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Abstract
Purpose  The specific radiological feature of osteoporotic vertebral compression fractures (OVCFs) is bone marrow oedema 
(BME) on magnetic resonance imaging (MRI). However, the relationship between BME and back pain (BP) is unclear. We 
investigated the value of MRI in assessing BP and discussed the relevant mechanisms by tissue biopsy.
Methods  One hundred nineteen patients with thoracolumbar OVCFs were included in this study. We divided all patients into 
two groups: the low-oedema group (BME ≤ 75%) and the high-oedema group (BME > 75%). To reduce the error generated 
in the acute phase of fracture, we separately analysed patients in phases I (within one month) and II (more than one month). 
We compared the differences between the groups using the Mann–Whitney U test and investigated the correlations using 
Spearman’s correlation test.
Results  The degree of BP was significantly correlated with BME (p < 0.001; p < 0.001) and fibrous tissue content (p = 0.006; 
p = 0.035) in both phases. Further, the fibrous tissue content in the low-oedema group (12.49 ± 7.37%; 15.25 ± 13.28%) was 
significantly lower than that in the high-oedema group (25.68 ± 20.39%, p = 0.014; 23.92 ± 14.61%, p = 0.022) in both phases. 
The lamellar bone content was significantly correlated with BP (p = 0.021) in phase II.
Conclusions  BME signals on MRI can accurately predict the degree of BP, and the main mechanisms are related to the 
stimulation of fibrous tissue.

Keywords  MRI · Bone marrow oedema · Back pain · Tissue microarchitecture · Osteoporotic vertebral compression 
fractures

Introduction

Osteoporotic vertebral compression fractures (OVCFs) are 
a common reason for limitations in mobility in the elderly 
population [1]. A serious complication caused by OVCFs is 
back pain (BP), which commonly leads to a decrease in the 
quality of life [2]. The degeneration of bone microarchitec-
ture and progressive bone mineral loss are responsible for 
OVCFs after original trauma [3]. The incidence of OVCFs 
has shown an increase in the elderly Chinese population. 
For patients with OVCFs, accurately diagnosing the frac-
tured vertebra before receiving surgical protocols is critical 
[4]. Typical imaging features of OVCFs are vertebral col-
lapse and bone marrow oedema (BME) [5, 6]. Compared 
with simple X-rays and computed tomography, magnetic 
resonance imaging (MRI) is the most sensitive radiological 
examination to detect BME due to fresh fractures.
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Although MRI is the most sensitive radiological examina-
tion and gold standard for diagnosing OVCFs, the value of 
MRI for assessing BP has not been reported in the literature. 
This study investigated the correlations between BME and 
the degree of BP. We also discussed the relevant mechanisms 
by observing bone microarchitecture in the fractured area.

Methods

Subjects

We reviewed the medical records of all patients diagnosed 
with OVCFs who underwent percutaneous kyphoplasty 

surgery (PKP) at our institution. According to the World 
Health Organization (WHO) definition criteria for OVCFs 
[7], we included patients with thoracolumbar OVCFs (the 
fractured levels were at T10 – L2) who underwent PKP sur-
gery and from whom biopsy specimens were successfully 
obtained from the fractured vertebral bodies. All the patients 
enrolled in this study met the radiological characteristics 
of OVCFs [8]. The exclusion criteria were as follows: (1) 
pathological fractures; (2) severe traumatic fractures; (3) 
metabolic bone diseases; (4) recipient of anti-osteoporosis 
drug therapy before the surgical protocols; (5) failed to 
obtain biopsy specimens at the fractured area; (6) received 
analgesic therapy within one day before the pain assessment; 
and (7) multiple vertebral fractures.

Study design

According to a previous study by Wei et al. [2], we divided 
all the patients into two groups based on the percent-
age of BME in fractured vertebral bodies (Fig. 1a): the 

Fig. 1   Experimental design and methods. a Experimental grouping 
according to the percentage of BME. b Methods of extracting tissue 
specimens at the fractured area. c Methods of measuring the percent-
age of BME. d Assessment of the severity of back pain. a BME: bone 
marrow oedema; d VAS: Visual Analogue Scale

◂

Fig. 2   Experimental grouping 
and staging. OVCFs: osteo-
porotic vertebral compression 
fractures

Fig. 3   Correlations between 
the percentage of BME and 
VAS score in phases I and II. 
a Correlations between the 
percentage of BME and VAS 
score in phase I; b Correlations 
between the percentage of BME 
and VAS score in phase II. BME 
bone marrow oedema
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low-oedema group (BME ≤ 75%) and the high-oedema 
group (BME > 75%). To reduce the error generated in the 
acute phase of fracture, we separately analysed all the 
patients in phases I (less than one month from the original 
fracture) and II (more than one month from the original frac-
ture). The differences in the VAS score (Visual Analogue 
Scale), microarchitecture content and the BME percentage 
between the groups were compared in the same period.

Bone tissue extraction and preservation

Because tissue biopsy techniques are often used in the clinic 
to identify pathological fractures, extracting bone tissue is 
a normal intraoperative procedure [9]. To differentiate bone 
tissue from pathological fractures, we routinely extracted 
bone tissue from all patients undergoing PKP surgery. 
Before surgery, we explained the purpose of the operation 
in detail. We obtained ethical approval from the local Medi-
cal Ethics Committee and received written informed consent 
from all patients who underwent PKP surgery and tissue 
biopsy.

Extracting bone tissue samples during PKP surgery is 
a well-established technique. According to the methods 
for extracting specimens in previous studies [10–12], all 
the biopsy specimens were obtained by using a Jamshidi 
needle (8-gauge Jamshidi needle, Medtronic, Minneapolis, 
USA) to access the fractured vertebral body (Fig. 1b). We 
extracted the tissue in the lumbar fractured area using the 
transpedicular approach. At the same time, to reduce the 
risk of thoracic puncture, we used the intercostal–transversal 
approach to obtain the tissue in the thoracic vertebral area. 
The two methods were used to extract the same amount of 
bone tissue in the vertebral fractured area, avoiding error in 
the quantitative analysis of the tissue biopsy. We used intra-
operative fluoroscopy to ensure accurate tissue extraction 
and successful cement injection during the surgical proce-
dure. All the biopsy specimens were fixed with formalin and 
embedded in paraffin [13]. After that, all paraffin sections 
were stained with haematoxylin and eosin after decalcified 
preparation [14, 15].

Quantitative analysis of bone tissue

We reviewed the medical records between June 2011 and 
September 2019 and collected all the paraffin sections of the 
included patients from the pathology department to perform 
histological analysis. We observed and recorded all the tissue 
images by using a microscope (BX51 optical microscope, 
Olympus, Tokyo, Japan) and microphotographic computer. 
Quantitative tissue analysis was performed by using Image-
Pro Plus measurement software (version 6.0, Media Cyber-
netics, Rockville, USA). According to the definition criteria 
provided by the American Society for Bone and Mineral 

Research nomenclature [16, 17], histomorphometric param-
eters were analysed and expressed: lamellar bone volume/
tissue volume (LBV/TV, %), woven bone volume/tissue vol-
ume (WBV/TV, %), cancellous bone volume/tissue volume 
(BV/TV, %), necrotic bone volume/tissue volume (NBV/
TV, %), fibrous tissue volume/tissue volume (FV/TV, %) 
and endochondral bone volume/tissue volume (EBV/TV, %).

Measurement of the percentage of BME

Before surgical treatment, all the patients received MRI 
examination to assess the degree of damage to the fractured 
vertebral bodies. Based on the standard protocol, we per-
formed MRI examinations on a 1.5-T MR imaging scanner 
(Signa 1.5, GE Medical Systems, Milwaukee, USA). Stand-
ard T2-weighted spin-echo, fat-suppressed T2-weighted 
spin-echo and T1-weighted spin-echo sequences were per-
formed in the sagittal orientation. According to the inter-
pretation of BME provided by Voormolen [8], BME in the 
fractured vertebral body was defined as increased signal 
intensity on T2-weighted images and decreased signal inten-
sity on T1-weighted images (Fig. 1c).

According to the measurement criteria reported by previ-
ous studies [18, 19], we observed fractured vertebrae from 
three different slices, including central slices and slices at 
the left and right pedicles. If the bone marrow oedema signal 
was diffuse, we calculated the percentage of BME in the cen-
tral slice [18]. If the distribution of the bone marrow oedema 
pattern differed on these sagittal slices, we calculated the 
percentage of BME of the images with the broadest distri-
bution [19]. The percentage of BME was assessed on sagit-
tal images on T1-weighted images and T2-fat suppressed 
images (percentage of BME = area of increased signal on 
T2-weighted images or decreased signal on T1-weighted 
images/area of fractured vertebral body). The area of the 
bone marrow oedema signal and area of the vertebral body 
were measured by using Image-Pro Plus software (version 
6.0, Media Cybernetics, Rockville, USA). Five radiologists 
assessed all the fractured vertebral bodies in a consensus 
reading to obtain the reference standard.

Assessment of the severity of back pain

The VAS has been widely used in clinical procedure to 
assess the degree of pain in patients [20]. In this study, we 
used the VAS approach to perform pain assessments when 
patients were diagnosed with OVCFs. To prevent the effect 
of analgesics on the accuracy of pain assessment, patients 
who received analgesic treatment within one day before the 
pain assessment were excluded from this study. After receiv-
ing an accurate pain assessment, we promptly performed 
analgesia treatment based on the severity of BP. The specific 
method of VAS assessment is shown in Fig. 1d.
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According to previous studies reported on back pain [21, 
22], VAS is represented by using a 10-cm horizontal line 
(0 = no pain to 10 = worst pain). The beginning of the line 
on the left side (0-cm point) represented no itching. The 
end of the line on the right side (10-cm point) represented 
the most severe itching. The middle part indicated different 
degrees of BP. As illustrated in Fig. 1d, part A (0 < VAS 
score ≤ 3) represents mild pain that can be tolerated. Part 
B (3 < VAS score ≤ 6) represents back pain that can be tol-
erated but seriously affects the quality of sleep, and part 
C (6 < VAS score ≤ 10) represents severe pain that cannot 
be tolerated. Before the pain assessment, we explained the 
operation method to all the patients in detail.

Statistical analysis

All variables were expressed as means ± standard deviations 
(SD). We used the Mann–Whitney U test to compare the 
differences between both groups. Spearman’s correlation 
test was used to assess the correlations between VAS score 
and the percentage of BME in fractured vertebral bodies. 
p < 0.05 were considered statistically significant.

Results

Patients characteristics

A total of 208 elderly Chinese patients with OVCFs between 
June 2011 and September 2019 were retrospectively 
reviewed by medical records at our hospital. However, 89 
patients were excluded from this study, and 119 elderly Chi-
nese patients met the inclusion criteria and were included in 
the present study (Fig. 2). One hundred nineteen histologic 
samples were taken from the patients enrolled in the present 
study. Overall, 57 patients were included in phase I, and the 
mean fracture time was 10.68 ± 7.35 days. In this phase, 12 
patients were grouped into the low-oedema group, and 45 
patients were grouped into the high-oedema group. Further-
more, 62 patients were included in phase II, and the mean 
fracture period was 88.18 ± 53.9 days. During this phase, 46 
patients were grouped into the low-oedema group, and 16 
patients were grouped into the high-oedema group.

The VAS score was positively correlated with BME 
(Rs = 0.454, p < 0.001, y = 2.7217*x + 60.272, R2 = 0.1123) 
in phase I. The percentage of BME was positively cor-
related with the VAS score (Rs = 0.609, p < 0.001, 

Table 1   Comparisons of the histomorphometric parameters between the two groups in phases I and II

BV/TV: Cancellous bone volume/tissue volume, FV/TV: Fibrous tissue volume/tissue volume, EBV/TV: Endochondral bone volume/tissue vol-
ume, NBV/TV: Necrotic bone volume/tissue volume, WBV/TV: Woven bone volume/tissue volume, LBV/TV: Lamellar bone volume/tissue 
volume. All values are indicated as the mean ± standard deviation (SD)

Phase I BME ≤ 75% (N = 12) BME > 75% (N = 45) p

BV/TV (%) 14.11 ± 6.52 14.51 ± 6.12 0.992
FV/TV (%) 12.49 ± 7.37 25.68 ± 20.39 0.014
EBV/TV (%) 7.4 ± 8.32 4.09 ± 6.87 0.025
NBV/TV (%) 9.13 ± 6.41 8.18 ± 8.39 0.489
WBV/TV (%) 0.81 ± 2.8 0.69 ± 2.61 0.895
LBV/TV (%) 0 0 –
VAS score 7.93 ± 1.08 8.58 ± 1.54 0.039
Time (Days) 16.83 ± 6.16 9.04 ± 6.79 0.002

Phase II BME ≤ 75% (N = 46) BME > 75% (N = 16) P

BV/TV (%) 13.61 ± 5.97 14.89 ± 6.54 0.479
FV/TV (%) 15.25 ± 13.28 23.92 ± 14.61 0.022
EBV/TV (%) 3.4 ± 5.39 4.38 ± 5.4 0.369
NBV/TV (%) 8.95 ± 10.16 8.85 ± 5.56 0.569
WBV/TV (%) 13.36 ± 10.38 15.08 ± 15.83 0.656
LBV/TV (%) 16.07 ± 10.96 10.41 ± 6.69 0.035
VAS score 6.94 ± 1.84 8.55 ± 0.83 0.001
Time (Days) 101.23 ± 55.78 50.63 ± 21.26  < 0.001
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y = 4.9468*x + 26.311, R2 = 0.3375) in phase II. The regres-
sion models are displayed in Fig. 3.

Patients in phase I

The differences in the clinical variables and histomorpho-
metric parameters between the groups are summarized in 
Table 1 and Fig. 4a. The VAS score in the low-oedema group 
(7.93 ± 1.08) was significantly lower than that in the high-
oedema group (8.58 ± 1.54, p = 0.039). A large amount of 
fibrous tissue was observed during phase I (Fig. 4d), and 
the content of fibrous tissue in the low-oedema group 

(12.49 ± 7.37%) was significantly lower than that in the high-
oedema group (25.68 ± 20.39%, p = 0.014).

The correlations between the percentage of BME and 
histomorphometric parameters in phase I are summarized 
in Table 2. The percentage of BME was positively correlated 
with the content of fibrous tissue (Rs = 0.280, p = 0.035, 
y = 0.1867*x + 78.968, R2 = 0.0898) and negatively cor-
related with endochondral bone (Rs = −0.397, p = 0.002, 
y = -0.3809 *x + 85.066, R2 = 0.0535), and the regression 
models are displayed in Fig. 4b. The correlations between 
the degree of BP and histomorphometric parameters are 
summarized in Table 3. The VAS score was positively 
correlated with the content of fibrous tissue (Rs = 0.358, 
p = 0.006, y = 0.0291*x + 7.7738, R2 = 0.144), and the 
regression models are displayed in Fig. 4c.

Patients in phase II

The differences in the histomorphometric parameters and 
clinical variables between the groups are summarized in 
Table 1 and Fig. 5a. The VAS score in the low-oedema 
group (6.94 ± 1.84) was significantly lower than that in the 
high-oedema group (8.55 ± 0.83, p = 0.001). Fibrous tis-
sue could still be observed in phase II, and the content of 
fibrous tissue in the low-oedema group (15.25 ± 13.28%) 
was significantly lower than that in the high-oedema 

Fig. 4   Differences between the groups in phase I. a Differences in 
the histomorphometric parameters between the groups in phase I; 
b Correlations between the percentage of BME and histomorpho-
metric parameters in phase I; c Correlations between the VAS score 
and histomorphometric parameters in phase I; d Differences in tis-
sue morphology and oedema signals on MRI between the groups in 
phase I. (A): BV/TV: Cancellous bone volume/tissue volume, FV/
TV: Fibrous tissue volume/tissue volume, EBV/TV: Endochondral 
bone volume/tissue volume, NBV/TV: Necrotic bone volume/tis-
sue volume, WBV/TV: Woven bone volume/tissue volume, LBV/
TV: Lamellar bone volume/tissue volume. All values are indicated as 
the mean ± standard error of the mean (SEM). *p < 0.05, **p < 0.01, 
***p < 0.001; (B): BME: bone marrow oedema

◂

Table 2   Correlations between the percentage of BME and histomor-
phometric parameters in phases I and II

BV/TV: Cancellous bone volume/tissue volume, FV/TV: Fibrous tis-
sue volume/tissue volume, EBV/TV: Endochondral bone volume/tis-
sue volume, NBV/TV: Necrotic bone volume/tissue volume, WBV/
TV: Woven bone volume/tissue volume, LBV/TV: Lamellar bone vol-
ume/tissue volume

Variables Mean ± Standard 
deviation

Correlation 
coefficient

p

Phases I (N = 57)
NBV/TV (%) 8.39 ± 7.97 −0.170 0.207
BV/TV (%) 14.43 ± 6.15 −0.073 0.592
FV/TV (%) 22.9 ± 19.16 0.280 0.035
EBV/TV (%) 4.78 ± 7.25 −0.397 0.002
WBV/TV (%) 0.71 ± 2.63 0.023 0.864
LBV/TV (%) 0 – –
VAS score 8.44 ± 1.47 0.454  < 0.001
Time (days) 10.68 ± 7.35 −0.508  < 0.001
Phases II (N = 62)
NBV/TV (%) 8.92 ± 9.15 0.018 0.890
BV/TV (%) 13.95 ± 6.09 0.055 0.671
FV/TV (%) 17.49 ± 14.05 0.262 0.040
EBV/TV (%) 3.65 ± 5.36 0.080 0.535
WBV/TV (%) 13.81 ± 11.9 0.001 0.994
LBV/TV (%) 14.61 ± 10.29 −0.379 0.002
VAS score 7.36 ± 1.78 0.609  < 0.001
Time (days) 88.18 ± 53.89 −0.644  < 0.001

Table 3   Correlations between the VAS score and histomorphometric 
parameters in phases I and II

BV/TV: Cancellous bone volume/tissue volume, FV/TV: Fibrous tis-
sue volume/tissue volume, EBV/TV: Endochondral bone volume/tis-
sue volume, NBV/TV: Necrotic bone volume/tissue volume, WBV/
TV: Woven bone volume/tissue volume, LBV/TV: Lamellar bone vol-
ume/tissue volume

Variables Mean ± Standard 
deviation

Correlation coef-
ficient

p

Phase I (N = 57)
NBV/TV (%) 8.39 ± 7.97 −0.047 0.729
BV/TV (%) 14.43 ± 6.15 −0.167 0.215
FV/TV (%) 22.9 ± 19.16 0.358 0.006
EBV/TV (%) 4.78 ± 7.25 −0.194 0.149
WBV/TV (%) 0.71 ± 2.63 0.082 0.543
LBV/TV (%) 0 – –
Time (days) 10.68 ± 7.35 −0.321 0.015
Phase II (N = 62)
NBV/TV (%) 8.92 ± 9.15 0.046 0.725
BV/TV (%) 13.95 ± 6.09 0.158 0.221
FV/TV (%) 17.49 ± 14.05 0.269 0.035
EBV/TV (%) 3.65 ± 5.36 0.023 0.859
WBV/TV (%) 13.81 ± 11.9 −0.004 0.978
LBV/TV (%) 14.61 ± 10.29 −0.293 0.021
Time (days) 88.18 ± 53.89 −0.288 0.023
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group (23.92 ± 14.61%, p = 0.022). Additionally, imma-
ture woven bone and endochondral bone gradually min-
eralized to form lamellar bone in this phase (Fig. 5d). 
The content of lamellar bone in the low-oedema group 
(16.07 ± 10.96%) was significantly higher than that in the 
high-oedema group (10.41 ± 6.69%, p = 0.035).

In phase II, the correlations between the percentage of 
BME and histomorphometric parameters are summarized 
in Table 2. The percentage of BME was negatively cor-
related with the content of lamellar bone (Rs = −0.379, 
p = 0.002, y = –0.5725 *x + 71.066, R2 = 0.1504) and posi-
tively correlated with fibrous tissue (Rs = 0.262, p = 0.040, 
y = 0.289 *x + 57.647, R2 = 0.0714), and the regression 
models are displayed in Fig. 5b. The correlations between 
the histomorphometric parameters and degree of BP are 
summarized in Table 3. The VAS score was positively 
correlated with the fibrous tissue content (Rs = 0.269, 
p = 0.035, y = 0.0456*x + 6.559, R2 = 0.129) and negatively 
correlated with the lamellar bone content (Rs =−0.293, 
p = 0.021, y =  − 0.0565*x + 8.1818, R2 = 0.1062), and the 
regression models are displayed in Fig. 5c.

Discussion

MRI examinations combined with short tau inversion recov-
ery (STIR) sequences and T1-weighted image sequences are 
very sensitive in assessing BME caused by fresh vertebral 
fractures [23]. However, the relationship between BME and 
BP is unclear. To clarify the specific mechanisms regarding 
these potential correlations between BP and BME, we used 
histomorphometric detection techniques to investigate the 
microarchitecture in fractured areas by quantitative analysis 
of bone tissue.

Relationships between the percentage of BME 
and time after fracture in patients with OVCFs

According to previous studies by Diamond et al. [10] and 
Haoran et al. [11], a stable OVCF healing process commonly 
comprises four stages. Consistent with histomorphological 

kinetic features, the characteristics of BME signals on MRI 
gradually change at different stages of the healing process. 
Some researchers have deemed that the appearance of MRI 
during the fracture healing process can be divided into five 
stages based on the intensity of the BME signals [2]: 1. the 
occurrence of vertebral ischaemic changes; 2. the presen-
tation of BME as high on T2-weighted imaging on MRI 
due to local bleeding and proliferation of fibrous tissue; 3. 
irregular enhancement at the fractured area caused by an 
increased blood supply; 4. BME signals gradually decrease 
as the blood supply recovers to normal levels; 5. some tis-
sues in the fractured area are replaced by adipose tissue. Our 
results also support similar changes. In the current study, the 
percentage of BME was negatively correlated with the time 
after the original fracture in phases I (Rs = -0.508, p < 0.001, 
y =  − 0.7278*x + 91.02, R2 = 0.201) and II (Rs =  − 0.644, 
p < 0.001, y = −0.1688 *x + 77.587, R2 = 0.3589). These 
results suggest that the BME signal intensity gradually 
decreases during the healing process.

Relationships between the percentage of BME 
and degree of BP in patients with OVCFs

OVCFs, which may cause BP and limitations in mobility 
of the spine, are a severe clinical problem in the elderly 
population [24]. Sometimes, patients with OVCFs do 
not have definite localizing pain, and simple physical 
examination also makes it difficult to assess the specific 
fracture locations. Therefore, MRI is the most effec-
tive radiological examination to determine the location 
of the fractured vertebra and assess the degree of verte-
bral collapse [8]. Wei et al. deemed that a small range 
of oedema signals often leads to severe BP due to the 
unstable condition of spinal mechanics [2]. This unsta-
ble healing condition in the fractured area may aggravate 
the degree of BP. However, unlike the above views, we 
found a positive correlations between the percentage of 
BME and extent of BP in phases I (Rs = 0.454, p < 0.001, 
y = 2.7217*x + 60.272, R2 = 0.1123) and II (Rs = 0.609, 
p < 0.001, y = 4.9468*x + 26.311, R2 = 0.3375). To further 
explore the relevant mechanisms, we performed quantita-
tive analysis of bone tissue at the fractured area. Quantita-
tive analysis of the specimens showed that the content of 
fibrous tissue in the high-oedema group was significantly 
higher than that in the low-oedema group in phases I 
(p = 0.014) and II (p = 0.022). Additionally, the content of 
fibrous tissue was positively correlated with the percent-
age of BME (Rs = 0.280, p = 0.035, y = 0.1867*x + 78.968, 
R2 = 0.0898) and the VAS score (Rs = 0.358, p = 0.006, 
y = 0.0291*x + 7.7738, R2 = 0.144) in phase I. During phase 
II, the content of fibrous tissue was still positively corre-
lated with the percentage of BME (Rs = 0.262, p = 0.040, 
y = 0.289 *x + 57.647, R2 = 0.0714) and VAS score 

Fig. 5   Differences in results between the groups in phase II. a Dif-
ferences in the histomorphometric parameters between the groups in 
phase II; b Correlations between the percentage of BME and histo-
morphometric parameters in phase II; c Correlations between the 
VAS score and histomorphometric parameters in phase II; d Differ-
ences in tissue morphology and oedema signals on MRI between 
the groups in phase II. (A): BV/TV: Cancellous bone volume/tissue 
volume, FV/TV: Fibrous tissue volume/tissue volume, EBV/TV: 
Endochondral bone volume/tissue volume, NBV/TV: Necrotic bone 
volume/tissue volume, WBV/TV: Woven bone volume/tissue vol-
ume, LBV/TV: Lamellar bone volume/tissue volume. All values are 
indicated as the mean ± standard error of the mean (SEM). *p < 0.05, 
**p < 0.01, ***p < 0.001; (B): BME: bone marrow oedema

◂
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(Rs = 0.269, p = 0.035, y = 0.0456*x + 6.559, R2 = 0.129). 
These results suggested that a large amount of fibrous tis-
sue in the fractured area likely caused the high intensity of 
BME signals during the fracture healing process. Thus, the 
large amount of tissue caused by the fresh fracture (hema-
toma and inflammatory factors) increased the water content 
of the fractured area, likely leading to an increase in the 
oedema signal in the fractured vertebra. Because of nocic-
eptive nerve stimulation of the periosteum, the stimulation 
of inflammatory mediators may be the most important risk 
factor for the aggravation of BP.

Moreover, we found another interesting phenomenon 
in this study. Importantly, quantitative analysis of bone 
tissue showed that lamellar bone initially appeared in 
phase II. However, the content of lamellar bone in the 
high-oedema group (10.41 ± 6.69%) was significantly 
lower than that in the low-oedema group (16.07 ± 10.96%, 
p = 0.035) during the same period. To further analyse 
whether the content of lamellar bone affects oedema sig-
nals and BP, we assessed the correlations between the 
lamellar bone content and the percentage of BME and 
between the lamellar bone content and the VAS score 
separately. Spearman’s correlation test showed that the 
lamellar bone content was negatively correlated with the 
percentage of BME (Rs = −0.379, p = 0.002, y = −0.5725 
*x + 71.066, R2 = 0.1504) and VAS score (Rs = −0.293, 
p = 0.021, y = −0.0565*x + 8.1818, R2 = 0.1062) in phase 
II. Based on the above results, we hypothesized that the 
supporting ability in the fractured area might be reduced 
because of less lamellar bone mineralized in the high-
oedema group. This reduced supporting capacity of 
lamellar bone may increase the risk of microfractures. At 
the same time, fibrous tissue and inflammatory mediators 
may aggravate the degree of BP. Regarding the above 
hypothesis, many animal experiments may be required 
for further investigation.

In conclusion, this study is the first to analyse the 
mechanisms of these potential relationships between the 
percentage of BME and degree of BP using tissue biopsy. 
There are several innovations in our study. First, to inves-
tigate the correlations between BME and BP, we first 
used histomorphometric detection techniques, making the 
results more accurate and reliable. Second, we first found 
that the BME signals on MRI could be considered the most 
sensitive indicator to assess the degree of BP. Third, we 
investigated the relevant mechanisms regarding the poten-
tial correlations and proposed a new hypothesis for this 
interesting phenomenon. These findings are essential for 
the clinical diagnosis and treatment of complications such 
as BP and limitations in mobility with OVCFs. However, 
several limitations in our study should be mentioned. First, 
the percentage of BME in most patients was greater than 
50%. For patients with a small range of BME, we usually 

recommend anti-osteoporosis therapy and conservative 
treatment based on the treatment guidelines for osteoporo-
tic fractures [25, 26], making it impossible to extract bone 
tissue specimens from the fractured vertebra. Second, we 
only measured the content of bone tissue in the fractured 
area and did not include other clinical variables that may 
reflect the fracture healing process, such as bone turnover 
markers and bone mineral density. To further investigate 
the healing process of OVCFs, we will further analyse the 
impact of other clinical variables, such as bone turnover 
markers and bone mineral density, on the assessment of 
BP in future studies. Finally, to reduce the influence of 
fractured segments on tissue morphology, we analysed only 
patients with thoracolumbar fractures. In future studies, we 
will analyse the impact of fracture segments on tissue mor-
phology and imaging features during the healing process.

Conclusions

Oedema signals on MRI can be considered a sensitive indi-
cator to assess the degree of BP, and fibrous tissue may be 
one of the most important risk factors for the aggravation of 
BP and BME. Additionally, we proposed a new hypothesis 
for this interesting phenomenon: delayed mineralization may 
increase the degree of BP due to microfractures.
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