE = 0.032 ms, FA = 10◦, number of spokes per adiabatic preparation =
25, and an approximate scan time of 5 min for each TSL. Field of view 
(FOV), matrix dimension, nominal in-plane pixel size, slice thickness, 
slice number, and the total scan time were 140 × 140 mm2, 256 × 256 ×
40, 0.54 × 0.54 mm2, and 2 mm, 40, and 35 min, respectively. The pulse 
sequence diagram of the UTE-Adiab-T1ρ sequence is shown in Fig. 1B, 
with additional details on the sequence given in an earlier study by Ma 
et al. [25]. In T1ρ imaging, the relatively long TSL with low power locks 
the magnetization vector into a rotated frame that helps maintain the 
spinning protons in phase [22–24]. It should be noted that all joints were 
also scanned using clinical standard MRI sequences (proton density- 
weighted and T2 fat saturation) in order to confirm that the cartilage 
and menisci were normal. 

2.4. MRI data analysis 

Five ROIs were defined on UTE-Adiab-T1ρ images (TSL = 12 ms) at 

the lateral and medial compartments (one central slice for each 
compartment) of the knee joints for T1ρ analysis. ROIs were selected by 
an MRI scientist with two years of experience with MR knee analysis. 
Fig. 1C schematically depicts drawn ROIs on the medial compartment of 
a representative knee joint (44-year-old-female). The following indi
vidual ROIs were generated for analysis: meniscus (M), femoral articular 
cartilage covered by meniscus (FAC-MC), tibial articular cartilage 
covered by meniscus (TAC-MC), femoral articular cartilage uncovered 
by meniscus (FAC-UC), and tibial articular cartilage uncovered by 
meniscus (TAC-UC). These individual ROIs were also combined in 
various pairings to form four additional grouped ROIs for analysis: 1) 
femoral articular cartilage (FAC): FAC-MC and FAC-UC; 2) tibial artic
ular cartilage (TAC): TAC-MC and TAC-UC; 3) articular cartilage region 
covered by meniscus (AC-MC): FAC-MC and TAC-MC; and 4) articular 
cartilage region uncovered by meniscus (AC-UC): FAC-UC and TAC-UC. 

2.5. Statistical analysis 

UTE-Adiab-T1ρ values were compared between the sequential 
loading conditions (Load1, Load2, and Unload) for all eight specimens, 
with an additional comparison between the Load0 and Load1 datasets 
for the last four specimens, within M, FAC, TAC, AC-MC, and AC-UC 
ROIs. Performing the one-sample Kolmogorov-Smirnov test showed 
that the measured T1ρ values in this study were not normally distributed, 
so the Kruskal–Wallis test by ranks was used to examine data differences 
between the four loading conditions (Load0, Load1, Load2, and Unload). 

Fig. 1. (A) Designed and fabricated MRI-compatible loading device using polyvinyl chloride (PVC) tubes, high-density polyethylene (HDPE) plates, and nylon bolts 
and screws. The load was manually adjusted by an axially installed nylon screw compressing eight plastic springs. The applied load was monitored by measuring the 
length of the springs. (B) Pulse sequence diagram of the 3D UTE cones with fully passage adiabatic T1ρ (UTE-Adiab-T1ρ) and standard fat saturation preparations used 
in this study. For each cluster of preparation pulses, a number of spiral spokes (Nsp) were acquired using UTE cones with a minimal nominal TE of 32 μs. TSL refers to 
spin-locking time. (C) Schematic regions of interest (ROIs) defined at the lateral compartment of a representative cadaveric knee joint (44-year-old-female). M refers 
to meniscus. FAC-MC and TAC-MC refer to femoral and tibial articular cartilage covered by meniscus. FAC-UC and TAC-UC refer to femoral and tibial articular 
cartilage uncovered by meniscus. 
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P-values below 0.05 were considered as significant. The 
Holm–Bonferroni method was used to correct the significance level for 
multiple comparisons. UTE-MRI measurements and statistical analyses 
were performed using MATLAB (version 2017, The Mathworks Inc., 
Natick, MA, USA) codes developed in-house. 

3. Results 

Fig. 2 shows UTE-Adiab-T1ρ pixel maps of the tibiofemoral cartilage 
and meniscus of a representative human cadaveric knee joint (44-year- 
old-female) under the four loading conditions (Load0, Load1, Load2, 
and Unload). UTE-Adiab-T1ρ demonstrated an obvious decrease under 
the first (Fig. 2B) and second loading steps (Fig. 2C), while it showed a 
partial increasing pattern by unloading (Fig. 2D). The UTE-Adiab-T1ρ 
map before loading is uniform over the posterior femoral cartilage 
which is an indication of the low sensitivity to magic angle effect. 

Average and standard deviation values of UTE-Adiab-T1ρ within five 
different sets of ROIs (M, FAC, TAC, AC-MC, and AC-UC) averaged over 
lateral and medial joint compartments, and under the four loading 
conditions, are presented in Table 1. As mentioned previously, values for 
the Load0 dataset were only measured and calculated for the last four 
knee joints. 

Average percentage differences of UTE-Adiab-T1ρ between the 
different loading conditions (Load1 vs. Load0, Load2 vs. Load1, and 
Unload vs. Load2) are presented in Table 2. Average UTE-Adiab-T1ρ 
decreased in all grouped ROIs under first loading step (− 18.7, − 18.8, 
− 21.4, − 26.2, and − 16.9% for M, FAC, TAC, AC-UC, and AC-MC re
gions, respectively, measured for last four knee joints. UTE-Adiab-T1ρ 
decreased again when the applied mechanical load increased from 300 
N to 500 N for all grouped ROIs (− 16.9, − 12.6, − 10.7, − 13.9, and −
10.7% for M, FAC, TAC, AC-UC, and AC-MC, respectively). Average 
UTE-Adiab-T1ρ increased in all studied regions after unloading, but 
within a lower range compared with average UTE-Adiab-T1ρ decreases 
induced by the preceding two loading steps. The Kruskal–Wallis test 
with corrected significance levels for multiple comparisons showed that 
all the loading and unloading induced changes in UTE-Adiab-T1ρ were 
statistically non-significant. However, the significance level was higher 
for changes induced by loading (Load1 vs. Load0 and Load2 vs. Load1) 
than those induced by unloading (Unload vs. Load2). The percentage 
differences in UTE-Adiab-T1ρ was slightly higher for AC-UC than AC-MC. 

Fig. 3 shows the box and whisker plots for average UTE-Adiab-T1ρ 
within five different ROIs (M, FAC, TAC, AC-MC, and AC-UC) under the 
four loading conditions (Load0, Load1, Load2, and Unload). 

4. Discussion 

The most important finding of this study is that the UTE-Adiab-T1ρ 
biomarker can quantitively detect deformations in the articular cartilage 

and meniscus of the knee joint under mechanical loading. The UTE- 
Adiab-T1ρ biomarker has been introduced previously as a robust MRI- 
based quantification for the articular cartilage, which has a relatively 
long T2, and meniscus, which has a relatively short T2 [25]. Moreover, 
UTE-Adiab-T1ρ has demonstrated low sensitivity to the angle of tissue 
orientation in the MRI scanner (i.e., the magic angle effect) [27]. 

This study showed that UTE-Adiab-T1ρ is an MRI biomarker sensitive 
to the deformation in knee joint tissues induced by mechanical loading 
and unloading. UTE-Adiab-T1ρ reduction was detected in all studied 
ROIs by both loading steps (Load1 and Load2, or 300 and 500 N, 
respectively). UTE-Adiab-T1ρ decreased by at least 16.9% for the first 
loading step, then decreased by at least an additional 10.7% for the 
second loading step (Table 2, Fig. 3). The T1ρ reduction by loading im
plies tissue deformation associated with ECM compaction, altered fiber 
orientation, and dynamic water shift in the cartilage and meniscus. 
Unloading the knee joints resulted in an increase of T1ρ of at least 8.4%. 

Fig. 2. UTE-Adiab-T1ρ pixel maps on a sagittal slice (overlaid on UTE-Adiab-T1ρ image, TR = 500 ms, TSL = 12 ms, and TE = 0.032 ms) at the lateral compartment of 
a representative cadaveric knee joint (44-year-old-female) under four different loading conditions; (A) Load0, (B) Load1, (C) Load2, and (D) Unload. The UTE-Adiab- 
T1ρ map before loading is fairly uniform over the posterior femoral cartilage which is an indication of the low magic angle effect. UTE-Adiab-T1ρ has decreased by 
load application (i.e., 300 N). UTE-Adiab-T1ρ experienced another reduction when the load magnitude increased from 300 to 500 N. UTE-Adiab-T1ρ eventually 
increased to higher values upon unloading. 

Table 1 
Average UTE-Adiab-T1ρ within five ROIs under four loading conditions.    

UTE-Adiab-T1ρ (ms)  

Load0* Load1 Load2 Unload 

M 30.0 ± 4.1 30.5 ± 15.0 25.3 ± 4.7 28.8 ± 14.1 
FAC 54.8 ± 7.4 46.2 ± 15.4 40.4 ± 9.2 43.8 ± 13.1 
TAC 52.3 ± 10.8 42.4 ± 13.4 37.8 ± 9.7 43.3 ± 16.4 
AC-UC 54.8 ± 12.3 40.1 ± 11.4 36.0 ± 8.6 40.6 ± 14.3 
AC-MC 52.9 ± 7.5 45.5 ± 15.6 40.7 ± 9.7 45.0 ± 14.8 

- Meniscus (M), femoral articular cartilage (FAC), tibial articular cartilage 
(TAC), articular cartilage uncovered with meniscus (AC-UC), and articular 
cartilage covered with meniscus (AC-MC). 

* Load0 datasets were only acquired for four knee joints (datasets from the 
other three loads were acquired for all eight joints). 

Table 2 
Average percentage differences of UTE-Adiab-T1ρ within meniscus and cartilage 
regions between different loading conditions.    

UTE-Adiab-T1ρ Diff (%)  

L0-L1 Diff (%) * L1-L2 Diff (%) L2-UnL Diff (%) 

M − 18.7 (p = 0.03) − 16.9 (p = 0.11) 13.6 (p = 0.96) 
FAC − 18.8 (p = 0.07) − 12.6 (p = 0.07) 8.4 (p = 0.48) 
TAC − 21.4 (p = 0.05) − 10.7 (p = 0.15) 14.3 (p = 0.23) 
AC-UC − 26.2 (p = 0.05) − 13.9 (p = 0.06) 12.7 (p = 0.32) 
AC-MC − 16.9 (p = 0.07) − 10.7 (p = 0.13) 10.7 (p = 0.30) 

- Meniscus (M), femoral articular cartilage (FAC), tibial articular cartilage 
(TAC), articular cartilage uncovered with meniscus (AC-UC), and articular 
cartilage covered with meniscus (AC-MC). 

* L0-L1 Diff was only calculated for four knee joints because Load0 datasets 
were only acquired for four knee joints. 
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The UTE-Adiab-T1ρ increase by unloading was likely caused by a partial 
tissue restoration associated with water absorption. 

Because this was a cadaveric study, neither the cartilage nor 
meniscus could restore their original shapes after unloading, particu
larly given the limited rest time between loading steps (i.e., 20 min). 
According to the literature, a much longer recovery time is required for 
sufficient tissue restoration [57]. Complete tissue restoration would 
require adequate synovial fluid and blood circulation in the knee joint. 
Average UTE-Adiab-T1ρ values were at least 15% lower in all studied 
ROIs in the final unloading condition (Unload) compared with the initial 

Load0 dataset (measured for only four specimens with Load0). Such 
delayed tissue restoration would be much more limited for in vivo 
studies. 

Delayed gadolinium-enhanced T1 (T1Gd), T2, and conventional T1ρ 
are other quantitative MRI measures that have been used in previous 
knee loading studies [31,33,44,48,49,58–60]. However, these alterna
tive imaging techniques are limited in two aspects: First, clinical stan
dard morphologic MRI techniques are incapable of accurately imaging 
tissues with short T2 relaxation times, such as the meniscus and the deep 
layer cartilage, which show as little or low signal when imaged with 

Fig. 3. Box and whisker plots of average UTE-Adiab-T1ρ in (A) meniscus (M), (B) femoral cartilage (FAC), (C) tibial cartilage (TAC), (D) cartilage covered with 
meniscus (AC-MC), and (D) cartilage uncovered with meniscus (AC-UC) under four loading conditions (Load0, Load1, Load2, and Unload). Load0 results were only 
calculated for four knee joints. The central mark in boxplots indicates the median, while the bottom and top edges of the boxes indicate the 25th and 75th percentiles, 
respectively. The ‘+’ symbol refers to outliers. Average T1ρ decreased by the two loading steps, then increased by unloading. 
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clinical standard MRI sequences that use echo times that are too long 
[7–10]. Second, some of these MRI measures, including T2 and con
ventional T1ρ, are orientation-sensitive, so their values can be signifi
cantly changed by simple alteration of the tissue’s orientation angle in 
the MRI scanner [20,61–63]. This phenomenon has been explained by 
the magic angle effect [20,26,61–63]. 

Souza et al. studied the effects of loading on T1ρ relaxation times in 
human tibiofemoral cartilage of OA (n = 20) and control (n = 10) knees 
[44]. They found significant reductions of T1ρ at the medial joint under 
mechanical loading for both OA (~12%) and control (~9%) groups. 
Later, they repeated the study in larger groups of normal and OA human 
subjects (n = 137) [49] and found that T1ρ reduction was greater for 
subjects with OA (13–19%) when compared to healthy controls 
(3–13%). The downward trend of loading-induced changes in T1ρ was 
similar to our study, but despite our study’s use of a similar range of 
applied load, the range of UTE-Adiab-T1ρ reduction that we observed 
(17–26%) was higher than that reported in the literature [44,49]. On the 
contrary, Nebelung et al. reported an increasing trend of T1ρ when 
loading intact and degenerated human cartilage specimens [54,55]. 
During unloading, they reported a slight increasing trend of T1ρ [54]. 
Pastrama et al. [56] also reported an increasing trend of T1ρ in bovine 
cartilage during loading. These differing reports on T1ρ changes in 
cartilage are likely the results of different experimental setups, such as 
the use of intact whole knees [44,49] versus dissected cartilage [54–56], 
factors that should be examined in a future investigation. 

Zonal investigation at different cartilage layers was not performed in 
the current study due to the limited image resolution and sample size. 
Subburaj et al. compared variations of conventional T1ρ under loading 
between OA (n = 20) and control individuals (n = 10) at different 
tibiofemoral cartilage layers [48]. They found greater T1ρ reductions at 
the superficial tibiofemoral cartilage layer (~13%) compared with the 
whole cartilage (~7%), whereas the deep regions showed an increase in 
T1ρ. Souza et al. also reported significant decreases for T1ρ at the su
perficial layer of the cartilage, though significant increases were found 
at the deep layer of the cartilage performed in larger groups of partici
pants (n = 137) [49]. Lange et al. [64] also reported T1ρ reduction in 
superficial cartilage whereas it increased in deep patellar cartilage 
during loading. Such zonal controversial changes in cartilage T1ρ might 
be caused by partial water movement from the superficial layer to the 
deep cartilage layer. Nevertheless, cartilage assessment at the deep layer 
using conventional T1ρ sequences would be challenging because the 
tissue may have very short T2 relaxation times which would result in low 
signal to noise ratio. 

Our results demonstrated a UTE-Adiab-T1ρ reduction pattern by 
loading, which is likely valid because load application is expected to 
compress tissue, compact the ECM, and dynamically shift water. 
Loading-induced differences of conventional T1ρ in meniscus were pre
viously studied by Subburaj et al. [50] in OA (n = 20) and control groups 
(n = 10). In contrast to our results, they reported that the T1ρ increased 
in the meniscus by loading. Significantly higher variations under loading 
were reported for controls compared with OA subjects. Calixto et al. 
[51] also investigated the T1ρ differences under loading at three 
different meniscal zones of larger control (n = 85) and OA (n = 39) 
groups [51], reporting that T1ρ increased with loading for all meniscal 
zones for both groups. Orientation of fibers in the meniscus is likely to 
change from loading and compression, which could explain the 
controversial increasing values of the conventional T1ρ. 

UTE-Adiab-T1ρ and conventional T1ρ techniques likely share similar 
capabilities with regard to the assessment of tissue composition. Con
ventional T1ρ relaxation has been previously explored on bovine patellar 
cartilage specimens, and significant correlations were found between 
T1ρ and PG-related measures [65]. Several ex vivo studies in the litera
ture have reported using T1ρ for articular cartilage assessment and have 
demonstrated an inverse correlation between T1ρ and PG content 
[66,67]. However, a recent study questioned the close association of T1ρ 
and PG-related measures when it showed no correlation between 

conventional T1ρ and PG content in human cartilage [68]. Other studies 
have shown that conventional T1ρ values for knee cartilage and meniscus 
are significantly different between control and OA patients in vivo 
[69,70]. 

This study has several limitations. First, only eight cadaveric knee 
joints were studied. As three to four loading conditions were applied to 
each knee joint specimen, the total scan time was relatively long, which 
limited the total number of knee joints that could be used in this feasi
bility study. Second, this study was performed ex vivo on cadaveric knee 
joints, making it difficult to extend conclusions to in vivo studies since 
cadaveric joints exhibit several major differences from in vivo joints, 
including the denaturing process, lack of muscular support for joint 
alignment, lack of blood and synovial fluid support, and different tem
peratures [71]. To further investigate UTE-Adiab-T1ρ as a potential 
measure of joint deformation under mechanical loading, future in vivo 
studies involving healthy, mild OA, and severe OA subjects should be 
performed. For future in vivo studies, the major potential challenges 
would be development of an active MRI-compatible loading device, 
consistent positioning of subjects, motion constraint, and shortening of 
the scan time. UTE-Adiab-T1ρ values are expected to be higher for in vivo 
studies [71] due to the higher temperatures for in vivo joints compared 
with this cadaveric study. 

Third, the temporal differences in cartilage and meniscus under 
loading were not considered. Specifically, retaining constant mechanical 
load on the specimens is challenging due to both mechanical stress re
laxations in the tissues (viscoelastic materials) and to the potential creep 
phenomenon of the plastic spring used in the loading device. Conse
quently, the applied load is expected to decrease in magnitude during 
the scanning period. A well-designed UTE-Adiab-T1ρ study utilizing an 
MRI-compatible pneumatic loading actuator [38,41,55,72] should be 
performed to account for any potential temporal differences among 
various knee joint tissues under loading. By using a more precise loading 
device with a constant load applied at each step, higher percentage 
differences in UTE-Adiab-T1ρ values are likely to be achieved. Fourth, 
image segmentation was performed manually on images with limited 
resolutions (0.54 × 0.54 mm2) which may have been a challenge in 
obtaining accurate results for thin cartilage sites. As an alternative, high- 
resolution and high-contrast images (e.g., double echo steady state, 
DESS) could be considered for segmentation, followed by ROI registra
tion to T1ρ images with lower resolution, in order to improve the seg
mentation process. Moreover, a deep-learning-based segmentation 
algorithm after adequate training would be another option to improve 
the segmentation process [73]. 

Fifth, lateral, medial, anterior, and posterior sides of the cartilage 
and meniscus were not considered separately in the statistical analysis 
(average results were used). Although these regions may have been 
experiencing different load magnitudes, the loading shares were not 
controllable using the passive loading device in this study. Moreover, at 
this level of consideration, load sharing between the abovementioned 
regions of the joint would have been affected by the anatomical differ
ences between donors and between the left and right legs. 

5. Conclusions 

This study shows that UTE-Adiab-T1ρ is an MRI biomarker that is 
sensitive to the deformation in knee joint tissues induced by mechanical 
loading. UTE-Adiab-T1ρ reduction was detected in different regions of 
articular cartilage and meniscus under different loading conditions, 
which may be a sign of tissue deformation associated with ECM 
compaction, altered fiber orientation, and dynamic shift of water. 
Unloading the knee joints resulted in T1ρ increases in all studied ROIs, 
albeit at lower levels than the T1ρ decreases seen during loading, sug
gesting partial tissue restoration and inward water flux. 

This study highlights the UTE-Adiab-T1ρ technique as a sensitive 
method for investigating the deformation patterns of cartilage and 
meniscus under mechanical loading. UTE-Adiab-T1ρ paired with 
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mechanical loading can serve as a potential tool to investigate the dif
ferences in deformation pattern between normal and abnormal knees, 
which will be investigated in future studies. 
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