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Purpose: T2 mapping and diffusion tensor imaging (DTI) enable the detection of changes 
in the skeletal muscle microenvironment. We assessed T2 relaxation times, DTI metrics, 
performed histological characterization of frostbite-induced skeletal muscle injury and 
repair, and provided diagnostic imaging biomarkers.

Design and Methods: Thirty-six Sprague Dawley rats (200 ± 10 g) were obtained. Thirty 
rats were used for establishing a skeletal muscle frostbite model, and six were untreated 
controls. Functional MR sequences were performed on rats on days 0, 3, 5, 10, and 14 
(n = 6 per time point). Rats were then sacrificed to obtain the quadriceps muscles. Tensor 
eigenvalues (λ1, λ2, and λ3), mean diffusivity (MD), fractional anisotropy (FA), and T2 
values were compared between the frostbite model and control rats. ImageJ was used 
to measure the extracellular area fraction (EAF), muscle fiber cross-sectional area (fCSA), 
and skeletal muscle tumor necrosis factor α (TNF-α), and Myod1 expression. The 
correlation between the histological and imaging parameters of the frostbitten skeletal 
muscle was evaluated. Kolmogorov–Smirnoff test, Leven’s test, one-way ANOVA, and 
Spearman coefficient were used for analysis.

Results: T2 relaxation time of frostbitten skeletal muscle was higher at all time points 
(p < 0.01). T2 relaxation time correlated with EAF, and TNF-α and Myod1 expression 
(r = 0.42, p < 0.05; r = 0.86, p < 0.01; r = 0.84, p < 0.01). The average tensor metrics 
(MD, λ1, λ2, and λ3) of skeletal muscle at 3 and 5 days of frostbite increased (p < 0.05), 
and fCSA correlated with λ1, λ2, and λ3, and MD (r = 0.65, p < 0.01; r = 0.48, p < 0.01; 
r = 0.52, p < 0.01; r = 0.62, p < 0.01).

Conclusion: T2 mapping and DTI imaging detect frostbite-induced skeletal muscle injury 
early. This combined approach can quantitatively assess skeletal muscle repair and 
regeneration within 2 weeks of frostbite. Imaging biomarkers for the diagnosis of frostbite 
were suggested.
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INTRODUCTION

The classification of cold-exposure injuries is based on the 
depth of tissue involved in the injury, which is divided into 
four levels. Skeletal muscle frostbite belongs to grade 4 
frostbite, which is the most serious form of frostbite (Ingram 
and Raymond, 2013). Frostbite-induced pathological changes, 
such as cellular edema, microcirculation disorders, and 
inflammation in skeletal muscle tissue can cause severe sensory 
dysfunction, amputation, or death. Although muscle frostbite 
can lead to lifelong disability and even death, it does not 
attract as much academic interest as other muscle injuries. 
Clinicians lack precise diagnostic criteria for the extent and 
degree of frostbite in patients (Petrone et al., 2014). Surgeons 
may need weeks or months to wait for a clear boundary 
between living tissue and necrotic tissue to form before 
performing amputation (Woo et  al., 2013).

Assessing the extent of frostbite through imaging increases 
the possibility of early surgical removal of necrotic tissue 
(Murphy et  al., 2000). At present, multi-phase bone scans 
constitute the main diagnostic imaging method for the 
evaluation of frostbitten soft tissue and skeletal muscle viability 
(Millet et  al., 2016). As multi-phase bone scanning requires 
injection of pertechnetate, contrast media metabolism and 
resulting side effects may increase the patient’s burden. Another 
limitation of multiphase bone scans is the poor anatomical 
resolution of images (Manganaro et  al., 2019). MRI is a 
non-invasive technique, which does not employ ionizing 
radiation. Functional MRI not only reveals anatomical 
abnormalities, but also reflects the physiological state of the 
soft tissue. T2 mapping can be  used for the quantitative 
evaluation of the degree of muscle activation and inflammatory 
edema under normal physiological and pathological conditions 
(Meyer and Prior, 2000; Kuo and Carrino, 2007). The transverse 
relaxation time is represented by the T2 value, which is 
reflected by the change in signal intensity of the MRI. Acute 
activity or inflammation will cause the T2 value to rise. In 
clinical trials, T2 mapping can quantitatively evaluate skeletal 
muscle injury and myocardial infarction (Zhang et  al., 2011; 
Radunski et  al., 2017; Fu et  al., 2019). Diffusion tensor 
imaging (DTI) parameters include three eigenvalues (λ1, λ2, 
and λ3), fractional anisotropy (FA), and mean diffusivity 
(MD). The three eigenvalues indicate the direction of water 
diffusion, while FA describes the anisotropy of diffusion. 
DTI parameters have been used to quantitatively evaluate 
skeletal muscle injury in runners as well as microenvironmental 
changes in the skeletal muscle of athletes (Froeling et  al., 
2015; Keller et  al., 2020). In addition, DTI can be  used to 
evaluate the changes in muscle and extracellular matrix 
microstructure through modeling (Sinha et al., 2020). Overall, 
functional MRI has good potential for the evaluation of 
skeletal injury.

The current study aimed to explore the value of T2 mapping 
and DTI parameters for the noninvasive evaluation of skeletal 
muscle in a rat model of frostbite and to provide imaging 
biomarkers for the clinical diagnosis and treatment of patients 
with severe frostbite.

MATERIALS AND METHODS

Experiments were performed under a project license 
(NO.2019PS468K) granted by Ethics Committee of the institute 
and was conducted according to the recommendations of the 
“Guidelines for the Care and Use of Laboratory Animals.”

Animal Model
The experimental animals were 36 Sprague Dawley (SD) rats 
weighing 200  ±  10  g (age: 6  weeks). After the SD rats were 
numbered, they were randomly divided into two groups, namely 
the control group (n = 6) and the experimental group (n = 30). 
The 30 rats in the experimental group were then randomly 
divided into five subgroups (six rats/subgroup). Rats in each 
group underwent frostbite induction followed by functional 
MRI sequence scans at different time points (0, 3, 5, 10, and 
14  days). Immediately afterwards, the quadriceps femoris was 
taken and fixed with 4% paraformaldehyde solution. The 
experimental procedure is indicated in Figure  1.

Before the experiment, rats received analgesia and anesthesia. 
Intraperitoneal injection of the analgesic ibuprofen solution 
(60  mg/kg) was followed by an intraperitoneal injection of 
pentobarbital sodium (50  mg/kg). After anesthesia, both lower 
limbs of rats were shaved, exposing the skin of both lower 
limbs. Rats were then fixed. A 3  cm long and 1  cm thick 
dry ice stick (−78.5°C) was taken with an iron clip to tightly 
touch the bare skin of the rat’s lower limb for 2.5  min to 
induce frostbite. After the treatment, rats were put back into 
the cage, and their physiological state was observed. After 
induction of frostbite, rats were injected with 60  mg/kg of 
ibuprofen twice a day until the third day after injury. The six 
rats of the control group did not undergo frostbite treatment.

MRI Scan
MRI scans were acquired on a 3 Tesla scanner (Ingenia, Philips, 
software). The elbow joint coil was used to obtain the image. 
Prior to the MRI scan, rats received injection of the analgesic 
ibuprofen solution (60  mg/kg) and pentobarbital sodium  
(50  mg/kg). Rats were placed in the coil in the prone position 
so that the femur was located in the center of the coil. The 
imaging sequence included conventional axial T1, sagittal, and 
coronal images, and the scan range included the entire femur. 
T2 mapping and DTI sequences were acquired using the same 
field-of-view (FOV) and geometry. Scan sequence parameters 
are shown in Table  1. After the MRI scan, rats were sacrificed 
by intraperitoneal injection of pentobarbital sodium (200 mg/kg).

Image Data Analysis
Two observers with experience in MR image analysis (Y. Gao 
and XH. Lyu, with 6 and 10 years of MR diagnosis experience, 
respectively) assessed the MR images with an assessment interval 
of 4  weeks. They were blind to image information when 
analyzing the images. To evaluate the validity of MRI 
measurements, test-retest reliability was analyzed. Interobserver 
and intra-observer reliabilities for the imaging parameters were 
analyzed using the intraclass correlation coefficient (ICC).  
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The original images were imported into the Philips post-processing 
workstation and analyzed by the workstation function tool 
software. T2 mapping pseudo color images were automatically 
generated after scanning. Fiber track was implemented by 
workstation post-processing. The areas of interest were recognized 
by the observers and drawn manually (Figure  2).

Histological Examination
Hematoxylin-Eosin Staining
After the MRI scan, animals were euthanized using 100% carbon 
dioxide. Skin was cut off the rat’s lower limbs, and the quadriceps 
muscle was separated, removed, soaked in 4% paraformaldehyde 
solution, and then fixed at room temperature for 1  week. After 
fixing, the sample was dehydrated, permeated with gradient 
alcohol and xylene, and embedded in paraffin. The paraffin 
block was cut into horizontal tissue sections (3  μm), and slices 
were heated at 70°C for 4 h. Paraffin sections were hematoxylin-
eosin (HE) stained with an automatic cylinder passing machine.

Immunohistochemistry
The tissue sections were dewaxed, and Tris-EDTA repair solution 
was used to repair them. Sections were then immersed in 

endogenous peroxidase blocker for 30 min, followed by a wash 
with PBS. Sections were incubated with serum for 30  min at 
room temperature, followed by incubation with primary 
antibodies against TNF-α (1:200) and Myod1 (1:200) overnight 
at 4°C, or overnight incubation with PBS as a negative control. 
Sections were then rewarmed at room temperature for 1  h, 
washed with PBS, and incubated with the appropriate secondary 
antibody at room temperature for 25  min. After the secondary 
antibody was washed away, sections were incubated with 
peroxidase at room temperature for 25  min, and the DAB kit 
was used to carry out the color reaction.

Slices were sealed with gum, followed by observation and 
image collection under a microscope.

The Image J software was used to analyze the extracellular 
matrix area fraction (EAF) and fiber cross-sectional area (fCSA) 
of HE  images as well as the expression levels of targeted 
proteins in histochemical images. We  use Image J software to 
open the HE  image of skeletal muscle tissue and adjust the 
image mode to RGB stack mode. Use the “threshold” function 
in the “Adjust” module to automatically identify muscle fibers, 
and use the “Measure” function to measure the percentage of 
muscle fiber area (fCSA%). EAF  =  100%  −  fCSA%. fCSA is 

FIGURE 1 | Flowchart demonstrating the study design.

TABLE 1 | Sequence parameters for T1, diffusion tensor imaging (DTI), and T2 mapping.

Sequence Plane FOV Voxel size Flip angle (°) TR (ms) TE (ΔTE; ms)

T1 Axial 100 × 120 × 60 0.33 × 0.37 × 3 90 500 10
DTI Axial 120 × 90 × 60 1.88 × 2.25 × 2.50 90 2,500 62
T2 mapping Axial 90 × 121 × 39 0.55 × 0.76 × 3 90 1,500 9–81(9)

DTI, diffusion tensor imaging; T1, Longitudinal relaxation time; T2, transverse relaxation times; FOV, Field of view; TE, echo time; TR, repetition time.
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to measure the cross-sectional area of a single muscle fiber 
by manually contouring and measuring after the image J software 
identifies the muscle fiber. Six images were collected for each 
subgroup, and 10 muscle fCSA were collected for each image, 
and the average value was taken to obtain the fCSA of 
each subgroup.

Western Blot
Western blotting was performed using standard protocols. 
Extract total protein from skeletal muscle tissue and mix it 
with 5× loading buffer at a ratio of 4:1. Equal amounts of 
protein were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 
to polyacrylamide difluoride (PVDF) membranes. After blocking 
with 5% skimmed milk for 2  h at room temperature, the 
membrane was combined with anti-Myod1 (dilution 1:1,000, 
catalog number 18943-1-AP, Proteintech), anti-TNF-α (dilution 
1: 1,000, product catalog number 17950-1-AP, Proteintech), 
and anti-GAPDH (dilution 1:5,000, catalog number 60004-1-Ig, 
Proteintech), and then gently shake at 4°C overnight. On the 
second day, the Myod1 membrane and TNF-α membrane were 
incubated with horseradish peroxidase-conjugated goat anti-
rabbit IgG antibody (dilution 1:5,000; catalog number SA00001-2, 
Proteintech) for 2  h at room temperature. GAPDH membrane 
and horseradish peroxidase-conjugated goat anti-mouse IgG 
antibody (dilution 1:5,000; catalog number SA00001-1, 
Proteintech) were incubated for 2  h at room temperature, and 
then washed PVDF membranes in TBST buffer (10  mM Tris/
HCl, 150 mM NaCl, and 0.05% Tween-20, pH 7.5) three times, 
and developed using enhanced chemiluminescence reagents 

(NCM Biotech). The Image J software was used to analyze 
densitometry values and standardized to GAPDH.

Statistical Analysis
The normality of distributions was tested using the Kolmogorov–
Smirnov test and normal Q-Q plots. For quantitative variables 
that were normally distributed, the data are expressed as 
mean  ±  SD. Leven’s test was used to check the homogeneity 
of variance. One-way ANOVA was used to compare differences 
in DTI and T2 mapping parameters between groups, and the 
Bonferroni correction was employed to adjust the p-value for 
multiple comparisons. The Spearman correlation coefficient was 
used to analyze the correlation between TNF-α and Myod1 
expression, EAF, and T2 values. The Spearman correlation 
coefficient was also used to analyze the correlation between 
fCSA, λ1, λ2, λ3, MD, and FA. Histological parameters (TNF-α, 
Myod1, EAF, and fCSA) were treated as independent variables, 
while imaging parameters (T2 value, λ1, λ2, λ3, MD, and FA) 
were treated as dependent variables. Statistical significance was 
established at p  <  0.05. Statistical analyses were performed 
using SPSS (Version 22.0; SPSS Inc., Chicago, IL).

RESULTS

Morphological Changes of Skeletal Muscle 
Tissue Within 2 Weeks of Frostbite
At day 0 after frostbite, skeletal muscle cells exhibited edema, 
the intercellular space expanded, and interstitial components 
increased. Subsequently, inflammatory cell infiltration increased, 

FIGURE 2 | T2WI, T2map axial sequence images in the (a-f) control group and frostbite group (0, 3, 5, 10, 14 days). The muscles in the ROI were manually drawn 
on the T2 map: the muscle in the control ROI is blue. The color of the ROI area changed significantly after frostbite. The diffusion tensor imaging (DTI) sequence: the 
schematic diagram of the fiber track of the DTI and the corresponding fractional anisotropy (FA) map, mean diffusivity (MD) map, and RD map. The area with fewer 
muscle fibers in the fiber track diagram is consistent with the high-signal area in the MD picture.
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clearing necrotic muscle cells. Inflammatory infiltration persisted 
until about the tenth day. Ten days after frostbite, there were 
more new muscle fibers in the remodeled skeletal muscle tissue, 
and these were irregular in shape. At day 14 after frostbite, 
skeletal muscle tissue still exhibited blood cell deposition and 
expression of inflammatory factors (Figure  3A).

The schematic diagram of measuring fCSA and EAF is shown 
in (Figure  3B). The skeletal muscle cells of control group rats 
were closely arranged with less interstitial components. The fCSA 
values of the frostbite group skeletal muscle at days 3, 5, and 14 
were significantly different from those of the control group skeletal 
muscle (all p  <  0.01; Table  2; Figures  3C,D). Further, fCSA was 
correlated with λ1, λ2, λ3, and MD (r  =  0.65, p  <  0.01, r  =  0.48, 
p  <  0.01, r  =  0.52, p  <  0.01, and r  =  0.62, p  <  0.01, respectively). 
EAF decreased 10 days after frostbite and was significantly different 
from the EAF at 5  days after frostbite (p  =  0.01). At 14  days after 
frostbite, EAF was significantly different from that of the control 
group (p  =  0.01). The EAF of skeletal muscle within 5  days of 
frostbite was strongly positively correlated with the T2 value (r = 0.80, 
p < 0.01), while EAF within 2 weeks of frostbite was only moderately 
correlated with the T2 value (r  =  0.42, p  <  0.05; Figure  3C).

Changes in the Relative Expression Levels 
of TNF-α and Myod1 in Frostbitten Skeletal 
Muscle
The TNF-α and Myod1 values of each group followed a normal 
distribution. For the expression levels of TNF-α and Myod1, the 
results of immunohistochemistry and western blot are in good 
agreement (Myod1, r = 0.72, p < 0.01, TNF-α, r = 0.66, p < 0.01). 

Within 2  weeks of frostbite, there were two peaks in skeletal 
muscle TNF-α expression. These peak values were observed 
at day 3 and day 10 (Figure  4). On the 14th day after 
frostbite, the relative expression of TNF-α was still significantly 
higher than that in the control group (p  <  0.01). The relative 
expression of TNF-α was positively correlated with the T2 
value (r  =  0.86, p  <  0.01). Myod1 expression in day 10 of 
frostbite was significantly higher than in the control group 
(p  <  0.01). Further, Myod1 expression remained higher than 
in the control group at 14  days of frostbite (p  <  0.01). The 
relative expression of Myod1 was positively correlated with 
the T2 value (r  =  0.84, p  <  0.01).

Dynamic Changes in MR Imaging of 
Frostbitten Skeletal Muscle
Intraclass correlation coefficient findings revealed that the 
reliability of MR imaging was substantial or excellent (from 
0.87 to 0.96), except for FA (0.61–0.76; Table  3). The T2 
values and DTI parameters of the control group and the 
experimental group are shown in Table  4. The T2 value 
of each group conformed to normal distribution. The T2 
value of frostbitten skeletal muscle was higher than that 
of the control group at all time points. The first peak of 
the T2 value was observed on the third day after frostbite. 
Thereafter, the T2 value decreased, and there was no 
significant difference between the T2 value on the fifth 
day and that on the third day (p  >  0.05). The second peak 
was observed on the tenth day after frostbite. The skeletal 
muscle T2 value on day 14 after frostbite remained higher 

A

B C D

FIGURE 3 | (A) Hematoxylin-eosin (HE) stained images in control group, 0, 3, 5, 10, and 14 days after frostbite. Damaged skeletal muscle tissue exhibits diffuse 
swelling of muscle cells or inflammatory cells infiltration (Horizontal black arrow). On day 10, regenerated skeletal muscle (Vertical black arrow) was observed. On day 
14, red blood cells (white arrows) can be observed in muscle tissue. (B) This example shows how to measure the fiber cross-sectional area (fCSA) and extracellular 
area fraction (EAF). (C,D): EAF and fCSA of control group and frostbite groups. Scale bar, 200 μm. EAF, extracellular matrix area fraction; fCSA, fiber cross-sectional 
area. **p < 0.01.
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than that of the control group (p  <  0.01). Further, the T2 
value of the frostbitten skeletal muscle exhibited a “bimodal” 
change (Figure  5).

The MD, FA, and three eigenvalues of the control group 
and frostbite model were measured on the DTI sequence 
(Table  4). Three days after frostbite, MD and eigenvalues were 
higher (p  <  0.01, p  <  0.01, p  <  0.05, p  <  0.05), while FA was 
lower (p  <  0.01). The peak of MD and the three eigenvalues 
was observed at 3–5 days after frostbite. Five days after frostbite, 
MD, FA, and eigenvalues returned to normal levels (p  ˃  0.05). 
On day 14 after frostbite, FA appeared elevated (p  <  0.01).

DISCUSSION

In the current study, we quantitatively described the dynamic 
changes occurring in the skeletal muscle microenvironment 
over a critical 2-week period after frostbite. The current 
study confirmed the use of DTI combined with T2 mapping 
for the quantitative evaluation of muscle tissue repair after 

frostbite. The main findings were as follows: (1) The T2 
value reflected muscle damage and its extent after frostbite 
and showed a bimodal change; (2) The eigenvalues λ1–λ3 
and MD of the frostbitten skeletal muscle tissue were higher, 
reaching peak values around 3–5  days after frostbite, 
accompanied by an increase in λ1, λ2, λ3, and MD, as well 
as a decrease in FA; and (3) The T2 value and DTI parameters 
were correlated with pathological changes in the frostbitten 
skeletal muscle.

T2 Value as an Indicator of Skeletal Muscle 
Damage and Repair
Skeletal muscle frostbite is characterized by the direct or indirect 
cell damage mediated by low temperature conditions, causing 
secondary vascular microcirculation disorders and inflammation 
in skeletal muscle tissue (Dana et al., 1969; Quinn, 1985; Imray 
et al., 2009; Macmillan and Sinclair, 2011). The dynamic balance 
between inflammation and muscle regeneration affects the 
prognosis of skeletal muscle frostbite. Skeletal muscle injury 

TABLE 2 | EAF and fCSA in frostbite and control.

Parameter control (N = 6) frostbite

0D (N = 6) 3D (N = 6) 5D (N = 6) 10D (N = 6) 14D (N = 6)

EAF(%) 18(3.85) 46(8.93)** 56(7.31)** 52(4.79)** 42(4.26)** 31(3.88)**

fCSA(um2) 895(131) 1,202(266) 2,593(248)** 3,473(409)** 1,103(218) 3,035(197)**

Data are given as mean (SD). 
**p < 0.01.
EAF, extracellular matrix area fraction; fCSA, fiber cross-sectional area.

A

B

C D

E

F

G

FIGURE 4 | (A,B): immunohistochemical pictures of Myod1 and TNF-α at control and frostbite (0, 3, 5, 10, and 14 days). (C,D): mean optical density (OD) of 
Myod1 and TNF-α in control group and frostbite groups. (E) Western blot pictures of Myod1 and TNF-α. (F,G): protein expression of Myod1 and TNF-α in control 
group and frostbite groups. Scale bar, 200 μm. OD, optical density. *p < 0.05, **p < 0.01.
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mainly goes through three stages, namely damage, repair, and 
remodeling (Hurme et  al., 1991). Repair following skeletal 
muscle injury follows a relatively constant pattern (Filippin 
et  al., 2009). In our study, it took approximately 2  weeks for 
skeletal muscle to enter the remodeling stage after frostbite. 
The T2 value of skeletal muscle increased immediately after 
frostbite and showed a bimodal change. This change was similar 
to the observations of Fernández and colleagues in myocardial 
infarction (Fernandez-Jimenez et  al., 2015). They reported that 
the first peak was caused by myocardial ischemia-reperfusion, 
and the second peak represented the process of myocardial 
tissue repair. In our study, the two peaks in the T2 value of 
the skeletal muscle following frostbite appeared later than those 
of myocardial infarction. The peak T2 value of the skeletal 
muscle following frostbite was higher than the T2 values 
following skeletal muscle strain and contusion (Zhang et  al., 
2011; Fu et al., 2019). While frostbite is similar to other skeletal 
muscle injury, the degree of injury and the inflammatory 
response are more severe. Based on the current observations, 
the T2 value can sensitively detect muscle damage after frostbite.

During skeletal muscle frostbite, the interstitial composition 
of skeletal muscle tissue changes greatly. In this study, the 
T2 value strongly correlated with the EAF of the skeletal 
muscle tissue up to 5  days after frostbite. The increase in 
the free water in the interstitial space of the skeletal muscle 
cells prolongs the T2 relaxation time, resulting in an increased 
T2 value (Patten et  al., 2003). The T2 value during the 
early frostbite period can accurately reflect the interstitial 
inflammatory edema, and inflammation of muscle tissue 
is the main pathological process at this stage. Five days 
after frostbite, the correlation between the EAF and the 
T2 value was poor. This phenomenon indicates that during 
the later period of repair following skeletal muscle frostbite, 
interstitial edema is not the main pathological change, and 
changes in muscle cells are predominant. A reason for the 
decrease in EAF and the increase in the T2 value 5  days 
after frostbite may be: (1) the accumulation of metabolites 
in muscle cells causing an increase in the osmotic pressure 
in cells and changing the mobility of water in myofibrils 
(Fleckenstein et  al., 1991); (2) the T2 value is affected not 
only by the interstitial, but also by the intracellular 
composition, for example, through changes in protein  
concentration.

DTI Parameters as Indicators of the State 
of the Frostbitten Skeletal Muscle
Compared to T2-weighted imaging, DTI parameters can more 
sensitively detect changes in the muscle microenvironment 
(Giraudo et  al., 2018). The increase in MD and decrease in 
FA after muscle injury represent a reduction in the limitation 
of water diffusion (Zaraiskaya et  al., 2006; Yanagisawa et  al., 
2011). Further, the increase in MD and decrease in FA are 
associated with pathological changes, such as damaged cell 
swelling, interstitial edema, or destruction of the diffusion 
barrier (Froeling et  al., 2015). In our study, MD and the three 
eigenvalues increased after frostbite, while FA decreased. The 
current results are similar to those reported by Zaraiskaya 
et al. (2006). This phenomenon mainly occurs within 3–5 days 
of frostbite, indicating that the barrier of frostbitten skeletal 
muscle tissue is extensively damaged, the cells are swollen, 
and interstitial edema is severe. In our study, λ1, λ2, λ3, and 
MD were sensitive to changes in the skeletal muscle 
microenvironment and were closely related to the fCSA. This 
is similar to observations by Berry et al. (2018). λ1 corresponds 
to the water diffusion state parallel to the long axis of the 
muscle fibers (Damon et al., 2002). The increase of eigenvalues 
λ1–3 indicates that water molecules in the muscle are easily 
spread in all directions as a result of the extensive swelling 
and rupture of skeletal muscle fibers following frostbite. Ten 
days after frostbite, λ2, λ3, and MD decreased to normal levels, 
while λ1 remained elevated, indicating that the sarcolemma 
of the newly formed muscle fibers was intact, but their long 
axes were still broken. At this point, skeletal muscle is at the 
stage of remodeling and regeneration. DTI parameters reflect 
water diffusion within frostbitten skeletal muscle but are not 
sensitive indicators of inflammation and skeletal muscle 
regeneration. This is consistent with the findings of Froeling 
lab (Froeling et  al., 2015). The combination of T2 value and 
DTI parameters can comprehensively determine the survival 
status of frostbitten skeletal muscle and provide good imaging 
evidence for assessing the degree and extent of frostbite.

The Relationship Between the T2 Value, 
Inflammation, and Regeneration
In this study, the peak of the inflammatory factor TNF-α 
expression in the frostbitten skeletal muscle tissue was basically 
in parallel with the peak of the T2 value (Figure  4). Research 
has shown that on the third day after skeletal muscle injury, 
satellite cells are activated, and muscle tissue begins to regenerate 
(Jarvinen et  al., 2005). The strong inflammatory response and 
initial muscle regeneration produced the first peak T2 value 
following frostbite. Myod1 plays an important role in the 
myogenic differentiation of skeletal muscle (Sabourin et  al., 
1999). On day 10 after frostbite, a large number of regenerate 
muscle fibers appeared, which was the result of the activity 
of Myod1 and other myogenic factors. There are many central 
nuclei in the regenerated muscle fiber, which is consistent with 
the characteristics of the regenerated muscle in other studies 
(Zhao et  al., 2019; Mosele et  al., 2020). Myod1 can regulate 
the transformation of muscle fiber types, which is accompanied 

TABLE 3 | Interobserver reliability and intra-observer reliability of T2 value and 
DTI parameters.

Interobserver 
reliability

Intra-observer reliability

Observer 1 Observer 2

T2 value 0.95 0.92 0.90
λ1–3 0.96 0.95 0.90
FA 0.76 0.71 0.61
MD 0.96 0.90 0.87

Interobserver and intra-observer reliabilities for T2 value and DTI parameters calculated 
using intraclass correlation coefficient. λ1–3, three tensor eigenvalues; FA, fractional 
anisotropy; MD, mean diffusivity.
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by metabolic changes (Hughes et  al., 1997; Maves et  al., 2007). 
Thus, the increased expression of Myod1 is associated with 
the fiber type transformation of the regenerating muscle tissue 
(Talbot and Maves, 2016). The peak of Myod1 indicates that 
the regenerated muscle enters the remodeling stage. At the 
same time on day 10 of frostbite, the expression level of TNF-α 
in skeletal muscle reached a second peak. Muscle regeneration 
occurs in an environment with high levels of inflammation. 
Further, inflammation is considered to be  a critical response 
required for muscle regeneration after muscle injury (Tidball, 
1995, 2005), and TNF-α is a key cytokine involved in the 
inflammatory response during skeletal muscle regeneration. 
Studies have suggested that, to a certain extent, the inflammatory 

response promotes skeletal muscle regeneration (Cantini et al., 2002; 
Tidball and Wehling-Henricks, 2007). Interestingly, TNF-α  
is a key mediator of myogenic differentiation and plays an 
important role in the regulation of cell cycle exit and the 
initiation of myogenic differentiation in satellite cells (Li et  al., 
2014). Thus, as expected, the second peak of Myod1 and TNF-α 
expression promoted the differentiation and remodeling of the 
skeletal muscle after frostbite. This is consistent with previous 
research results (Warren et  al., 2002). The regeneration, 
remodeling, and inflammation of frostbitten skeletal muscle 
also resulted in a second peak in the T2 value. The decrease 
in the T2 value after 10 days of frostbite indicated that skeletal 
muscle had entered the remodeling stage. The balance between 

A B C

D E F

FIGURE 5 | (A–F) Frostbite skeletal muscle eigenvalues λ1, λ2, λ3, FA, MD, and T2 at different time points. Compared with the control group, the frostbite muscle 
MD and λ1, λ2, and λ3 increased from 3 to 5 days, and FA decreased. The last picture is a schematic diagram of the T2 value, TNF-α, and Myod1. The three curves 
represent relative expression levels of T2 values, TNF-α, and Myod1. The T2 values show a bimodal change. *p < 0.05, **p < 0.01.

TABLE 4 | Mean diffusion tensor parameters and T2 values in frostbite and control.

Parameter control (N = 6) frostbite

0D (N = 6) 3D (N = 6) 5D (N = 6) 10D (N = 6) 14D (N = 6)

λ1(mm2/s) 1.57(0.10) 1.53(0.06) 1.92(0.10)* 1.94(0.20)* 1.52(0.17) 1.78(0.13)*

λ2(mm2/s) 1.14(0.07) 1.08(0.11) 1.46(0.22)* 1.62(0.25)* 1.10(0.06) 1.15(0.14)
λ3(mm2/s) 0.98(0.02) 0.97(0.12) 1.33(0.21)* 1.45(0.28)* 0.87(0.08) 0.96(0.07)
MD(mm2/s) 1.06(0.06) 1.14(0.03) 1.50(0.19)* 1.43(0.05)* 1.22(0.02)* 1.20(0.05)
FA 0.23(0.01) 0.27(0.02)* 0.25(0.02)* 0.25(0.02) 0.30(0.00)* 0.33(0.02)*

T2 (ms) 37.6(0.9) 55.5(1.4)* 87.1(3.6)* 80.4(8.1)* 106.1(4.5)* 80.4(5.2)*

Data are given as mean (SD). 
*p < 0.05.
λ1–3, three tensor eigenvalues.
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inflammation and regeneration determines the time required 
for the T2 value to return to normal levels, as well as the 
time for skeletal muscle repair (Tidball, 2005). Fourteen days 
after frostbite, the T2 value and TNF-α expression in rat skeletal 
muscle were still higher than normal, meaning that inflammation 
was still ongoing in the skeletal muscle. Of note, excessive 
inflammation depletes muscle satellite cells and hinders muscle 
regeneration. T2 values in frostbitten muscle remained high, 
indicating poor prognosis.

LIMITATIONS

At present, pathological indicators reflect the state of the 
inflammatory response in frostbitten skeletal muscle. However, 
the detection of pathological indicators is relatively simple, 
and the activity of inflammatory cells during skeletal muscle 
repair needs to be  further explored in order to provide an 
effective target for the treatment of frostbite. In addition, 
there is little discussion about the correlation between DTI 
parameters and pathological status, and the relationship 
between the cross-sectional area of muscle fibers and the 
DTI parameters should be further studied. Studies have found 
that different tracking parameter ranges have different effects 
on muscle diffusion parameters (Forsting et  al., 2020). To 
reduce bias, all experimental images were measured using 
the same fiber tracking stop criterion. DTI parameters are 
known to be  affected by muscle contraction and stretching, 
resulting in changes in λ2, λ3, MD, and FA (Schwenzer 
et  al., 2009), compromising the diagnostic performance of 
DTI with regard to the degree of muscle damage. In this 
study, we  scanned the DTI sequence after anesthetizing rats 
and performed uniform positioning. Muscle contraction and 
extension have little effect on the results of DTI parameter 
measurement in our study. In our study, no conventional 
imaging methods were used to assess skeletal muscle frostbite. 
The comparative study of conventional imaging and functional 
imaging can more comprehensively reflect the pathological 
state of skeletal muscle frostbite and improve the accuracy 
of diagnosis, which should be  further studied.

CONCLUSION

This study assessed the imaging and pathological features 
of frostbite-induced skeletal muscle injury, repair, and 
regeneration, and verified the correlation between imaging 
parameters and pathological indicators. The T2 value can 
reflect skeletal muscle frostbite from the early stage, and 

distinguish between the different stages of frostbite repair 
(inflammation and regeneration), indicating the clinical 
outcome of frostbite skeletal muscle. DTI reflected the muscle 
fiber diameter and the state of water diffusion in frostbitten 
skeletal muscle, but was not sensitive to skeletal muscle 
inflammation. The T2 value and DTI parameters can be used 
together as imaging biomarkers to assess the prognosis of 
frostbite and provide a basis for the clinical treatment of 
severe frostbite at different stages. Functional MRI longitudinal 
quantitative evaluation of skeletal muscle frostbite provides 
new insights for the clinical treatment of severe frostbite.
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