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Background: The deep peripheral fascia and epimysium are vital for muscle and tendon support, but their 
tight proton composition results in hypointense signals in conventional spin echo sequences. Ultrashort 
echo time (UTE) magnetic resonance imaging (MRI), using microsecond TE values, may visualize these 
structures. The purpose of this study was to evaluate whether UTE pulse sequence with a three-dimensional 
cone trajectory (3D UTE), with or without fat suppression (FS), can be used to visualize the fascia and 
epimysium using porcine lower legs as an example.
Methods: The anterior soft tissues of porcine lower legs were dissected and partially separated into distinct 
layers to expose the deep peripheral fascia, epimysium, and muscle. Axial 3D UTE and 3D UTE FS imaging 
using dual-echo acquisition and echo subtraction were performed both before and after dissection. Prior to 
dissection, the thickness, signal-to-noise ratios (SNRs), and contrast-to-noise ratios (CNRs) of structures 
believed to be deep peripheral fascia and epimysium were measured in both 3D UTE and 3D UTE FS. 
Post-dissection images were also analyzed to measure the SNRs and CNRs for the deep peripheral fascia and 
epimysium. Histological evaluations were carried out to verify the identities of the deep peripheral fascia and 
epimysium, as well as their thickness, and these measurements were compared to imaging findings.
Results: In pre-dissection images obtained with 3D UTE and 3D UTE FS, both the deep peripheral fascia 
and epimysium exhibited high signal intensity. In the subtraction images, the mean thickness of the deep 
fascia was 0.87 mm, and that of the epimysium was 0.80 mm when imaged with 3D UTE. This is compared 
to measurements of 0.77 and 0.22 mm in 3D UTE FS, respectively. Histological analyses confirmed the 
thickness of the deep peripheral fascia and epimysium as 0.65 and 0.14 mm, respectively. In the post-
dissection images, the deep fascia continued to display high signal intensity when compared with adjacent 
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Introduction

Fascia is made up of sheets of connective tissue that is found 
below the skin (1). These tissues attach, stabilize, impart 
strength, maintain vessel patency, separate muscles, and 
enclose different organs (1). In the limbs, the fascia was 
divided into superficial fascia, which is a layer of connective 
tissue located immediately deep to the dermis, and deep 
fascia, which surrounds muscles (1,2). There are two 
subtypes of deep fascia such as deep peripheral fascia and 
epimysium (1,2). The deep peripheral fascia (aponeurotic 
fascia) is a layer of dense connective tissue arranged 
in sheets that forms the stocking around the muscles 
and tendons beneath the subcutaneous layer and lies in 
continuous contact with the epimysium of the limb (3).  
The deep peripheral fascia which thins into a tendon and 
becomes a point of origin or insertion for other muscles 
is called aponeurosis. The epimysium (epimysial fascia) is 
a loose connective tissue that consists of collagen fibers 
and envelopes each muscle (4). Deep peripheral fascia 
and epimysium protect structures and serve as barriers 
to tumors or infections in the limb (5,6). However, these 
fasciae are mainly composed of tissues with tightly bound 
protons so the signals from these protons decay very 
quickly. This rapid signal decay results in a hypointense 
signal when conventional magnetic resonance imaging 
(MRI) sequences are used (7). Ultrashort echo time (UTE) 
is an MRI technique that uses even shorter TE values on 
the order of microseconds (μs) (7). These dramatically 
shortened TEs allow the depiction of short T2 components 
as hyperintense signals on UTE imaging (7). UTE has been 
successfully applied to disk-bone specimens, osteochondral 
junctions, ligament, tendon and cortical bone in high-
resolution imaging to visualize tissue primarily composed 
of short T2 components (8-12). With three-dimensional 
(3D) cone trajectory UTE, which is one of several available 
UTE techniques, short signals can be detected that are 
less affected by the eddy current effect, and the acquisition 

time can be reduced by using an efficient 3D spiral pattern, 
compared to two-dimensional (2D) UTE imaging (13,14). 
However, there has been no prior study on whether 3D 
UTE can depict the deep peripheral fascia and epimysium 
in a manner that directly correlates with histology. 
Therefore, the purpose of our study was to evaluate whether 
UTE with three-dimensional cone trajectory (3D UTE), 
with or without fat suppression (FS), can visualize the fascia 
and epimysium, using porcine legs as an example.

Methods

The present study comprised two sets of experiments, 
ethical approval was exempted by the Institutional Review 
Board of Inha University Hospital due to the use of 
cadaveric animal specimen. In Experiment No. 1, the 
thickness, signal-to-noise ratio (SNR) and contrast-to-noise 
ratio (CNR) of structures thought to be deep peripheral 
fascia and epimysium were measured in 3D UTE and 3D 
UTE with fat suppression (3D UTE FS) in three porcine 
lower legs. In Experiment No. 2, three porcine lower legs 
were dissected and subjected to 3D UTE and 3D UTE FS. 
These processes were undertaken for histologic verification 
of the deep peripheral fascia and epimysium, as well as for 
the exclusion of any artifacts within the tissue boundaries 
that could mimic these structures.

Experiment No. 1

MRI protocol
Three fresh porcine lower legs (two right lower legs and one 
left lower leg) from the tibial plateau to the tibial plafond 
from animals sacrificed for meat in the slaughterhouse 
were obtained within 24 hours of death. No live animals 
were used in this study and were sacrificed for the study. 
All three porcine lower legs underwent MRI using 3T MR 
scanners (Discovery 750 W, GE Healthcare, Waukesha, 

soft tissues, consistent with the histological findings. Meanwhile, the epimysium showed very low CNRs.
Conclusions: 3D UTE and 3D UTE FS can be used to visualize the deep peripheral fascia with high 
signal intensity and contrast but are insufficient to show signal intensity in the epimysium. 
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Table 1 MRI protocol

Sequence parameters

Porcine lower leg

3D UTE 3D UTE FS
T1WI

Echo-1 Echo-2 Echo-1 Echo-2

TR (ms) 11.4 22 793

TE (ms) 0.032 4.4 0.032 4.4 7.66

FA (°) 17 17 111

BW (kHz) 62.5 62.5 62.5

ETL NA NA 3

NEX NA NA 1

Matrix size 300×300 300×300 300×300

Voxel size (mm3) 0.5×0.5×3 NA

Number of projections 20,217 20,217 NA

ST/gap (mm) 3/0

FOV (x, y, z axis, mm) 150×150×90 150×150

Scan time (min:s) 3:14 6:14 3:30

The frequency encoding direction of T1WI is anteroposterior. MRI, magnetic resonance imaging; 3D UTE, ultrashort echo time pulse 
sequence with three-dimensional cone trajectory; 3D UTE FS, ultrashort echo time pulse sequence with three-dimensional cone trajectory 
with chemical shift-based fat saturation fat suppression; T1WI, T1 weighted fast spin echo sequence; Echo-1, the 1st echo image; Echo-
2, the 2nd echo image; TR, repetition time; TE, echo time; FA, flip angle; BW, bandwidth; ETL, echo train length; NEX, number of excitation; 
ST, section thickness; FOV, field of view. 

WI, USA), with a maximum peak gradient amplitude of 
44 mT/m and a slew rate of 200 T/m/s in conjunction 
with a 16-channel receive-only phrase array coil (Gem 
flex large, GE Healthcare). Axial T1 weighted fast spin 
echo sequence (T1WI), 3D UTE, and 3D UTE FS were 
performed (Table 1). The 3D UTE sequence utilized a short 
nonselective hard pulse (duration =100 μs) for volumetric 
excitation, followed by dual-echo 3D cone acquisition with 
a minimal nominal TE of 32 μs (15,16) (Figure 1). The 
first free induction decay UTE acquisition with a minimal 
nominal TE of 32 μs detected signals from both long- and 
short-T2 components, whereas the second gradient recalled 
echo with a TE of 4.4 ms detected signals from longer-T2 
components. Subtraction of the second echo from the first 
suppresses signals from the longer-T2 components and 
typically provides high contrast for tissues whose T2* lies 
between the two TEs.

FS was carried out using the conventional chemical shift-
based fat saturation (CHESS). With chemical shift-based 
fat saturation, a spectrally selective radiofrequency (RF) 
pulse is followed by a gradient spoiler. The saturation pulse 
[minimum-phase Shinnar-Le Roux (mip-SLR) design with 

a duration of 8 ms and bandwidth of 500 Hz] was centered 
on the fat peak with a flip angle of no less than 90°, followed 
by a gradient spoiler to crush all the excited transverse 
magnetizations. Short hard pulses are then used to excite 
the signal. The scan times were 3 min 30 s for T1WI, 3 min 
14 s for 3D UTE, and 6 min 14 s for 3D UTE FS (Table 1).

Image analysis
To ensure accurate image analysis, the terminology for the 
components of the fascial system was defined as follows. The 
deep peripheral fascia was defined as a low signal intensity 
structure on T1WI and located deep to the subcutaneous fat 
and superficial to muscle (2). The epimysium was a structure 
that surrounds each muscle but it is usually not visible in 
T1WI (2). Chemical shift artifact generates a low signal 
intensity which surrounds muscle in the frequency encoding 
direction (2). Figure 2 showed a schematic diagram of the 
fascial system with a detailed description.

Referring to the above definitions and T1WI, the 
structures at the locations of the deep peripheral fascia and 
epimysium were searched in the 3D UTE, and 3D UTE 
FS for all three porcine lower legs by two musculoskeletal 
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Figure 1 Sequence diagram of 3D UTE. (A) In the basic 3D UTE, a short rectangular pulse was used for signal excitation followed by 
3D spiral sampling with a minimal nominal TE (TE1) of 32 μs. The TE2 is 4.4 ms in this study. (B) The spiral trajectories are arranged 
with conical view ordering. RF, radiofrequency pulse; DAQ, data acquisition; TE, echo time; TE1, first TE; TE2, second TE; 3D UTE, 
ultrashort echo time pulse sequence with three-dimensional cone trajectory.
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Figure 2 Schematic drawing of an axial image of porcine lower leg illustrating its fascial anatomy and corresponding images of MRI. (A) 
Schematic drawing of an axial image of porcine lower leg. The superficial fascia (gray area) is a three-dimensional connective tissue network 
in the hypodermis that contains fibrous tracts (yellow line, membranous superficial fascia), fat lobules, and superficial nerves and vessels. 
The deep peripheral fascia (blue line) is located deep to the hypodermis and superficial to the muscle. The membranous superficial fascia 
(yellow line) and deep peripheral fascia are histologically identical except for their location but usually, the deep peripheral fascia is slightly 
thicker than the membranous superficial fascia. In some areas, the deep fascia and membranous superficial fascia are contiguous. The 
epimysium (black lines around the orange area) was a structure that surrounds each muscle (orange areas). (B) Axial T1WI shows the deep 
peripheral fascia (solid white arrows) as a low signal intensity structure that is located deep to the subcutaneous fat and superficial to muscle 
compartment. The epimysium was a structure that surrounds each indivisual muscle but it is usually not visible (black dashed arrows) in 
T1WI. Chemical shift artifact (white dashed arrows) generates a low signal intensity which surrounds muscle in the frequency encoding 
direction but should not be confused with epimysium. Note multilayers of the thin membranous superficial fascia (double line arrow). (C-H) 
Corresponding images of 3D UTE with the 1st echo (C), the 2nd echo (D), and the subtraction (E) and 3D UTE FS with the 1st echo (F), the 
2nd echo (G), and the subtraction (H). White arrows indicate the area of expected deep peripheral fascia. White dashed arrows are the area of 
expected epimysium, white double line arrow is the membranous superficial fascia. MRI, magnetic resonance imaging; 3D UTE, ultrashort 
echo time pulse sequence with three-dimensional cone trajectory; 3D UTE FS, ultrashort echo time pulse sequence with three-dimensional 
cone trajectory with chemical shift-based fat saturation fat suppression. 
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Figure 3 Example images of measurement of thickness and SNRs of deep peripheral fascia (A) and epimysium (B) in the 1st echo image 
of 3D UTE of the porcine lower leg. Three areas—the right lateral, central, and left lateral areas—where the deep peripheral fascia and 
adjacent muscle are separated by fat, were chosen for measuring the deep peripheral fascia within axial image (A). For the evaluation of 
the epimysium, another image was selected, one that displayed a well-visualized muscle surface. Measurements were taken at the anterior, 
right lateral, and left lateral surfaces of the muscle (B). The evaluation of thickness involved measuring the width of high signal intensity in 
areas believed to be either deep peripheral fascia or epimysium. For SNR measurements, variable-sized ROIs were drawn around the high 
signal intensity, believed to be either deep fascia or epimysium, as well as the adjacent soft tissue and intermuscular fat (F), using a free-
hand technique. SNRs, signal-to-noise ratios; 3D UTE, ultrashort echo time pulse sequence with three-dimensional cone trajectory; ROIs, 
regions of interest. 

0.81 mm

0.88 mm

0.87 mm

BA

radiologists with consensus. For quantitative analysis, 
the thickness and SNR were measured in the 1st echo, 2nd 
echo, and subtraction images of 3D UTE and 3D UTE FS 
for each porcine lower leg using a PACS system (Infinitt 
G7, Infinitt Healthcare, Seoul, Republic of Korea) by 
two musculoskeletal radiologists independently. Images 
were displayed one by one on the PACS monitor and then 
magnified ten times. In terms of deep peripheral fascia, 
three areas (right lateral, central, and left lateral area) where 
deep peripheral fascia and adjacent muscle were separated 
by fat were selected for the measurement (Figure 3). For 
epimysium, the anterior, right lateral, and left lateral surface 
of the muscle where epimysium and deep peripheral fascia 
were separated by fat were selected (Figure 3). For SNR 
measurements, region of interests (ROIs) of varying sizes 
were drawn using a freehand technique on areas of high 
signal intensity, believed to be deep peripheral fascia or 
epimysium, and adjacent soft tissue. A circular ROI was 
drawn on the intermuscular fat. To estimate the standard 
deviation (SD), a circular ROI with a size of 69.89 mm2 
was positioned in the background noise. The SNRs for the 
deep peripheral fascia, epimysium, adjacent soft tissue, and 
intermuscular fat were calculated by dividing the signal 
level by the SD of the noise. CNRs between the deep 
peripheral fascia or epimysium and adjacent tissue were 
obtained by taking the absolute value of the difference in 
the SNR between the deep peripheral fascia or epimysium 

and adjacent tissue.
For the evaluation of thickness, the width of high signal 

intensity in areas considered to be deep peripheral fascia or 
epimysium was measured at a location adjacent to where 
we measured SNR. All measurement for the SNR and the 
thickness was done in the 1st echo image of 3D UTE (FS) 
and copied to the 2nd echo and subtraction image.

Experiment No. 2

Tissue preparation and MRI scan
Following Experiment No. 1, the three porcine lower legs 
were stored in a refrigerator at 4 ℃ for one day. Experiment 
No. 2 was conducted the subsequent day after the samples 
were left at room temperature for one hour. The anterior 
extensor compartment of each porcine lower leg, located 
distally to the tibial tuberosity, along with the overlying 
soft tissue, was divided into three zones. These zones were 
then partially peeled off in layers by a plastic surgeon as 
follows: from the skin to the subcutaneous layer just over 
the deep peripheral fascia (zone 1, Figure 4A), from the skin 
to the deep peripheral fascia (zone 2, Figure 4B), and from 
the skin to the middle portion of the muscle belly (zone 3, 
Figure 4C). The size of each zone was 2.5×3 cm2 (transverse 
× longitudinal). One side of each peeled-off tissue (flap) was 
attached and was therefore continuous with adjacent normal 
tissue. Ultrasound transmission gel (Aquasonic clear gel, 
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Figure 4 Photograph of the dissected anterior compartment of a fresh porcine lower leg. Three different partially peeled tissues were 
prepared. Zone 1 (A) was dissected from the skin into the subcutaneous layer for exposure of deep peripheral fascia. Some subcutaneous 
fat remains over the deep peripheral fascia (asterisk). Zone 2 (B) was dissected from the skin into the deep peripheral fascia for exposure of 
epimysium (arrows). Note the smooth thick fibrous deep peripheral fascia (dashed arrows) on the flap. Zone 3 (C) was dissected from the 
skin to the superficial portion of the muscle bellies for the removal of epimysium. One side of each peeled-off tissue was left attached, and 
was therefore continuous with the adjacent normal tissue. 

Zone 1

*

Zone 2

Zone 3

B CA

Parker Laboratories Inc., NJ, USA) was applied between 
flaps and resection beds. MRI scans were performed using 
the same protocol as the Experiment No. 1.

Histological evaluation
After the MRI scan, the flaps and remaining tissues from all 
zones were resected, fixed in 4% neutral buffered formalin, 
and embedded in paraffin blocks. Standard histologic 
procedures were applied to these paraffin-embedded 
tissue blocks, which were sectioned axially at a 10 μm slice 
thickness, with 6 mm intervals. As a result, four slices were 
collected from each zone throughout the block. All samples 
were then stained with Masson’s trichrome stain and 
observed under a light microscope. A histologist evaluated 
the slides for the presence of deep peripheral fascia and 
epimysium across all. The thickness of deep peripheral 
fascia and epimysium were also measured by magnifying the 
slide image 4 times and designated three areas where the 
deep peripheral fascia and epimysium were well separated 
from each other and distinguished from the surrounding 
tissue. All measurement of thickness was done using ImageJ 
software (National Institutes of Health, Bethesda, MD, 
USA).

Imaging analysis with histologic correlation
Two radiologists assessed the presence of sheet-like 
structures in remaining tissue correlating with histology. 
SNRs and CNRs were measured by two musculoskeletal 
radiologists independently in the same way as in Experiment 
No. 1. ROIs at expected deep peripheral fascia or 
epimysium sites and adjacent soft tissue as with Experiment 
No. 1. CNRs was calculated by subtracting SNR of deep 

peripheral fascia or epimysium from SNR of adjacent soft 
tissue.

Statistical analysis

Descriptive analysis was done for all  quantitative 
measurement of image analysis and histologic evaluation. 
All quantitative measures taken in the imaging analysis 
of Experiment No. 1 and No. 2 by two musculoskeletal 
radiologists were subjected to an interobserver agreement 
using the interclass coefficient. The strength of the 
interobserver agreement indicated with κ values was 
classified as follows: poor, κ<0.0; slight, κ=0.0–0.20; fair, 
κ=0.21–0.40; moderate, κ=0.41–0.60; substantial, κ=0.61–
0.80; and almost perfect, κ=0.81–1.00 (17).

Results

Experiment No. 1

Table 2 shows the mean SNRs, CNRs, and mean thickness 
of deep peripheral fascia and epimysium in 3D UTE 
and 3D UTE FS by two radiologists. All measurements 
showed excellent agreement with κ values above 0.8. Deep 
peripheral fascia and epimysium displayed high signal 
intensity, while epimysium had a lower SNR. In 3D UTE, 
pixels with lower signal intensity than intermuscular fat 
were seen around the deep peripheral fascia and epimysium. 
Deep peripheral fascia showed higher SNR and CNR in 
3D UTE than in 3D UTE FS. Generally, the subtraction 
images showed low SNR and CNR. In terms of thicknesses, 
deep peripheral fascia, and epimysium were thicker 
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in 3D UTE than that in 3D UTE FS. The thickness 
difference between 3D UTE and 3D UTE FS was larger 
in epimysium than in deep peripheral fascia. For example, 
in the subtraction image, the mean thickness of the deep 
peripheral fascia, as measured by both reviewers, was 0.87 
in 3D UTE and 0.77 in 3D UTE FS. In contrast, the mean 
thickness of the epimysium was 0.80 and 0.22, respectively.

Experiment No. 2

In histology, the mean thickness of deep peripheral fascia was 
0.65 mm, while that of epimysium was 0.14 mm (Table 2).  
The average SNR and CNR of the expected site of deep 
peripheral fascia and epimysium at the remaining tissue of 
post-dissection MRI of the three porcine lower legs were 
shown in Table 3. All measurements showed substantial to 
excellent agreement with κ values above 0.7.
	Zone 1 (Figure 5): histologically, the deep peripheral 

fascia and epimysium were observed in the remaining 
tissue in all three specimens (Figure 5A). Deep 
peripheral fascia showed a low signal on T1WI, 
and high signal on 3D UTE and 3D UTE FS in all 
three specimens (Figure 5C-5I). The 1st echo image 
of 3D UTE showed the highest SNR and CNR. 
The subtraction images showed much lower CNR, 
especially for that of 3D UTE FS (Table 3).

	Zone 2 (Figure 5): histology showed deep peripheral 
fascia at the flap and a very thin epimysium along the 
surface of the remaining tissue in all three specimens 
(Figure 5B). T1WI revealed a minimal amount of 
fat and low signal intensity of chemical shift artifact 
at the expected site of epimysium. 3D UTE and 3D 
UTE FS showed high signal intensity at the expected 
site of epimysium but the CNR is much lower than 
the deep peripheral fascia, especially for 3D UTE FS 
(Figure 5C-5I, Table 3).

	Zone 3 (Figure 6): histology revealed only the muscles 
of the flap (Figure 6A). MRI showed no definite 
sheet-like structure along the surface of the remaining 
tissue in all sequences of the three specimens with 
a very low CNR of the resected muscle surface  
(Figure 6B-6H, Table 3).

Discussion

Our study found that 3D UTE and UTE FS depicted 
deep peripheral fascia but failed to show meaningful signal 
and contrast for epimysium. Anatomical studies show 

that deep peripheral fascia, consisting of dense connective 
tissue with inelastic collagen fibers, is easily separable 
from underlying limb muscles (3,4,6). Due to its short T2 
value, deep peripheral fascia has low signal intensity in 
clinical T1- and T2-weighted images (7). In our study, 3D 
UTE and 3D UTE FS showed bright contrast for deep 
peripheral fascia, correlating with histological findings. 
However, differences in appearance between 3D UTE and 
3D UTE FS were observed. First, low signal intensities 
around the high signal of deep peripheral fascia were seen, 
which was more prominent in 3D UTE than that of 3D 
UTE FS, representing the effect of chemical shift artifact 
(7,18,19). A chemical shift has been known to appear in the 
frequency direction, which displaces the pixel location of 
the fat signal in conventional Cartesian MR sequences, but 
can take the form of signal cancellation or blurring near 
the fat-water boundaries in a non-Cartesian radial or cone 
trajectory sequence, similar to the 3D UTE used in this 
study (19). This effect disappears with FS (7,18). Second, 
the high signal intensity appeared thicker in 3D UTE than 
in 3D UTE FS. The chemical shift artifact overlapping 
with the deep peripheral fascia’s high signal intensity may 
cause it to appear thicker and more intense in 3D UTE 
than in 3D UTE FS. Another explanation for the thickness 
difference is that fat saturation pulses partially saturate short 
T2 tissues’ signals, causing signal attenuation, while not 
affecting long T2 tissues in conventional imaging (20,21). 
Furthermore, a relatively large saturation flip angle (i.e., no 
less than 90°) leads to indirect signal attenuation induced by 
the magnetization transfer (MT) effects, especially for the 
collagen-rich tissues (22,23). In our study, 3D UTE FS had 
much lower SNR and CNR values in the deep peripheral 
fascia and epimysium than 3D UTE, which may reflect the 
signal attenuation effect on these short T2 tissues.

In our porcine model, the epimysium was a thin, loose 
connective tissue. In Experiment No. 1, muscle surfaces, 
expected site of epimysium, also show high signal intensity 
in 3D UTE, but appear to be affected by chemical shift 
artifacts for the same reasons as deep peripheral fascia. 
Mean epimysium thickness was only 0.14 mm in histology 
which is difficult to measure, but in the 3D UTE, it 
was measured to be much thicker than the actual size. 
Furthermore, the mean thickness of epimysium showed 
much difference between 3D UTE and 3D UTE FS than 
that of deep peripheral fascia. In Experiment No. 2, CNR 
at the expected site of epimysium is generally low. From 
these results, it is considered that the signal related to the 
chemical shift artifact has a greater effect than the actual 
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Figure 5 Histologic findings and MRI images of zone 1 and 2 in Experiment No. 2. (A) Gross specimen (left) and histology stained with 
Masson’s trichrome stain (right) of zone 1. Note that the deep peripheral fascia (arrows) and thin, loose epimysium (dashed arrows) were 
observed in the remaining tissue on histology. The black horizontal bar at the right bottom of histology is a metric scale which is 5 mm. To 
measure the thickness, three areas were designated where the deep peripheral fascia and epimysium were well separated from each other 
and distinguished from the surrounding tissue. The yellow lines are exmples of the thickness of the deep fascia and the red lines are those 
of the epimysium. The actual measurements were made using ImageJ software (National Institutes of Health, Bethesda, MD, USA) which 
are not shown here. (B) Gross specimen (left) and histology stained with Masson’s trichrome stain (right) of zone 2. Histologic findings 
showed detached deep peripheral fascia (arrows) at the peeled-off tissue and a very thin epimysium (dashed arrows) along the surface of 
the remaining tissue. Note the metric scale (5 mm) at the right bottom of histology. Again, the yellow lines are exmples of the thickness of 
the deep fascia and the red lines are those of the epimysium. (C) On T1WI, the low signal intensity of the deep peripheral fascia (arrow in 
zone 1) and low signal intensity of the chemical shift artifact at the muscle surface (dashed arrow in zone 1) were observed in the remaining 
tissue of zone 1. In zone 2, the low signal intensity of the deep peripheral fascia (arrow in zone 2) is seen at the flap, and low signal intensity 
of the chemical shift artifact of muscle surface (dashed arrow in zone 2) is seen in the remaining tissue. (D-F) Axial images of the 1st echo 
(D), 2nd echo (E), and subtraction (F) of 3D UTE. In zone 1, the deep peripheral fascia (arrow in zone 1) showed high signal intensity in the 
remaining tissue. In zone 2, the deep peripheral fascia was observed at the flap (arrow in zone 2). The muscle surface (dashed arrow in zone 
2) showed high signal intensity but the CNR is much lower than the deep peripheral fascia. Image degradation is seen at the subtraction 
image. (G-I) Axial images of the 1st echo (G), 2nd echo (H), and subtraction (I) of 3D UTE FS. In zone 1, the deep peripheral fascia (arrow 
in zone 1) showed high signal intensity in the remaining tissue. In zone 2, the deep peripheral fascia (arrow in zone 2) was observed at the 
flap. The muscle surface (dashed arrow in zone 2) showed a subtle high signal. The subtraction image shows poor image quality. MRI, 
magnetic resonance imaging; 3D UTE, ultrashort echo time pulse sequence with three-dimensional cone trajectory; CNR, contrast-to-noise 
ratio; 3D UTE FS, ultrashort echo time pulse sequence with three-dimensional cone trajectory with chemical shift-based fat saturation fat 
suppression.
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Figure 6 Histologic findings and images of MRI of zone 3 in Experiment No. 2. (A) Gross specimen (left) and histology stained with 
Masson’s trichrome stain (right) of zone 3 showing the detached muscle and overlying subcutaneous layer. Note the metric scale (5 mm) at 
the right bottom of histology. (B-H) MRI showing no definite signal intensity (dashed arrow) at the surface of the remaining tissue on T1WI 
(B), 3D UTE (C: the 1st echo, D: the 2nd echo, E: subtraction image), and 3D UTE FS (F: the 1st echo, G: the 2nd echo, H: subtraction 
image). MRI, magnetic resonance imaging; T1WI, T1 weighted fast spin echo sequence; 3D UTE, ultrashort echo time pulse sequence with 
three-dimensional cone trajectory; 3D UTE FS, ultrashort echo time pulse sequence with three-dimensional cone trajectory with chemical 
shift-based fat saturation fat suppression.
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signal of epimysium in 3D UTE. An epimysium contains 
not only collagen fibers but also fat cells and capillaries 
which has long T2 values, so it does not seem to show as 
strong a high signal intensity in 3D UTE as deep peripheral 
fascia (24). The weak high signal in zone 2 may not fully 
reflect the tissue’s short T2 value, possibly due to fat, partial 
volume effect, or off-resonance artifacts from non-Cartesian 
UTE acquisition (25).

In our study, we used dual-echo acquisition with echo 
subtraction for the short T2 contrast. However, the SNR 
and CNR are generally poor in subtraction images for 
both 3D UTE and 3D UTE FS, despite strong high signal 
intensity in deep peripheral fascia. The significant weakness 
of the dual-echo acquisition with echo subtraction was 
decreased SNR, residual long T2 signals, and magnetic 

susceptibility effects (26). Specific TEs can minimize 
errors (26). In our study, we used a 4.4 ms as a second 
TE to minimize the chemical shift effect, i.e., intravoxel 
signal cancellation of water and fat, as these elements come 
into phase around 4.4 ms (26). A shorter second TE was 
unattainable due to the limited performance of the gradient 
hardware. In dual echo UTE-gradient echo imaging, the 
minimum echo spacing is contingent on the duration of 
the preceding readout gradient and rewinder, which in 
turn depends on spatial resolution (i.e., voxel size), readout 
bandwidth, and gradient slew rate. According to prior 
study (27), the T2* value of the Achilles tendon is reported 
to be approximately 0.74±0.11, and its signal completely 
decays around 4 ms. Given that deep peripheral fascia and 
epimysium are connective tissues composed of collagen 
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bundles, similar to the Achilles tendon, it was hypothesized 
that their short T2* values would be similar. Consequently, 
a nominal TE of 0.032 ms and a long echo subtraction of 
4.4 ms were deemed suitable for the selective detection of 
these structures’ signals. However, chemically shifted lipid 
signals can still result in residual signals due to their variable 
nature, making accurate subtraction difficult (26).

Our study had several limitations. First, partial volume 
artifacts may have significantly influenced the SNR and 
CNR measurements in our study. The voxel size of the 3D 
UTE in our study was 0.5 mm × 0.5 mm × 3 mm, which 
is greater than the 0.1 mm thickness of the epimysium 
as observed in the histologic sections. Consequently, it 
is highly susceptible to inaccurate measurements due to 
the incorporation of adjacent tissue signals. Anatomical 
structures that are targets of 3D UTE, such as calcified 
cartilage layers, aponeuroses, tendons, and ligaments, often 
only measure a few millimeters in size. Therefore, it is 
essential to overcome partial volume artifacts for accurate 
evaluation of these structures. Technological advancements 
are needed to allow for the imaging of thinner sections, 
larger matrix sizes, or isotropic imaging within a clinically 
acceptable scan duration. The use of advanced accelerated 
UTE imaging techniques, which leverage compressed 
sensing or deep learning-based methodologies, could provide 
a breakthrough to achieving higher spatial resolutions 
within a clinically feasible scan time (28,29). Second, we 
used the chemical shift-based fat suppression to suppress fat 
signal adjacent to the deep peripheral fascia and epimysium. 
However, the chemical shift-based fat saturation is not well-
suited for short T2 imaging as we mentioned above. FS for 
UTE imaging using a soft-hard composite RF pulse (23),  
long T2 suppression RF pulse (30), or the inversion 
recovery preparations (15,31) are being studied, but more 
research is needed to determine their clinical applicability. 
Third, the chemical shift-based FS is even insufficient 
because of the variable frequency of fat tissue and due to 
field inhomogeneity in 3D UTE and may not eliminate 
chemical shift artifacts as the result of the Experiment No. 1  
demonstrated (23). Unfortunately, our MR system did 
not have higher-order shimming, which could potentially 
improve FS using the fat-sat pulse. Although, we believe 
the performance of FS was reasonable for the purpose of 
our study investigating morphological imaging. Fourth, 
the dual echo acquisition and echo subtraction technique 
is inaccurate method for suppression of long T2 signal and 
makes image degradation significant as we described above 
(26,32,33). Fifth, in the second experiment, we did not align 

the interval of the histological sections with that of the 
3D UTE. Despite the interval of the histological sections 
being 6 mm—a multiple of the MRI interval which was  
3 mm—this discrepancy is not conducive to an accurate 
MRI-histology correlation. Sixth, the 3D UTE signal 
and artifact of the tissue boundary can be affected by the 
parameters, coil, and MR scanner. Seventh, the small number 
of porcine lower legs did not allow statistical analysis to be 
performed. Eighth, our study did not include clinical cases 
with pathology of the deep peripheral fascia and epimysium; 
therefore, the diagnostic value of 3D UTE remains unclear. 
However, given that accurate validation of the signal of the 
deep peripheral fascia and epimysium should precede clinical 
studies, our study provides the basis for further clinical 
research.

Conclusions

In conclusion, 3D UTE and 3D UTE FS can be used to 
visualize the deep peripheral fascia with high signal intensity 
and contrast but is insufficient to show signal intensity in 
the epimysium.
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