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Abstract: Objective: Our aim was to explore correlation between changes in signals on diverse MRI sequences and 
histopathologic variation in cartilage following cartilage impact injuries of knee joints in rabbits. Methods: A total 
of 120 New Zealand white rabbits were included for constructing rabbit models of cartilage impact injuries in knee 
joints by simulating the mechanisms of cartilage impact injuries of human knee joints and impacting with self-made 
impactors. The constructed rabbit models were assigned to a high-intensity group (impact from a height of 60 cm), 
medium-intensity group (impact from a height of 45 cm), and low-intensity group (impact from a height of 35 cm), 
based on impact intensity. Magnetic resonance imaging (MRI) was conducted for examining bilateral knee joints of 
the lower extremities in animals at 6 hours, 2 weeks, and 4 weeks after modeling and signal-to-noise ratio (SNR) 
was calculated. After every MRI examination, specimens of injured knee joints were pooled for investigation of 
histopathologic variations of cartilage tissue under a light microscope. Results: Of 120 rabbit specimens, 108 were 
modeled successfully. All MRI findings revealed high-signal opacities after successful modeling. In the high-intensity 
and medium-intensity groups, significant medial soft tissue injuries of the knee joint and a small amount of intraar-
ticular effusion were visualized. High signal changes were shown at the ends of the bone in rabbits 6 hours after 
modeling. In the low-intensity group, medial soft tissue injuries were milder and there was no visible intraarticular 
effusion in knee joints. All abovementioned symptoms were improved at 2 weeks and there were no significant dif-
ferences among the three groups at 4 weeks. Among the three MRI sequences of T1WI, T2WI, and GER (gradient 
echo sequence), the highest SNR was detected on GER followed by T2WI. The lowest SNR was shown on T1WI. SNRs 
detected on all sequences decreased over time. Histopathologic detection indicated that rabbit models of the three 
groups were generally matched in cartilage, cortical bone, chondrocytes, and cartilage matrix at 6 hours, 2 weeks, 
and 4 weeks. In the high-intensity group and medium-intensity group, significant bone marrow hemorrhage and 
edema were noted in pathological sections at 6 hours and 2 weeks but not seen in low-intensity group. At 3 weeks, 
no significant improvements were observed in bone marrow hemorrhage and edema for all three groups. Conclu-
sion: High-signal opacities for cartilage impact injuries in knee joints in rabbits were detected on the MRI sequences 
of T1WI, T2WI, and GER and they decreased over time after modeling. Bone marrow hemorrhage and edema were 
the most significant among knee joint injuries on the GER sequence.
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Introduction

According to statistics provided by Graham et 
al., a traffic accident takes place every 10 sec-
onds worldwide [1]. Karimi et al. also argued 
that 62.8% of the accidents result in death and 
casualties. Joint injury and fractures induced by 
high-energy trauma are most common [2]. 
Kindig et al. reported that, among patients that 

had high energy traumas after traffic accidents, 
more than 120,000 developed joint injuries in 
the United States in 2016 [3]. With an increase 
in the number of vehicles, the above figure is on 
the rise [4]. The knee joint is not only the largest 
joint with the most complex structure in the 
human body, it is also the most vulnerable joint 
to traffic accidents [8]. Moreover, the knee joint 
is the most weight-loading joint in the human 
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Table 1. MRI sequences and SNR calculation

MRI sequence TR (ms) TE (ms) Slice thickness 
(mm)

T1WI 4000 117 3
T2WI 3000 107 3
GER 620 80 3
SNR=Bone-end signal intensity/Background noise.

body and is closely related to human activity [9, 
10]. Currently, knee joint injury is the most fre-
quently-occurred articular injury in orthopedics. 
Clinically, arthrography is the major imaging 
tool utilized for diagnosis and treatment of 
most knee injuries [11, 12]. However, fractures 
and traumas induced by non-cortical rupture or 
displacement of the subchondral bone in knee 
joints are difficult to diagnose accurately and 
tend to be ignored on arthrography. As a result, 
patients have poor response to subsequent 
treatment and have even aggravated injuries 
[13-15]. After treatment, they are prone to 
develop degenerative articular cartilage, result-
ing in traumatic arthritis. They have even 
become disabled because of untimely treat-
ment or disease progression, seriously affect-
ing the quality of life of patients [5, 6]. Correct 
diagnosis, visibility of the cartilage injury, accu-
rate judgement of the severity of cartilage 
impact injuries, and symptomatic treatment are 
essential for improvement of prognosis in 
patients.

Currently, magnetic resonance imaging (MRI) is 
the most sensitive tool for diagnosis of carti-
lage impact injuries [7]. MRI is characterized by 
high contrast and multi-parameters. It visualiz-
es injuries at the knee joint from multiple 
dimensions and has a high sensitivity to bone 
marrow hemorrhage and edema. Moreover, it 
can detect injuries that have been clinically 
occult, previously. As a result, MRI is the most 
common tool for detection of knee joints [16, 
17]. Nevertheless, few studies have been glob-
ally focused on investigating various MRI se- 
quences with regard to early osseous articular 
impact injuries and no reports have explored 
the correlation between MRI and histopatho-
logic changes in cartilage tissue. Therefore, in 
this present study, animal models of knee carti-
lage impact injuries were constructed to explore 
the association between MRI and pathological 
changes in knee cartilage. Our aim was to pro-
vide a more effective and reliable reference for 

clinical treatment of articular impact injuries in 
patients.

Materials and methods

Animal data

A total of 120 New Zealand white rabbits with a 
mean age of 6 months and weight of 2.5±0.5 
kg were purchased from Beijing Medical Ser- 
vices Biotechnology, China.

Modeling

According to a modeling method suggested by 
Vavalle et al., through simulating the mecha-
nisms of cartilage impact injuries in human 
knee joints, rabbit models of articular cartilage 
impact injuries were constructed by vertically 
impacting the right knee articular cartilage of 
rabbits along the guide rod from respective 
heights of 60 cm, 45 cm, and 35 cm with a 
0.400-kg hammer (10 cm long, 5 cm wide, and 
10 cm high) on a self-made impactor. At the 
end of the impacts, presence of joint injury but 
no fracture on radiography was considered as 
successful modeling.

Experimental procedures

Successful rabbit models were randomly assi- 
gned to the high-intensity group (impact from a 
height of 60 cm), medium-intensity group (im- 
pact from a height of 45 cm), and low-intensity 
group (impact from a height of 35 cm) in terms 
of impact intensity. MRI was performed to 
examine bilateral knee joints of lower extremi-
ties in rabbits using a 1.5T MR scanner (Sie- 
mens, Germany) at 6 hours, 2 weeks, and 4 
weeks after impact. MRI sequences are listed 
in Table 1 and the signal-noise ratio (SNR) was 
calculated. Findings of all MRIs were evaluated 
in a double-blind manner by 3 senior radiolo-
gists from our hospital. After each MRI exami-
nation, 15 rabbits (5 in each group) were sacri-
ficed, from which knee joint specimens were 
extracted. Extracted specimens were fixed in 
10% formaldehyde solution followed by obser-
vation of the pathological sections (bone mar-
row hemorrhage, edema, and trabecular struc-
ture) under a light microscope.

Statistical analysis

Data were analyzed with use of SPSS stati- 
stics software, version 22.0. Count data are 
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data are described as mean ± 
standard deviation with one-
way ANOVA and Bonferroni 
post hoc tests for between-
group comparisons. Statistical 
significance for all analyses 
was set at P<0.05.

Results

Modeling results

Of 120 rabbits, 108 models 
were constructed successfully 
with a success rate of 90%. 
Among successful rabbit mo- 
dels, 38 rabbits were in the 
high-intensity group, 36 in me- 
dium-intensity group, and 34 in 
low-intensity group.

MRI findings 6 hours after 
modeling

MRI findings revealed high-sig-
nal opacities in rabbits of the 
three groups. Among rabbits in 
the high-intensity and medium-
intensity groups, medial soft 
tissue injuries of the knee jo- 
ints were significant and there 
was a small amount of visible 
intraarticular effusion with hi- 
gh-intensive signal changes 
present at the ends of the 
bone. In contrast, among rab-
bits in the low-intensity group, 
medial soft tissue injuries of 
the knee joint were milder and 
there was no visible intraar- 
ticular effusion. The T1 weight- 
ed images (WI) revealed that 
SNRs of rabbits in the high-
intensity group, medium-inten-
sity group, and low-intensity 
group were 31.51±7.69, 26.58 
±6.09, and 20.27±7.31, respec- 
tively, with the highest SNR in 
the high-intensity group (P= 
0.001). On T2WI, the corre-
sponding SNRs were 42.84 
±8.07, 35.24±7.41, and 30.21 
±6.62, respectively, with the 

Figure 1. SNRs on all three sequences at 6 hours after modeling. The 
SNRs of the high-intensity group, medium-intensity group, and low-intensity 
group on T1WI were 31.51±7.69, 26.58±6.09, and 20.27±7.31, respec-
tively; the corresponding SNRs on T2WI were 42.84±8.07, 35.24±7.41, 
and 30.21±6.62, respectively; the corresponding SNRs on GER were 
67.28±7.29, 58.04±7.05, and 46.17±8.05, respectively. *P<0.05, com-
parisons of the SNRs on T1WI among the three groups, with the highest 
SNR in the high-intensity group; #P<0.05, comparisons of the SNRs on T2WI 
among the three groups, with the highest SNR in the high-intensity group; 
ΔP<0.05, comparisons of the SNRs in GER among the three groups, with 
the highest SNR in the high-intensity group; &P<0.05, comparisons of the 
SNRs of the three groups on the three sequences, with the highest SNR on 
GER.

expressed as rates and between-group com-
parisons were made using Chi-square test  
and partitioning Chi-square test. Measurement 

highest SNR in high-intensity group (P=0.001). 
Corresponding SNRs in gradient echo sequen- 
ce (GER) were 67.28±7.29, 58.04±7.05, and 

Figure 2. SNRs on all three sequences at 2 weeks after modeling. The SNRs 
of rabbits in the high-intensity group, medium-intensity group, and low-in-
tensity group on T1WI were 26.21±5.27, 21.18±4.56, and 16.49±4.38, re-
spectively; the corresponding SNRs on T2WI were 36.36±6.25, 31.77±7.02, 
and 28.38±6.01, respectively; the corresponding SNRs on GER were 
55.14±4.87, 52.66±5.94, and 45.17±5.36, respectively. *P<0.05, com-
parisons of the SNRs on T1WI among the three groups, with the highest 
SNR in the high-intensity group; #P<0.05, comparisons of the SNRs on T2WI 
among the three groups, with the highest SNR in the high-intensity group; 
ΔP<0.05, comparisons of the SNRs on GER among the three groups, with 
the highest SNR in the high-intensity group; &P<0.05, comparisons of the 
SNRs of the three groups on the three sequences, with the highest SNR on 
GER.
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reduced on all three MRI se- 
quences (Figure 2).

Findings of MRI at 4 weeks 
after modeling

MRI sequences for rabbits in 
the three groups showed high-
signal opacities. Medial soft 
tissue injuries of the knee jo- 
ints were not significant and in- 
traarticular effusion was com- 
pletely absorbed in the three 
groups of rabbits. On T1WI, 
SNRs of rabbits in the high-
intensity group, medium-inten-
sity group, and low-intensity 
group were 12.17±4.16, 11.23 
±3.92, and 11.08±4.28, res- 
pectively, and differences were 
insignificant (P=0.579). On T2- 
WI, corresponding SNRs were 
27.38±5.01, 26.24±4.26, and 
26.77±4.81, respectively, and 
differences were also insignifi-
cant (P=0.674). On GER, corre-
sponding SNRs were 40.16 

Figure 3. SNRs on all three sequences at 4 weeks after modeling. The SNRs 
of rabbits in the high-intensity group, medium-intensity group, and low-in-
tensity group on T1WI were 12.17±4.16, 11.23±3.92, and 11.08±4.28, re-
spectively; the corresponding SNRs on T2WI were 27.38±5.01, 26.24±4.26, 
and 26.77±4.81, respectively; the corresponding SNRs on GER were 
40.16±3.12, 41.08±3.46, and 39.87±4.05, respectively. *P<0.05, com-
parisons of the SNRs on T1WI among the three group, with the highest 
SNR on GER. #P<0.05, comparisons of the SNRs on T2WI among the three 
groups, with the highest SNR in the high-intensity group; ΔP<0.05, compari-
sons of the SNRs on GER among the three groups, with the highest SNR 
in the medium-intensity group; &P<0.05, comparisons of the SNRs of the 
three groups on the three sequences, with the highest SNR on GER.

46.17±8.05, respectively, with the highest SNR 
in high-intensity group (P=0.001). Among the 
three MRI sequences, SNRs of all three groups 
in GNR were superior to those on TIWI and T2WI 
(all P=0.001, Figure 1).

MRI findings at 2 weeks after modeling

MRI sequences indicated high-signal opacities 
of rabbits in the three groups. Compared with 
those at 1 hour, high-signal opacities were 
attenuated in medial soft tissue of the knee 
joint and intraarticular effusion was partly 
absorbed. On T1WI, SNRs of rabbits in the high-
intensity group, medium-intensity group, and 
low-intensity group were 26.21±5.27, 21.18± 
4.56, 16.49±4.38, respectively, with the high-
est SNR in high-intensity group (P=0.001). On 
T2WI, corresponding SNRs were 36.36±6.25, 
31.77±7.02, and 28.38±6.01, respectively, wi- 
th the highest in high -intensity group (P=0.001). 
On GER, corresponding SNRs were 55.14±4.87, 
52.66±5.94, and 45.17±5.36, respectively, 
with the highest in high-intensity group (P= 
0.001). Among the three groups, the SNR of 
each group on GNR was superior to TIWI and 
T2WI (P=0.001). However, compared to those 
at 6 hours, SNRs of the three groups were 

±3.12, 41.08±3.46, and 39.87±4.05, respec-
tively, and there were no significant differences 
among the three groups (P=0.448). Among the 
three groups, the SNR of each group on GNR 
was superior to TIWI and T2WI (P=0.001). 
However, compared to those at 2 weeks, SNRs 
of the three groups decreased on all three  
MRI sequences (Figure 3).

Histopathologic variations

Rabbit models in all three groups were largely 
similar in cartilage, cortical bone, chondro-
cytes, and cartilage matrix at 6 hours, 2 weeks, 
and 4 weeks after modeling. At 6 hours and 2 
weeks, overt bone marrow hemorrhage and 
edema were visible in the pathological sections 
of rabbits in the high-intensity and medium-
intensity groups but they were invisible in rab-
bits of the low-intensity group. At 3 weeks, no 
significant improvements were observed in 
bone marrow hemorrhage and edema (Table 
2).

Discussion

The results of our study demonstrated that 
there were high-signal opacities of articular 
impact injuries in knee joints on MRI scans. 
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Among rabbits in the high-intensity group and 
medium-intensity group, medial soft tissue 
injuries and intraarticular effusion were overt 
in the knee joints. SNRs of all groups on each 
MRI sequence decreased over time and there 
were no significant differences in SNRs among 
the three groups at 4 weeks. It is presumed 
that differences in SNR were due to distinct 
impact injuries induced by impact force among 
the three groups. As far as histopathologic vari-
ations are concerned, cartilage, cortical bone, 
chondrocytes, and cartilage matrix were well-
aligned among all three groups at different 
time intervals. At 6 hours and 2 weeks, overt 
bone marrow hemorrhage and edema were 
present in the high-intensity and medium-
intensity groups but they were invisible in low 
intensity group. According to Ghadipasha et al., 
visible bone marrow hemorrhage and edema 
were present in frozen sections extracted from 
the contusion regions in subchondral bone of 5 
deaths from traffic accidents [19]. A study con-
ducted by Musumeci et al. has also proven that 
SNRs for damaged cartilage tissue decreased 
gradually during rehabilitation on MRI, further 
validating the findings in our current study [20].

We speculate that bone marrow hemorrhage 
and edema induced by different impact intensi-
ties contribute to the differences in SNRs on 
diverse MRI sequences among the three 
groups. On the T1WI sequence, images were 
acquired with shorter TR values. During the TR 

period, protons of different tissues may not 
reach a complete relaxation state. As a result, 
they cannot be fully excited by subsequent RF 
pulses, which further leads to decreasing echo 
amplitude. Consequently, SNR is low on T1WI. 
By contrast, T2WI provides higher resolution 
and allows more visible pathological changes in 
articular cartilage of the knee joints. It allows 
more favorable angiography with regards to 
intraarticular hemorrhage and edema of the 
knee joints, in determining whether defects 
were present at the entire cartilage plane or 
merely its surface. Hence, the T2WI sequence 
is superior to T1WI in examining SNRs. In the 
current study, the highest SNRs of the three 
groups were shown and more overt synovial 
fluid was visualized on GER as compared with 
those on conventional weighted images. Ad- 
ditionally, Douis et al. stated that PDWI provid-
ed excellent contrast for cartilage imaging [21]. 
Quasi-T2 weighted images can be created on 
GER using small flip angles, rendering better 
visualization of bone marrow hemorrhage and 
edema in cartilage of the knee joints. This is 
also consistent with the finding of a study by 
Lee et al. comparing hip injury imaging on MRI 
sequences, further verifying the results of the 
present study [22].

In our current study, rabbit models of impact 
injuries in knee joints were constructed to 
investigate articular cartilage injuries of the 
knee joint on diverse MRI sequences. However, 

Table 2. Histopathological profile
High-intensity group Medium-intensity group Low-intensity group

6 h after modeling Cartilage Smooth and intact Smooth and intact Smooth and intact

Cortical bone Smooth, flat and continuous Smooth, flat and continuous Smooth, flat and continuous

Chondrocyte Normal Normal Normal

Cartilage matrix Normal Normal Normal

Bone marrow hemorrhage Evident Evident Invisible

Edema Evident Evident Invisible

2 w after modeling Cartilage Smooth and intact Smooth and intact Smooth and intact

Cortical bone Smooth, flat and continuous Smooth, flat and continuous Smooth, flat and continuous

Chondrocyte Normal Normal Normal

Cartilage matrix Normal Normal Normal

Bone marrow hemorrhage Evident Evident Invisible

Bone marrow edema Evident Evident Invisible

4 w after modeling Cartilage Smooth and intact Smooth and intact Smooth and intact

Cortical bone Smooth, flat and continuous Smooth, flat and continuous Smooth, flat and continuous

Chondrocyte Normal Normal Normal

Cartilage matrix Normal Normal Normal

Bone marrow hemorrhage Invisible Invisible Invisible

Edema Invisible Invisible Invisible
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due to limited experimental conditions, findings 
on other MRI sequences (FID, SE) were not ana-
lyzed. Hence, additional experiments are need-
ed for further verification.

In conclusion, there were high-signal opacities 
for cartilage impact injuries of knee joints on 
diverse MRI T1WI, T2WI, and GER sequences. 
High-signal opacities decreased gradually over 
time. On GER, signals for bone marrow hemor-
rhage and edema were the most evident. 
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