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ABSTRACT

Quantification of magnetic resonance (MR)-based relaxation parameters of tendons and ligaments is challenging
due to their very short transverse relaxation times, requiring application of ultra-short echo-time (UTE) imaging
sequences. We quantify both T, and T," in the quadriceps and patellar tendons of healthy volunteers at a field
strength of 3T and visualize the results based on 3D segmentation by using bivariate histogram analysis. We
applied a 3D ultra-short echo-time imaging sequence with either variable repetition times (VTR) or variable flip
angles (VFA) for T, quantification in combination with multi-echo acquisition for extracting T, . The values of
both relaxation parameters were subsequently binned for bivariate histogram analysis and corresponding cluster
identification, which were subsequently visualized. Based on manually-drawn regions of interest in the tendons
on the relaxation parameter maps, T; and T, boundaries were selected in the bivariate histogram to segment the
quadriceps and patellar tendons and visualize the relaxation times by 3D volumetric rendering. Segmentation of
bone marrow, fat, muscle and tendons was successfully performed based on the bivariate histogram analysis.
Based on the segmentation results mean T, relaxation times, over the entire tendon volumes averaged over all
subjects, were 1.8 ms = 0.1 ms and 1.4 ms + 0.2ms for the patellar and quadriceps tendons, respectively. The
mean T; value of the patellar tendon, averaged over all subjects, was 527 ms + 42ms and 476 ms + 40 ms for
the VFA and VTR acquisitions, respectively. The quadriceps tendon had higher mean T; values of
662 ms + 97 ms (VFA method) and 637 ms = 40 ms (VIR method) compared to the patellar tendon. 3D volu-
metric visualization of the relaxation times revealed that T, values are not constant over the volume of both
tendons, but vary locally. This work provided additional data to build upon the scarce literature available on
relaxation times in the quadriceps and patellar tendons. We were able to segment both tendons and to visualize
the relaxation parameter distributions over the entire tendon volumes.

1. Introduction

developments due to the intricate interplay between water molecules
and tendon tissue [2]. Conventional MR imaging protocols commonly

Patellar tendinopathy often affects athletes of various disciplines applied in clinical practice are typically only able to detect later stages
and is mainly caused by tendon overuse, although the origin of the of the diseases, as direct imaging of ligaments and tendons by means of
pathology is still incompletely understood [1]. Thus, insight into the magnetic resonance imaging (MRI) is challenging due to the short T,
MR relaxation properties of tendons and ligaments may be highly va- relaxation times in compact tissues, typically ranging between 0.5 ms
luable to detect and potentially understand possible pathological and 2.5ms [3-6]. With such fast decaying transverse magnetizations,
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tendons and ligaments appear characteristically black with no mea-
surable signal on the images when data are acquired with conventional
MRI sequences. However, with recent advances in ultra-short echo-time
(UTE) imaging sequences, direct imaging of tendons has become pos-
sible, offering the possibility to quantify their relaxation parameters.
Typically, UTE imaging sequences use 2D half pulses [7,8] or non-se-
lective short rectangular radiofrequency (rf) pulses [9-12] for excita-
tion to achieve echo times (TE) below 1 ms. With the introduction of
UTE sequences, interest in the quantitative analysis of tendons tissues
has been steadily increasing. Previous studies have demonstrated re-
levant changes in the T,  relaxation time as a consequence of loading
[13], disease (e.g., diagnosed patellar tendinopathy [6]) and physical
activity [14]. While the relevance of identifying changes of T; [5] is
currently still under discussion, this work nevertheless explores the
possibility of creating a single imaging protocol to quantify both
parameters, T," and T;.

Various methods have been proposed to quantify T; relaxation time
constants. Most methods combine an inversion pulse with fast low-
angle shot (FLASH) or spin-echo based acquisition modules [15-17].
With UTE imaging, however, applying any spin-echo based technique in
tissues with very short T,/T, relaxation times is challenging because
the necessary time span between excitation and formation of a spin-
echo initiated by the refocusing rf-pulse is usually too long. Further-
more, combining 3D-UTE imaging with hard pulse excitation, as used in
this study, with an inversion pulse is not convenient because truly in-
verting short T," components is challenging and total acquisition time
would be considerably increased. For these reasons, estimation of T,
with UTE sequences typically applies either the variable flip angle
(VFA) [18,19] or the variable repetition time (VTR) [20] technique.
Both methods exploit the fact that the steady state magnetization of a
gradient-echo FLASH based UTE sequence can be deliberately modified
by changing either the acquisition flip angle or the repetition time (TR).

So far, quantification of relaxation parameters in ligaments and
tendons has focused mostly on the Achilles tendon [3,4,21-23], while
only few studies have focused on tendons of the knee [6,24]. It was thus
the aim of this work to apply isotropic, 3D, multi-echo UTE imaging
with both VFA and VTR techniques to estimate T; in the patellar and
quadriceps tendons and to compare the extracted values between the
two methods. Implementing the sequence as a multi-echo, gradient-
echo sequence enabled us to also extract effective transverse relaxation
times T, . Due to the isotropic spatial resolution, 3D visualization of the
relaxation time parameters of the patellar and quadriceps tendons was
facilitated.

2. Material and methods
2.1. T, estimation with VFA and VTR

UTE imaging sequences typically use gradient-echo based, FLASH-
type, acquisition schemes with short repetition times in combination
with low flip-angles for fast acquisition. The equilibrium signal in such
sequences is given by:

1 — exp(—TR/T,)
— exp(—TR/T,)-cos(ax)

S = Mysin(a) 1 -exp(—TE/T,*)

(€))
with initial magnetization My, flip angle a, repetition time TR and echo-
time TE. While the three parameters Ty, T,", and M, in Eq. (1) are
object-specific, the three parameters, TR, TE and a, can be controlled
directly via the imaging sequence parameter settings. Considering only
data acquired at a particular echo time removes the dependency from
T, as a fit parameter and reduces Eq. (1) to an equation containing
only two parameters, po and T;:

1 — exp(—TR/Ty)
— exp(—TR/Ty)-cos ()

S(a, TR) = p, sin(a) n @

where the terms My and exp (— TE/T>*) have been merged together into a
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single fit parameter po. Data acquired with a set of different flip angles
in case of VFA or a set of different repetition times in case of the VTR
method can then be fitted to Eq. (2) for extracting T;.

2.2. UTE imaging protocol

A radial 3D-UTE sequence with non-selective hard pulse excitation
and center-out spikey-ball trajectory was applied [12]. To avoid digital
filtering artifacts affecting the first sampling points, the data sampling
was switched on 20 us before ramping-up the gradients. Constant z-
spoiling was applied at the end of each repetition in order to spoil re-
sidual magnetization. Multi-echo acquisition was performed in a
monopolar fashion during one readout train by using rephasing gra-
dients between the echoes.

Measurements were performed on five volunteers aged between 24
and 50 years old (three male and two female) without known pathol-
ogies on a 3T whole-body MRI scanner (Magnetom PRISMA, Siemens
Healthineers, Erlangen, Germany) using a 16-channel NORAS Variety
flex coil (NORAS MRI products GmbH, Hochberg, Germany). All vo-
lunteers gave written informed consent following the guidelines of the
institutional ethics committee. Imaging data were acquired with a field-
of-view (FoV) of (160 x 123 x 100) mm® and an acquisition matrix
size of 80 x 61 x 50, resulting in an isotropic spatial resolution of
(2.0 X 2.0 x 2.0) mm°. For each filled k-space, a total of 12,590 radial
spokes were acquired with a readout bandwidth of 125kHz. The
duration of the rectangular excitation pulse was 150 ps. VTR acquisition
was performed using five different repetitions times of 8 ms, 16 ms,
30 ms, 50 ms and 80 ms, and a constant flip angle of 25°. VFA data were
acquired with five different flip angles of 5°, 12°, 20°, 30° and 38°, and
TR of 20 ms. Both VTR and VFA protocols acquired 3 echoes with echo-
times of 0.10ms, 2.48 ms and 4.90 ms to allow extracting of T,". The
total acquisition time was 63 min (41 min of VIR and 22 min of VFA,
respectively). The multi-echo 3D-UTE sequence and the order of the
VFA and VTR acquisitions are depicted in Fig. 1.

2.3. Image reconstruction and relaxation parameter fitting

Images were reconstructed offline using MATLAB (The MathWorks,
Inc., Natick, Massachusetts, United States of America) using re-gridding
with iterative sampling density compensation and an optimized kernel
[25]. Using the first echo of the VFA or VTR data series, spatial maps of
the T, relaxation time were created by fitting the data to Eq. (2) voxel-
by-voxel. To extract T, relaxation times, all VFA and VTR datasets
were exponentially fitted to corresponding power images computed
from the magnitude data [26]. To account for a potential noise bias
[27], the squared exponential fitting was performed with an additional
offset parameter. Reconstructed mid-sagittal slices from the isotropic
3D-UTE datasets were used to draw regions-of-interest (ROI) manually
in the mid-tendon regions of the patellar and quadriceps tendons. The
ROIs were drawn on difference images calculated between the first and
second echoes, and subsequently applied to both the T,  and T; maps.
The extracted relaxation times were averaged over all voxels of the
ROIs and compared between both tendons as well as the VFA and VTR
techniques. On average, the ROIs included 38 and 57 voxels for the
patella and quadriceps tendon, respectively. Fig. 2 shows the ROIs and
the fit curves in the quadriceps tendon for one single subject. Finally,
the average relaxation times were used as boundary parameters for the
subsequent bivariate histogram analysis.

2.4. Bivariate histogram analysis

Prior to the calculation of bivariate histograms between T, and Ty,
the 3D relaxation parameter maps were masked to exclude contribu-
tions from noise regions outside the knee. Masking was performed by
intensity thresholding of the magnitude image of the first echo, fol-
lowed by erosion and dilation to remove outliers. To refine the mask, a



M. Krdmer, et al.

Magnetic Resonance Imaging 63 (2019) 29-36

- TR,
a, I~E> TE, TE, o,
RF/ADC J «W\f : }\M\ u I .
= = =
a
— o a, o3 a, a5 TR; TR, TR3 TR, TRs —>t
—
b m 41 min

Fig. 1. (a) Sequence diagram depicting the 3D multi-echo UTE acquisition using rectangular excitation pulses with flip angle a,, echo times TE;, TE, and TE3, and
repetition time TR,,. (b) The course of the experiment showing the order of the different flip angles (VFA method) and repetition times (VTR method).

connectivity analysis was performed to find the connected components
in the binary mask with the largest volume. Following extraction of the
largest connected component, the resulting binary mask was further
processed by closing all holes within the mask with an inverse flood fill
operation, i.e., all voxels that cannot be reached by flood filling from
the edges of the FoV [28]. The masking process is illustrated for one
dataset in Fig. 3.
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After masking the 3D relaxation parameter maps, bivariate histograms
were calculated by binning the T, and T, relaxation times of all voxels
into equally sized bins. Because the T, relaxation times extracted from the
VFA and VTR datasets were very similar (see Fig. 4), only the T; values
from the VFA method were used for creating the histogram as this method
has a shorter acquisition time and is therefore better suited for clinical
applications. Clearly visible clusters in the histograms were manually
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Fig. 2. Placement of tendon ROIs in a single subject for the quadriceps (blue) and patellar (green) tendons (upper left). The three plots show the measured signal and
the fit results for Ty~ (upper right), T, (VFA) (lower left) and T, (VTR) fitting (lower right), averaged over the ROIs of the quadriceps tendon. The colored bands depict

the standard deviation over the ROIs.

31



M. Krdmer, et al.

Original Data

\

Thresholding
Dilation

Single Slice

Projection of Slice Stack

Erosion and

Magnetic Resonance Imaging 63 (2019) 29-36

Inverse
Flood Filling

Connectivity
Analysis

Masked Input

1T

Fig. 3. Illustration of the masking process for the input data to remove outliers prior to bivariate histogram calculation. (Top row) Processing steps for obtaining
masked data, including thresholding, erosion and dilation, connectivity analysis and inverse flood filling, applied to a single slice. (Bottom row) Results of the

individual processing steps projected over the entire slice stack.

VFA - T1 [ms]
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Fig. 4. Left: T, -map of a single subject, scaled between 0 ms and 12 ms. Middle and right: T,-maps of the same subject, scaled between 100 ms and 1800 ms, for both
the VFA and the VTR methods, respectively. In both maps the patellar and the quadriceps tendons are easily identified by their different relaxation times to the

surrounding tissues.
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Fig. 5. Box plots of the T," relaxation times derived from manually drawn ROIs in

acquisitions with different flip angles (VFA) and repetition times (VTR).

outlined by drawing ROIs around them, and subsequently visualized using
3D surface reconstruction. To improve the masks resulting from this his-
togram analysis and to remove outliers, a connectivity analysis similar to
that described above was performed prior to visualization, retaining only
the largest connected components of the masks. Since no prominent
cluster was found in the bivariate histogram located in the range of the

1 1 L L 1 L H L 1 1 L
VFA VIR VFA VTR VFA VTR VFA VTR VFA VTR
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the patellar and quadriceps mid-tendons, obtained from all multi-echo 3D-UTE

extracted T; and T, times of the patellar and quadriceps tendons, a ROI
was placed in the histogram encompassing a rectangular region in the
ranges of 1.0ms < T," < 3.0ms and 350 ms < T; < 900 ms. Finally, the
masks of those cluster ROIs corresponding to bone marrow and the pa-
tellar and quadriceps tendons were visualized using a T;- and T, -based
color-encoded semi-transparent 3D volumetric rendering.
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3. Results

As shown in Fig. 4, both the patellar and quadriceps tendons were
clearly identifiable on the calculated T," maps due to their short T,"
relaxation times. Since the longest echo-time acquired was only 4.9 ms,
the numerical values obtained for other tissues with longer T," re-
laxation time constants are more uncertain and likely underestimated
and should thus be compared with caution to values from the literature.
By comparing the inter-individual mean T, values, extracted from the
manually drawn ROIs in the mid-tendons, for a wide range of acquisi-
tion parameters of the VTR and VFA approach (Fig. 5), several effects
are observed: (1) the patellar tendon reveals a broader inter-individual
variation of T, values (ranging from 1.2 ms to 1.9 ms) compared to the
quadriceps tendon with a range of 1.2 ms to 1.6 ms; (2) averaged over
the VFA and VTR acquisitions and all subjects, the mean T,  of the
quadriceps tendon is slightly lower (1.4 ms + 0.2 ms) compared to the
patellar tendon (1.6 ms = 0.2 ms); (3) for the different flip angles and
repetition times, the intra-individual T,  variation was up to 15% for
VFA and 9% for VTR, suggesting only small multi-compartment effects
on T," within the tendons; (4) in the patellar tendon, the VFA-based Ty
values were slightly higher compared to the VTR-based results.

Fig. 4 also displays maps of the T; relaxation times for both
methods. Both the quadriceps and patellar tendons have distinctly
different T; relaxation times compared to their surrounding tissues,
making it easy to identify them. The visual appearance as well as the
numerical T; values of the tendons derived from the mid-tendon ROIs
are comparable between the two methods, with the T; values obtained
with the VFA method being slightly higher than those obtained with the
VTR method. The mean mid-tendon T; values of the patellar tendon,
averaged over all subjects, were 501 ms + 67 ms and 453 ms *+ 59 ms
for the VFA and VTR acquisitions, respectively. Compared to the pa-
tellar tendon, the quadriceps mid-tendon had higher mean T; values of
716 ms + 131 ms and 670 ms = 82ms for VFA and VTR, respectively.
The differences in T; between the patellar and quadriceps mid-tendon
ROIs were statistically significant (p < 0.05) in a two-sided Wilcoxon
rank sum test with p-values of 0.02 (VFA) and 0.01 (VTR), respectively.

The bivariate histogram (Fig. 6) revealed several well-delineated
clusters, exhibiting similar relaxation parameters in the range of
150ms < T; < 450 ms and 3ms < T, < 7 ms. Also visible is a broader
cluster in the range of 800ms<T; <1500ms and
5ms < T," < 11ms. In the specific relaxation time range for the pa-
tellar and quadriceps tendons, estimated from the previous mid-tendon
ROI analysis (1.5ms < T, < 2.5ms and 400 ms < T; < 850 ms), no
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distinct clusters were visible. By separating and masking the bivariate
histogram, the tissue types underlying the clusters became evident
(Fig. 7). The narrow and sharp clusters between 150 ms < T; < 450 ms
and 3ms < T, < 7ms mainly reflect bone marrow (Fig. 7, blue), as
well as fat and skin (Fig. 7, green), while the broader cluster with
higher T, values (Fig. 7, yellow) can be primarily attributed to muscle
tissue. By placing an ROI in the range of 1.0ms < T, < 3.0ms and
350ms < T; < 900ms in the bivariate histogram, the patellar and
quadriceps tendons could also be extracted (Fig. 7, red). The boundaries
of this ROI were extended from the previously obtained mid-tendon
values to allow inclusion of more voxels in the transitory regions of the
tendons, specifically the patella and tibia entheses.

Average relaxation parameter distributions obtained after seg-
menting the entire tendon volumes from the bivariate histograms are
shown as box plots in Fig. 8 and Fig. 9 for T, and T;, respectively.
Compared to the ROI-based, mid-tendon results (see Fig. 4), the vo-
lume-averaged T, values show less variation between both subjects
and methods. The mean T,  value in the patellar tendon was
1.8 ms = 0.1 ms, which was again longer compared to the quadriceps
tendon (mean T," = 1.4ms *+ 0.2 ms). Overall, volume-based mean T,
values were approximately 10% to 15% larger compared to ROI-based
mid-tendon results.

Volume-based, average T, relaxation times were 527 ms = 42 ms
(VFA) and 476ms + 40ms (VTR) in the patellar tendon, and
662ms + 97 ms (VFA) and 637 ms + 40ms (VTR) in the quadriceps
tendon. Again, the VTR method consistently resulted in shorter T; re-
laxation times compared to the VFA method. Compared to the mid-
tendon ROI analysis, the T; relaxation times averaged over the entire
tendon volume were comparable within 10%.

Based on the segmentation of the patellar and quadriceps tendons
(Fig. 7, red), a color-coded 3D volumetric rendering was created to
visualize the distributions of T; and T, values over the entire tendon
volume (Fig. 10), including parts of the tendons entheses. Inspection of
these volumetric renderings indicates that T; is not constant over the
volume of the tendons but contains “hot spots” in some subjects as well
as an increase in the relaxation time towards the entheses. On the other
hand, T," shows stronger variations between subjects, which may be
related to magic angle effects [2,22] due to possible different knee
orientations with respect to By. Another reason for these higher varia-
tions could be partial volume effects due to the limited spatial resolu-
tion.
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Fig. 6. Bivariate histogram (left) and logarithmically-scaled bivariate histogram (right) of T; and T," showing the color-coded number of voxels corresponding to the
respective relaxation times. Several clusters are identifiable in the histogram on the left, corresponding to different tissues. The logarithmic scaling on the right

visualizes broader clusters otherwise hidden in the background.
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Bivariate Histogram
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Fig. 7. Based on the bivariate histogram displayed in Fig. 6, clusters were manually selected (top left) and visualized as a 3D surface (bottom left). The colors
correspond to bone marrow (blue), patellar and quadriceps tendons (red), muscle (yellow), as well as skin and other fatty tissue (green). On the right, a combination

of all extracted surfaces is shown.
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Fig. 8. Box plots of the T," relaxation times, averaged over the entire patellar and quadriceps tendons after segmentation, and obtained from all multi-echo 3D-UTE

acquisitions with different flip angles (VFA) and repetition times (VTR).

4. Discussion

The mean T, relaxation time of 1.8 ms for the patellar tendon is
comparable with the only known literature reference of 2.0ms [4].
Similar to the current work, data in that study had also been acquired in
vivo and with a 3T field strength. Although it is conceivable that dif-
ferent tendons in the body should have comparable T,  relaxation
times, no reference data could be found in the literature for the quad-
riceps tendon. With T," being much longer than the duration of the
short rectangular rf-pulse used for excitation (1.8 ms>0.15ms), re-
laxation effects during the rf-pulse [19,29] should be negligible for the
analysis of the VFA and VTR data in estimating T;. The observed dif-
ferences in T, between the VFA and VTR methods in the patellar
tendon (Fig. 5) might be related to subject motion and partial volume
effects due to the limited spatial resolution. Since the datasets were

34

acquired sequentially, even small movements of the subjects between
the scans can cause changes in T," as the ROIs shift out of their mid-
tendon position. This effect should be more pronounced with the pa-
tellar tendon as it is thinner than the quadriceps tendon and thus more
susceptible to motion. The higher volume averaged T, values com-
pared to the mid-tendon ROI analysis might be related to the decreases
of T, towards the center of the tendons. The intra-individual variation
of T, with changing flip angle (VFA) or repetition time (VTR) indicates
the presence of multiple compartments with different T, relaxation
times. Such compartments could be collagen bound water and free
water, having different T; and T, relaxation times. However, the
overall influence of the different T, weightings on T,  was < 15% of the
mean T, for all subjects and measurements.

Since the VTR and VFA techniques both resulted in comparable T
relaxation times in both tendons, future studies are likely to favor the
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Fig. 9. Comparison between T; relaxation times obtained from VFA and VTR in
the mid-tendon regions (blue) of the patellar (left) and quadriceps tendon (right)
and the entire tendon volumes after segmentation (red).

VFA technique due to its shorter acquisition time. Due to the already
long total acquisition time, we restricted the maximum TR in our study
to 80 ms with the VTR technique. Considering that the T; relaxation
times in both tendons are significantly longer, more extended TRs
would have been necessary for optimal sampling of the T; saturation
recovery curves with VTR. Consequently, the T; relaxation times ob-
tained with the VTR technique in our study are most likely under-
estimated, especially since additional water compartments with longer
T, relaxation times might exist in tendons. This assumption of under-
estimation is further supported by the fact that the VFA-based T, values
were slightly longer for both tendons and all subjects than the VTR
results. The VTR technique, on the other hand, could be of advantage
when performing T; mapping on high field (preclinical) systems, for
which the rf-pulse performance may be inferior regarding stability of
flip-angles or B; inhomogeneity effects may be stronger. In the present
study, B; inhomogeneities were not taken into account for several
reasons. Mapping of B; in tendons or tissues with very short Ty re-
laxation times is generally challenging because standard B; mapping
techniques [30-32] do not show signal in such tissues and calibrate

Subject 1 Subject 2

Subject 3
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their flip angles consequently on long T tissues, or require very long
TRs, which are impractical for isotropic 3D acquisitions. One promising
approach for B; mapping is the actual flip angle imaging (AFI) method
[33,34], which uses an interleaved acquisition with two different re-
petition times. This method has only recently been demonstrated to
work with 3D UTE acquisition; however, with an anisotropic resolution
[24,35]. A major limitation of UTE-AFI based B; mapping is a highly
prolonged total acquisition time when applied with isotropic high re-
solution, as is advantageous for 3D segmentation and visualization.
Because B; inhomogeneities were not corrected in this study, the ob-
tained T; values of the patellar and quadriceps tendon could be over- or
underestimated, where the over- or underestimation may also depend
on blurring from surrounding tissues and chemical shift artifacts.

The only known reference data for T, values in the patellar and
quadriceps tendons are 656 + 43ms and 800 + 66 ms, respectively
[24]. While comparable, these values are slightly higher than those
found in the current study. As outlined above, these differences are
likely due to the application of B; correction based on UTE-AFI in ref.
[24], which could result in increased T, values. Another reason for the
discrepancy may be ROI placement. As demonstrated by the 3D vi-
sualization (Fig. 10), T; varies within the tendons on the individual
level, implying that placement and size of ROIs can affect the mean
values. The differences in T, between both tendons could be due to the
fact that the patellar tendon is a ligament connecting bone to bone (i.e.,
patella to tibia), whereas the quadriceps tendon connects bone to
muscle (patella to quadriceps). Available 3D segmentation techniques,
and thus 3D mapping of T, and T, distributions, should enable future
studies to investigate physiological influences, such as age, physical
training or pathologies, on changes in these distributions of relaxation
parameters over the entire tendon volume.

The bivariate histogram analysis of the relaxation time maps ap-
plied in the present work is limited by three major factors. First, only
three echoes with short echo times (4.9 ms being the longest) were
acquired, from which T, was estimated. This could have resulted in
underestimation of the values derived for tissues with longer T," re-
laxation times, and therefore, caused the clusters in the histogram to be

Subject 4 Subject 5

Fig. 10. Color-coded volumetric 3D renderings of T; (top) and T," (bottom) for all five subjects. For geometrical reference, the segmented bones are also shown semi-

transparently with gray levels.
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compressed in the range along the T, axis. Second, the spatial re-
solution of 2.0 x 2.0 x 2.0 mm? is relatively low, which is due to the
fact that both VFA and VTR were acquired for comparing the T; map-
pings, and total measurement time was limited to approximately 1h to
reduce motion between separate scans with different flip angles and
TRs. Future experiments should not only omit the VTR scan entirely,
but should also combine the 3D-UTE acquisition and reconstruction
with acceleration techniques, such as SENSE [36,37] or compressed
sensing [38], to benefit from reduced scan time and increased spatial
resolution. Lastly, by combining the VFA acquisition with B; mapping
and inhomogeneity compensation, and using advanced shimming for By
homogenization, the extent of the T, and T," clusters in the bivariate
histogram may be reduced, potentially leading to a more robust and
fully-automatic 3D segmentation.

By comparing the relaxation times obtained from the manually
drawn mid-tendon ROIs with the values averaged over the segmented
tendon volume, we could show that placement of ROIs is crucial for
obtaining consistent and trustworthy results. Although the obtained
relaxation times were comparable for both T,  and T, the inter-in-
dividual variations were reduced by averaging over the entire seg-
mented tendon volumes. Variations in the mid-tendon ROIs might have
been caused by partial volume effects, motion between the separate
VFA and VTR scans or by errors in drawing the manual ROIs.

In conclusion, we have demonstrated similar T; relaxation para-
meters extracted from 3D-UTE VFA and VTR acquisitions for knee
tendons, and contributed additional reference data to the currently
sparse literature regarding relaxation times in the quadriceps and pa-
tellar tendons. Furthermore, by combining 3D isotropic T; and Ty’
mapping of the entire knee with a bivariate histogram analysis, we were
able to segment the quadriceps and patellar tendons, and visualize the
relaxation parameter distributions over the entire tendon volume.
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