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UTE-T2* versus conventional T2* mapping to assess posterior
cruciate ligament ultrastructure and integrity—an in-situ study
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Background: Clinical-standard morphologic magnetic resonance imaging (MRI) is limited in the refined
diagnosis of posterior cruciate ligament (PCL) injuries. Quantitative MRI sequences such as ultrashort echo-
time (UTE)-T2* mapping or conventional T2* mapping have been theorized to quantify ligament (ultra-)
structure and integrity beyond morphology. This study evaluates their diagnostic potental in identifying and
differentiating partial and complete PCL injuries in a standardized graded injury model.

Methods: Ten human cadaveric knee joint specimens were imaged on a clinical 3.0 T MRI scanner using
morphologic, conventional T2* mapping, and UTE-T2* mapping sequences before and after standardized
arthroscopic partial and complete PCL transection. Following manual segmentation, quantitative T2* and
underlying texture features (i.e., energy, homogeneity, and variance) were analyzed for each specimen and
PCL condition, both for the entire PCL and its subregions. For statistical analysis, Friedman’s test followed
by Dunn’s multiple comparison test was used against the level of significance of P<0.01.

Results: For the entire PCL, T2* was significantly increased as a function of injury when acquired with
the UTE-T2* sequence [entire PCL: 11.1+3.1 ms (intact); 10.9+4.6 ms (partial); 14.3+4.9 ms (complete);
P<0.001], but not when acquired with the conventional T2* sequence [entire PCL: 10.0+3.2 ms (intact);
11.426.2 ms (partial); 15.5+7.8 ms (complete); P=0.046]. The PCL subregions and texture variables showed
variable changes indicative of injury-associated disorganization.

Conclusions: In contrast to the conventional T2* mapping, UTE-T2* mapping is more receptive in the
detection of structural damage of the PCL and allows quantitative assessment of ligament (ultra-)structure
and integrity that may help to improve diagnostic differentiation of distinct injury states. Once further
substantiated beyond the in-situ setting, UTE-T2* mapping may refine diagnostic evaluation of PCL injuries

and -possibly- monitor ligament healing, ageing, degeneration, and inflammation.
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Introduction

The posterior cruciate ligament (PCL) is an essential
stabilizer of the knee joint that restrains posterior
translation of the tibia relative to the femur (1-4).
Consequently, injuries of the PCL lead to posterior tibial
subluxation, thus increasing the load on the posterior
and posterolateral structures of the joint as well as on
the medial femoral condyle (1-4). Without adequate and
timely treatment, the resulting biomechanical alterations
eventually lead to degenerative changes of the joint and,
ultimately, post-traumatic osteoarthritis (2). As a result,
nearly 80% of patients with chronic PCL deficiency suffer
from irreversible cartilage damage (2). To prevent the
development of post-traumatic osteoarthritis, timely and
precise diagnosis of PCL injuries is vital. While diagnostic
strategies are centred around the clinical examination
and magnetic resonance imaging (MRI), PCL injuries
are frequently missed in clinical practice (5,6). Because of
complete fiber disruption, acute complete PCL injuries can
be readily diagnosed using MRI with excellent sensitivity
and specificity rates of 297% (7-9). In contrast, the
diagnosis of partial or chronic PCL injuries is challenging
and suffers from poorer sensitivity and specificity rates
as low as 62-67% (9-11). Due to traumatic stretching
and elongation, the partially injured PCL is functionally
insufficient (12), yet appears continuous or only slightly
thickened on morphologic MRI (12,13). Because fiber
thickening and edema slowly subside over time as the
ligament scars, the chronically injured PCL is similarly
challenging (14). Consequently, in 28% of patients with
chronic PCL injuries, the ligament appears morphologically
intact, too, without alterations in signal intensity (14,15).
Thus, the extent of chronic PCL injury may be masked,
leading to delayed or incorrect assessment and, eventually,
unsatisfactory treatment outcomes (4).

Quantitative MRI techniques may overcome these
diagnostic shortcomings by allowing ligament assessment
beyond mere morphology. Wilson ez 4/. used T2 mapping
to highlight injured areas of the PCL and to differentiate
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acute and chronic PCL injuries. In their pilot study of six
patients with morphologically continuous, yet functionally
insufficient PCLs, they found higher T2 relaxation times as
compared to asymptomatic volunteers (16). Other studies
consolidated the scientific evidence and investigated T2
mapping of the PCL in the context of osteoarthritis (17)
and loading (18).

Conventional T2* mapping has been suggested as an
alternative measure of ligament integrity because it may
better capture the highly organized collagen structure and
low water content (19). By accounting for B, inhomogeneity
due to paramagnetic and diamagnetic effects, T2* is
theorized to reflect the degree of collagen fibre orientation
and alignment as well as the spin-to-spin interactions of
protons bound to collagen (20,21). Consequently, T2* is
widely considered a surrogate marker of ligament integrity
and water content, collagen matrix organization, fibre
orientation, and fibre alignment (19,20,22-24). Earlier
studies used T2* mapping to evaluate the anterior cruciate
ligament, menisci, and patellar tendon (19,24-27). For
the PCL, data on T2* are scarce and only available for
asymptomatic volunteers (22).

Ultrashort echo-time T2* (UTE-T2*) mapping is
designed to image tissues with very short T2* relaxation
times by capturing the signal before its decay (28).
Theoretically, the technique may detect slighter changes in
tissue (ultra-)structure than conventional T2* mapping (20).
Using echo times as low as 0.5 ms, Hayashi ez 4/. recently
reported significantly higher T2* relaxation times in
the PCLs of patients with osteoarthritis as compared
to asymptomatic volunteers (29). So far and to our best
knowledge, the diagnostic performance of conventional T2*
mapping and UTE-T2* mapping in the assessment of PCL
integrity has not been studied.

Thus, our objective was to fill this knowledge gap by
aligning both mapping techniques with advanced image
post-processing and a model of standardized and graded
arthroscopic PCL injury. Our hypotheses were that (I) the
condition of the PCL, i.e., intact, partially injured, and
completely injured, is reflected by T2* relaxation times
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and (II) UTE-T2* mapping is superior to conventional
T2* mapping in the assessment of the PCL. We present
the following article in accordance with the MDAR
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-251/rc).

Methods
Study design and sample size estimation

This study was carried out as a prospective, comparative 77~
situ imaging study on human cadaveric knee joint specimens
and in adherence to local guidelines and regulations. Power
analysis was performed to determine specimen numbers.
Based on the initial four specimens [power 0.8; probability
of type-I-error 0.01; assumed effect size 1.4 (defined as the
mean paired difference divided by the expected standard
deviation), two-tailed procedure] and dedicated online
software (www.statstodo.com), the minimum sample size was
determined as 10. The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013). The
study was approved by the Institutional Ethics Committee
of Heinrich-Heine-University of Disseldorf (No. 2019-682)
and individual written informed consent was obtained from
all subjects involved in the study.

Human cadaveric knee joint specimens

Ten macroscopically intact unfixed and unpaired human
knee joint specimens (n=10; right: 4; left: 6) were provided
by the local Institute of Anatomy I (Heinrich-Heine-
University Disseldorf, Germany). Seven female and three
male specimens were included with a mean age at death
of 80.3£7.9 years (range, 64-91 years). Before baseline
imaging, the specimens were kept refrigerated at 4 °C and
allowed to equilibrate at room temperature for 12 h.

Standardized graded PCL injuries

In-between the MRI measurements, LMW (orthopaedic
surgeon with 5 years of experience in arthroscopy)
performed standard knee arthroscopies and sequential
transections of the PCL as published previously (30).
During the first arthroscopy session, the anterolateral and
the anteromedial portals were used to access the joint. After
identification of the PCL, curved-tip arthroscopic punch
forceps (Arthrex®, Naples, FL, USA) were used to carefully
synovectomize the PCL for extensive visualization. Partial
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PCL injuries were created by performing partial-thickness
transections of approximately 50% of the PCLs diameter at
the distal-most portion of the ligament not covered by the
anterior cruciate ligament (at the transition of the proximal
to the central portion of the PCL) using arthroscopic
straight-tip scissors (Arthrex®). To emulate in-vivo PCL
injuries, no particular attention was paid to differentiate
the two PCL bundles during transection. The functional
integrity of the remaining PCL fibres was confirmed by
arthroscopic probing. During the second arthroscopy
session, the remaining PCL fibres were completely
transected at the same site. After each arthroscopy session,
the joint was irrigated to remove air and debris and both
portals were sutured. Iz vivo, PCL injuries not only involve
tearing of the ligament’s fibres and/or bundles but also
stretching and elongation. While graded arthroscopic
ligament transections were standardized, it is important to
note that this model bears only limited resemblance with
the PCL injury patterns encountered 7z vivo.

MR image acquisition, post-processing, and analysis

MR image acquisition

Each knee joint underwent sequential MRI measurements
in the three PCL conditions (I) intact (PCL,,.), (IT)
following partial PCL transection (PCL,,,.), and (III)
). MRI
was performed using a clinical-standard 3.0 T MRI
scanner (MAGNETOM Prisma, Siemens Healthineers,
Erlangen, Germany), a 32-channel spine coil (Spine 32

following complete PCL transection (PCL

DirectConnect, Siemens Healthineers), and a flexible
18-channel body coil (Body 18 SlideConnect, Siemens
Healthineers) under full coverage of the joint. To
standardize specimen position, a dedicated device (30) was
used which was not compatible with clinical standard knee
coils. Moreover, the specimens were imaged at 90° of flexion
which brings the PCL to its greatest length and tension (31)
and was intended to reduce partial volume effects and the
percentage of PCL fibers oriented at the magic angle.
For each specimen and condition, the imaging protocol
consisting of morphologic and quantitative sequences
(1able 1) was completed. More specifically, clinical-standard
T2-weighted (T2w) sequences, a three-dimensional (3D)
gradient-echo T2* mapping sequence (henceforth referred
to as “conventional T2* mapping”), and density-adapted
3D radial UTE-T2* mapping sequence (32) were acquired
along the course of the PCL. Baseline images were used to
confirm the absence of any morphologic signs suggestive
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Table 1 Acquisition parameters of magnetic resonance sequences

Sequence parameters T2w T2w Conventional T2* mapping UTE-T2* mapping
Sequence type 2D SE 2D SE 3D GRE 3D GRE
Orientation parasag (*) paraxial (*) parasag (*) parasag (*)
Repetition time (ms) 864 864 41 19

Echo time (ms) 13 13 4.9/9.8/14.8/19.7/24.6/29.5 0.05/4.0/8.0/12.0/16.0
Field of view (mm x mm) 200x200 200x200 160x160 180x180
Acquisition matrix (pixels) 320x320 320x320 160x160 300x300
Scan percentage (%) 100 100 100 100

Flip angle (°) 155 155 25 6
Number of signal averages (n) 1

Slices (n) 40 40 72 300

Pixel size (mm/pixel) 0.625x0.625 0.625x0.625 1.0x1.0 0.6x0.6
Slice thickness/gap (mm) 3.0/0.3 3.0/0.3 1.0/0 0.6/0
Duration (min:s) 03:47 03:47 09:53 15:50

(*), aligned along the course of the PCL, i.e., parasagittal and paraxial to the knee joint. T2w, T2-weighted; UTE, ultrashort echo-time; SE,

spin-echo; GRE, gradient-echo; parasag, parasagittal.

of prior PCL injury, e.g., fibre disruption and thickening,
abnormal ligament configuration or altered signal intensity
(12,33). Scanning was performed at room temperature.
Magnet time per specimen and condition was approximately
30 min resulting in a total magnet time of approximately
1.5 h per specimen.

MR image post-processing

Using the paintbrush and polygon tools of ITK-SNAP
software (v3.8.0, Cognitica, Philadelphia, PA, USA) (34),
LMW (clinical radiologist, 5 years of experience in
musculoskeletal imaging) performed manual segmentations
of the PCL for each specimen and condition. The
segmentation outlines of the PCL were delineated on each
parasagittal T2* and UTE-T2* image [with echo times
of 4.9 ms (conventional T2*) and 12.0 ms (UTE-T2%)]
that visualized the PCL. The corresponding T2-weighted
images were used for cross reference. Care was taken to
exclude borderline voxels at the ligament-fluid interface
and, thus, to reduce partial volume effects. As a result,
per specimen and condition, the PCL was segmented on
10.1£1.8 (conventional T2*) and 18.1+5.6 (UTE-T2%)
images. Segmentation outlines were transferred to
the corresponding conventional T2* and UTE-T2*
maps. To generate the conventional T2* and UTE-T2*
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maps, customized mono-exponential fitting routines
were implemented in Python (v3.8.4, Python Software
Foundation, Wilmington, DE, USA) and non-linear least-
square fits were applied voxel-wise to the exponential decay
curves. To validate fit quality, coefficient of determination
(R?) statistics adjusted to the degrees of freedom were
calculated, and only voxels with R’-values 0.9 [i.e.,
97.1%+3.6% (UTE-T12%); 96.4%+4.1% (conventional T2%)]
were included in the subsequent analysis.

To assess and quantify regional differences within the
PCL, the PCL was further divided into three subregions
for additional region-of-interest analysis. To this end, the
length of the PCL was automatically determined using
3D centerlines, and the PCL was divided into thirds as
published before (18,22) (Figure I). For the PCL,,., and
PCL,,ppieee conditions, the transected ligament portions
(i.e., the transection sites) were manually excluded from
the segmentation outlines (Figure 1B,1C). Consequently,
boundary voxels at the proximal and distal borders of the
transection sites were excluded to reduce possible partial
volume effects secondary to fraying of the PCL stumps and
intraligamentous fluid accumulation.

MR image analysis
For each specimen, condition, and principal region-of-
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Figure 1 Exemplary 3D visualizations of the PCL and its subregions as a function of PCL condition. Displayed are the intact PCL (A) and

the PCL after partial (B) and complete transection (C). Manually segmented outlines of the PCL were automatically divided into thirds, i.e.,

proximal (red), central (green), and distal (blue). In B, (*) indicates the site of partial transection and the excluded ligament portions, while in

C, (#) indicates the completely transected ligament portions. PCL, posterior cruciate ligament; a, anterior; f, feet; h, head; p, posterior.

interest (i.e., the entire ligament and its proximal, central,
and distal subregions), T2* relaxation times were determined
in a voxel-wise manner. Additionally, texture features
were assessed by grey-level co-occurrence matrices (35)
to quantify contrast (i.e., homogeneity), orderliness (i.e.,
energy), and statistical variance of the entire PCL (36,37).
Homogeneity indicates similarities between neighbouring
pixels and PCL areas with mostly similar (UTE-)T2* values
are characterized by high homogeneity values. Energy
indicates orderliness and PCL areas with high energy values
display similar (UTE-)T2* values and small (UTE-)T2*
value differences in neighbouring pixels. Variance measures
local variation around the mean and, thus, high variance
values indicate high heterogeneity and large differences in
(UTE-)T2* values. These features were determined based on
routines implemented in MATLAB (R2018b, Natick, MA,
USA), four orientations (i.e., 0°, 45°, 90°, and 135°), and an
offset of a single voxel (35) for both mapping techniques.

Statistical analysis

Statistical analysis was performed by LMW using GraphPad
Prism software (v9.0, San Diego, CA, USA). Voxel numbers
were assessed as a function of PCL condition using repeated
measures one-way analysis of variance. For conventional
and UTE-T2* relaxation times as well as the underlying
texture features, normality was assessed using the Shapiro-
Wilk test. Normality could not be established and, thus,
non-parametric statistical tests were used. Consequently,
Friedman’s test was used followed by Dunn’s multiple
comparison test for pairwise post-hoc comparisons. To
reduce the number of statistically significant, yet clinically
irrelevant findings, the level of significance was set to
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P<0.01. Multiplicity-adjusted p-values are reported to
account for the multiple comparisons involved. Data are
presented as mean = standard deviation.

Results

In the intact condition, fiber discontinuity, abnormal
ligament diameter (i.e., thinning or thickening) or signs
of ligament degeneration and attrition such as mucoid
degeneration or sclerosis were absent in all specimens.

Voxel numbers of entire PCL were characterized by
slight, yet significant decreases as a function of PCL injury
(conventional T2*: 1,490+338 voxels (PCL,,,.); 1,586+318
voxels (PCL,,.); 1,182:164 voxels (PCL,,00); P=0.002;
UTE-T2*: 7,348+1,563 voxels (PCL;,,..); 6,467+1,426 voxels
(PCL,a); 5,5792797 voxels (PCLyppiee); P=0.003).

In the conventional T2* and UTE-T2* maps, variable
and pronounced changes were observed for the entire PCL.
In the UTE-T2* maps, relatively low T2* relaxation times
were present along the entire length of the PCL when intact
(Figure 2A1). With partial PCL injury, the T2* relaxation
times were increased in the proximal and central ligament
portions (Figure 242), while with complete PCL injury,
the ligament defect and dehiscence were easily discernible
and T2* relaxation time increases were more pronounced
and widespread (Figure 243). In the conventional T2*
maps, the intact PCL displayed homogenously low T2*
relaxation times (Figure 2B1), while the transection sites
were characterized by slight increases in T2* relaxation
times (Figure 2B2, Figure 2B3): Otherwise, T2* relaxation
times remained largely constant despite the increasing
extent of the PCL injury. The corresponding UTE-T2*
and conventional T2* maps (aligned along the center of
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Figure 2 3D volumes of UTE-T2* and conventional T2* maps of the PCL as a function of increasing PCL injury. In this representative

knee joint, 3D volumes of spatially resolved quantitative UTE-T2* (A) and conventional T2* (B) maps are displayed in the intact (Al,

B1), partially PCL-injured (A2, B2), and completely PCL-injured (A3, B3) conditions. Voxel-wise, T2* relaxation times are color-coded as

indicated on the scales on the right that range from 0 to 30 ms. PCL, posterior cruciate ligament; UTE, ultrashort echo-time.

the PCL and overlaid onto the respective 2D morphologic
images) are indicated in Figure S1.

These observations were reflected by quantitative
changes of the summary statistics and texture features for
both UTE-T2* (luble 2) and conventional T2* (Table 3).

For UTE-T2*, mean relaxation times of the entire
PCL increased significantly with increasing PCL injury,
ie., from 11.1£3.1 ms (PCL,,.) to 10.924.6 ms (PCL,, ;)
and 14.3£4.9 ms (PCL, i) (P<0.001). Post-hoc analyses
revealed significant differences between the PCL prece
and the PCL,,,,.. conditions and subregional analyses
indicated significant differences for the proximal and distal
subregions. While we observed significant increases for
the proximal subregion, from 9.7+4.3 ms (PCL,,,) to
12.9+8.1 ms (PCL,,.s,) and 21.3£8.9 ms (PCL
(P<0.001), we found significant decreases at the distal
subregion, from 12.1+3.1 ms (PCL,,,.) to 8.7£3.2 ms
(PCL,,.a) and 9.8+3.0 ms (PCL, i) (P<0.001).
Comparative post-hoc analyses indicated significant
differences between the PCL . and the PCL;,,.,
, and the PCL,,,.

complctc)

conditions (proximal) and the PCL
conditions (distal).
For conventional T2*, no significant changes were found

for the entire PCL (P=0.046), or the proximal (P=0.316)

partia
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and central subregions (P=0.222). For the distal subregion,
however, conventional T2* values decreased significantly
from 9.623.2 ms (PCL;,,) to 6.8+2.3 ms (PCL,,,) and
7.9£2.7 ms (PCLymnpiere) (P<0.001) and post-boc testing
revealed significant differences between the PCL,,.,; and
the PCL;

intact

conditions.

For both parameters, texture features over the entire
PCL were variable (Tables 2,3). Energy values of the
UTE-T2* maps decreased significantly with increasing
extent of the PCL injury (P<0.001), while energy levels of
the conventional T2* maps increased, yet not significantly
(P=0.710). Homogeneity remained largely constant and
injury-associated changes were not significant, while
variance was increased in the UTE-T2* and conventional
"T2* maps, yet not significantly.

On the voxel level, T2* relaxation times underwent
substantially larger changes when assessed using the
UTE-T2* versus the conventional T2* mapping sequence
(Figure S2).

Discussion

The most important findings of this study are that (I)
UTE-T2* mapping is more responsive to structural damage
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Table 2 Quantitative and texture features of UTE-T2* maps of the PCL as a function of PCL condition

PCL condition Post-hoc details
;JTE-TZ* poL ; Pvalue |ntactvs. Intactvs. Partial vs.
eature subregion Intact PCL Partial PCL injury Complete PCL injury )
partial complete complete
Mean (ms) Entire 11.1+3.1 (10.6) 10.9+4.6 (8.9) 14.3 +4.9 (13.0) <0.001 ns * ns
Subregion
Proximal 9.7+4.3 (8.2) 12.948.1 (9.2) 21.3+8.9 (20.1)  <0.001 ns * ns
Central 11.4+3.0 (10.6) 10.8+4.1 (9.3) 14.3+4.9 (13.0) 0.012 ns ns ns
Distal 12.1£3.1 (10.9) 8.7+3.2 (7.9) 9.8+3.0 (8.5) <0.001 > ns ns
Energy Entire 0.09+0.02 (0.09) 0.09+0.02 (0.09) 0.07+0.01 (0.06)  <0.0017 ns * ns
Homogeneity Entire 0.13+0.01 (0.13) 0.12+0.01 (0.12) 0.12+0.01 (0.12) 0.064 ns ns ns
Variance (ms®) Entire 46.7+19.5 (42.0) 53.2+46.0 (34.4) 81.2+53.1 (75.2) 0.187 ns ns ns

Mean UTE-T2* relaxation times were determined for the entire PCL and its subregions, while texture variables, i.e., energy, homogeneity,
and variance, were quantified for the entire PCL only. Data are mean + standard deviation. Median values are indicated in parentheses.
The UTE-T2* features of the variable PCL conditions (i.e., intact vs. partial vs. complete PCL injury) were compared using Friedman’s
test followed by Dunn’s multiple comparison test. The level of significance of P<0.01 (*) was further stratified as P<0.001 (**). Significant
findings are indicated in italic. UTE, ultrashort echo-time; PCL, posterior cruciate ligament; ns, non-significant.

Table 3 Quantitative and texture features of conventional T2* maps of the PCL as a function of PCL condition (please see Tible 2 for details on

table organisation and display)

PCL condition Post-hoc details
'(?;*n;/ entional Pt ; ) . _ Pvalue |ntactys.  Intactvs.  Partial vs.
eature subregion Intact PCL Partial PCL injury Complete PCL injury )

partial complete complete

Mean (ms) Entire 10.0+3.2 (9.7) 11.4+6.2 (9.5) 15.5+7.8 (14.0) 0.046 ns ns ns

Subregion

Proximal 19.1+6.3 (17.7) 17.9+10.0 (14.2) 21.2+15.1 (13.7) 0.316 ns ns ns

Central 11.3+£4.0 (10.5) 8.0+2.6 (7.5) 9.1+2.0 (8.6) 0.222 ns ns ns

Distal 9.6+3.2 (8.5) 6.8+2.3 (6.2) 7.9+2.7 (6.9) <0.001 o ns ns

Energy Entire 0.34+0.08 (0.31) 0.38+0.10 (0.38) 0.37+0.12 (0.34) 0.710 ns ns ns

Homogeneity Entire 0.81+0.03 (0.81) 0.82+0.04 (0.82) 0.81+0.05 (0.80) 0.830 ns ns ns

Variance (ms® Entire 57.9+34.4 (58.4) 89.7+74.2 (64.1) 109.1+£67.7 (109.0) 0.046 ns ns ns

Data are mean + standard deviation. Median values are indicated in parentheses. The level of significance of P<0.01 was further stratified

as P<0.001 (**). PCL, posterior cruciate ligament; ns, non-significant.

of the PCL (as induced using standardized and graded
injuries) than conventional T2* mapping and (II) UTE-T2*
mapping may thus assist in differentiating partial PCL
injury from complete PCL injury as well as the intact PCL.
In addition, this study provides normative values of T2*
relaxation times and their underlying texture features for

each PCL condition.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

For the intact PCL, we determined mean T2* relaxation
times of around 11+3 ms (UTE-T2*) and 10+3 ms
(conventional T2%). UTE-T2* relaxation times tended to
increase from proximal to distal, which confirms earlier
findings. Quantifying the UTE-T2* relaxation times of the
PCL in asymptomatic volunteers, Okuda et a/. reported
significantly higher mean UTE-T2* relaxation times
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in the central and distal subregions of the PCL (38). In
contrast, we observed that conventional T2* relaxation
times tended to decrease from proximal to distal and that
highest T2* relaxation times of 19.1£6.3 ms were present
in the proximal subregion. These findings differ from
earlier findings by Wilson ez 4/. who reported substantially
lower T2* relaxation times (of 6-9 ms) in asymptomatic
volunteers and did not find any relevant differences between
the distinct subregions (22). Potential reasons for these
discrepancies involve differences in study design (i.e., i vivo
vs. in situ), joint position (i.e., supine extended vs. lateral
flexed), image resolution and sequence parameters as well
as scanner and coil specifications. Therefore, inter-study
comparisons are challenging, especially in terms of absolute
T2* relaxation times. Taken together, these findings
confirm the distinctly different profiles of UTE-T2* and
conventional T2* mapping sequences. On a physical basis,
UTE-T2* sequences capture short T2* signals more
efficiently than non-UTE T2* sequences. Consequently,
the sensitivity of UTE-T2* mapping towards (ultra-)
structural and compositional properties of the collagen
network seem higher, simply because both long and
short T2* components are detected more efficiently (39).
Previous studies of patellar and Achilles tendinopathy
demonstrated that T2* mapping sequences were unable to
differentiate between intact and injured tendons (25,40,41)
and our study confirms these results in the context of the
PCL.

For partial PCL injury, slight increases in UTE-T2*
relaxation times in the proximal subregion were contrasted
by slight-to-pronounced decreases in UTE-T2* relaxation
times in the central and distal subregions. In contrast,
conventional T2* relaxation times decreased throughout
the entire PCL. These changes are most likely reflective
of changes in ligament ultrastructure secondary to partial
arthroscopic transection and removal of tensioning forces.
Once the PCLs fibers are partially disrupted, associated
changes such as recoiling, loosening, and reduced macro-
and micro-strains likely determine its T2* characteristics.
It is important to note that we imaged the knee joint
specimens at 90° of flexion, where the PCL is more
straightened and pre-strained as compared to full extension
or slight knee flexion (42,43) so that -hypothetically- partial
PCL injuries may produce more pronounced (ultra-)
structural changes. Overall, the significant and concordant
decreases in T2* relaxation times at the distal subregion
seem to indicate changes of the PCL along its entire length,
even though the site of injury was distant and the extent of

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

injury partial.

For complete PCL injury, we found significant increases
in the proximal and non-significant increases in the central
subregions for UTE-T2*, while the injury-associated
differences were less clear for conventional T2*. Following
its complete transection, the stumps of the PCL are
damaged, frayed, and disorganized, which is associated
with disintegration of the collagen fibrils, loosening of the
extracellular matrix, alterations in fiber orientation, and
increased influx of water into the tissue, i.e., tissue edema.
These concurrent compositional and (ultra-)structural
processes are commonly associated with increasing T2*
relaxation times (39,44-46). Additionally, complete ligament
transections irreversibly alter tissue behavior and structure
and bring about crimping, unraveling, and recoiling of the
fibrils and fascicles (47). In turn, these changes increase
the percentage of fibers oriented at the magic angle of 55°
relative to the orientation of the main magnetic field and
prolong T2* relaxation times (48,49). Nonetheless, the
molecular, compositional, and structural effects of reduced
or entirely lost pre-strain and tensile forces across the various
scales, i.e., from the level of the collagen microfibril to the
fascicle and the entire ligament, and the associated imaging
correlates are still poorly understood for the PCL (47),
which warrants further research.

By evaluating the spatial distribution of voxel intensities,
texture features were analysed to study the underlying
ligament structure beyond mere summary statistics (35).
Energy provides a measure of textural disorganization. For
UTE-T2*, we found significant decreases in energy with
increasing PCL injury, which indicates largely different
UTE-T2* relaxation times of neighbouring voxels after
complete PCL injury (50) and fits in well with the changes
outlined above. Corresponding changes were observed
for homogeneity and variance that were decreased and
increased, respectively. These changes were not statistically
significant, most likely due to the substantial standard
deviations and limited sample numbers. Consequently,
texture features need to be studied more extensively and
in vivo to determine their potential diagnostic value and
clinical contexts for application such as injury, ageing,
healing, inflammation, or degeneration.

Even though the experimental PCL injuries were well
standardized in the graded injury model, a few limitations
must be acknowledged. First, PCL injuries were induced
by ligament transection. Because of the surgical approach
from anterior, exact standardization of partial transection
proved impossible given the limited visualization of the
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PCL. Second, PCL injuries as they occur iz vive include
concurrent processes such as elongation, (over-)stretching,
and tearing of the anterolateral and the posteromedial
bundles of the PCL (12,22). In our approach, transection
of anterior portions of the PCL primarily involved the
anterolateral bundle and this injury bears only limited 7n-
vivo resemblance. Third, hydrostatic pressure in the knee
joint was increased as a result of joint irrigation during
arthroscopy and may have artificially increased T2*
relaxation times, too (46). Even though the immediate
transection sites were manually excluded from the
segmentation outlines to counter these effects, this
model’s clinical transferability is further reduced. Fourth,
inflammatory and degenerative processes after ligament
rupture, i.e., fibroblast proliferation, angiogenesis, and
changes in collagen fiber morphology as signs of incipient
healing (51), were not assessed. Consequently, the complex
injury patterns of the PCL and the entire joint secondary
to clinical PCL injuries cannot be fully emulated ex vivo.
Nonetheless, such models provide further guidance for
subsequent efforts to further refine imaging of partial and
complete PCL injuries in patients. Fifth, the PCL status was
not referenced histologically or biomechanically. Histologic
evaluation of the PCL could help further define the imaging
correlates of UTE-T2* and conventional T2%, yet is not the
focus of this study. Sixth, the human cadaveric specimens
were of advanced age, while the clinical population is
younger. To our knowledge, it is not clear how ageing may
affect, if at all, the imaging characteristics of the PCL.
Seventh, MRI scanning was performed with the joint in 90°
of flexion which is unlike the clinical scanning position of
20-30° of flexion and required the use of a flexible multi-
channel body coil instead of a dedicated clinical knee coil.
While this configuration improved standardization and
reduced susceptibility to the magic angle and the partial
volume effects (31), clinical transferability of the results may
be limited. Eighth, blinding of the reader who performed
the segmentation of the PCL was not possible as it was
readily discernible on the MR images.

For clinical application, future in-vivo studies need to
be implemented to corroborate our results by including
patients with different PCL pathologies such as partial and
complete tears as well as healed, intact, aged, degenerated,
and inflammatory ligaments. Our study’s clinical setup in
terms of a clinical 3T scanner, clinical coils, and clinical
sequence parameters allow for immediate translation once
regulatory approval is obtained.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Conclusions

This study provides normative values of T2* relaxation
times and their underlying texture features based on
UTE-T2* and conventional T2* mapping sequences
for the PCL and its distinct subregions as a function
of ligament condition. In contrast to conventional T2*
mapping, UTE-T2* mapping captures short T2* signals
and allows quantitative assessment of ligament (ultra-)
structure and integrity that may help to improve diagnostic
differentiation. Once further substantiated beyond the
in-situ setting, UTE-T2* mapping may refine non-invasive
evaluation of PCL injuries and enhance clinical decision-
making as well as monitoring of treatment outcome.
Other potential applications include monitoring of
ligament healing and functional assessment of the PCL in
clinical questions related to ageing, degeneration and/or
inflammation.
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Supplementary
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Figure S1 2D UTE-T2* and conventional T2* maps of the PCL as a function of its condition. In this representative knee joint, spatially
resolved quantitative UTE-T2* maps (A) and conventional T2* maps (B) of the central PCL are displayed in the intact (Al, B1), pardally
PCL-injured (A2, B2), and completely PCL-injured (A3, B3) conditions. UTE-T2* maps and conventional T2* maps were overlaid onto the
corresponding morphologic images with echo times of 12.0 ms [UTE-T2*] and 4.9 ms [conventional T2*]. Pixel-wise, T2* relaxation times

are color-coded and range from 0 to 30 ms. Same knee joint as in Figure 2. PCL, posterior cruciate ligament.
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Figure S2 Histograms of individual voxels’ T2* relaxation times as acquired using the UTE-T2* and conventional T2* sequences as a
function of PCL condition. Displayed are the frequencies of individual voxels’ T2* relaxation times in all specimens. T2* relaxation times
are scaled at intervals of 2.5 ms. Bars indicate means, while whiskers indicate standard deviations. Intact (A1, B1), partially PCL-injured (A2,

B2), and completely PCL-injured (A3, B3) conditions. PCL, posterior cruciate ligament.
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