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Abstract

Background BME on MRI has become the gold standard for the diagnosis of acute/subacute OVCEF, but the correlation
between the quantitative model of BME and histopathological manifestations of OVCEF is rarely discussed in the literature.
Objectives This study aimed to retrospectively investigate the relationship between bone marrow edema (BME) in magnetic
resonance imaging (MRI) and bone healing histomorphometry in (sub)acute osteoporotic vertebral compression fracture.
Methods According to the period since fracture, 125 patients were divided into four stages: stage I (0 to 15 days), stage II (16
to 30 days), stage III (31 to 60 days) and stage IV (61 to 90 days). Bone marrow edema was evaluated by the signal changes
and intensity patterns on MRI sagittal images. Decalcified biopsy specimens were obtained from the cancellous bone core
in the fractured vertebral body. The histomorphometry study results were analyzed by light microscopy using grid analysis
and defined using bone histomorphometry criteria.

Results There were 70 (56%) patients in stage I, 29 (23.2%) in stage 11, 12 (9.6%) in stage III and 14 (11.2%) in stage IV.
BME and histomorphometry characteristics differentiated from each other stage: The BME percentage had a significantly
negative correlation with the ratio of osteoid volume/bone volume (r= —0.539, p=0.001) and the ratio of woven bone
volume/tissue volume (r= —0.584, p=0.001). There was also a positive correlation between the BME percentage and the
ratio of fibrous tissue volume/tissue volume (r=0.488, p=0.001).

Conclusions Bone marrow edema significantly correlates with bone morphology parameters after vertebral fracture. The
characteristics of histomorphological changes during fracture healing process can be preliminarily determined by observing
the edema signal.
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Background
Because Yun Zhang and Haoran Qi contributed equally to this . . .
article, Yun Zhang and Haoran Qi are simultaneously co-first Osteoporotic vertebral compression fracture (OVCEF) is one
authors. of the most common fractures in patients with osteoporosis.

Since Wilson et al. [1] first proposed the term of bone mar-
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observed in detail. It is of great significance to identify the
pathogenesis, healing and prognosis of fracture [4].

However, there is a paucity of relevant literature discuss-
ing on the correlation of the quantitative BME pattern with
the histopathologic findings of OVCEF. Hence, the purpose of
the study was to retrospectively investigate the relationship
of BME signal intensities with histological characteristics
in different fracture healing stages.

Methods
Patients

The study was approved by the Hospital Institutional
Review Board, and informed consent was obtained from
each patient. The patient-related data and imaging materials
were obtained from the electronic medical record manage-
ment system of Shandong provincial hospital affiliated to
Shandong University.

Between June 2016 and October 2019 in our study, a total
of 158 consecutive patients who underwent vertebroplasty
for vertebral compression fracture were included in this ret-
rospective study. Each bone biopsy specimen was derived
from cancellous bone in the vertebral body and obtained
during the procedure. All patients were symptomatic with
the presence of persistent pain in the back and demonstrated
BME in the fractured vertebral body on MRI. Since the sta-
tistical test hypothesis had independent observations, we
selected only one vertebral fracture per patient in the analy-
sis to reduce bias.

Inclusion criteria

(1) Age over 50 years; (2) with back pain of less than
3 months’ duration; (3) bone mineral density 7-score < —2.5;
(4) single vertebral fracture; (5) a Numeric Rated Scale
(NRS) pain score of 7 or more (out of 10); and (6) avail-
ability of complete clinical data.

Exclusion criteria

(1) Inability to provide informed consent; (2) previous ver-
tebroplasty on the affected vertebra; (3) progressive verte-
bral collapse, delayed union, neurological complications;
(4) spine infections, vertebral tumors; (5) multiple vertebral
fractures; and (6) treatment with glucocorticoids or anti-
osteoporosis therapies.

Staging

The fracture time was defined when the patient suddenly
developed pain or obvious deterioration after minor or no

significant trauma. According to Diamond’s staging criteria
[5], all patients were divided into four stages: stage I (0 to
15 days), stage II (16 days to 30 days), stage III (31 days to
60 days) and stage IV (61 days to 90 days).

BME evaluation

All patients underwent MRI to detect BME at the fractured
vertebrae. MRI examinations were performed at 1.5 T
(Signa; GE Medical Systems) according to the standard pro-
tocol at our institution. All sagittal TIWI, T2WI and STIR
sequences were obtained with fast spin echo techniques.
Two radiologists (with 8 and 6 years of experience in the
interpretation of spinal images) retrospectively reviewed the
spine MRI data independently, and any inconsistencies were
resolved by consensus.

The sagittal images at the center of the vertebral bod-
ies were selected and analyzed [6]. The location, shape and
the intensity of BME on MRI were recorded. According to
the proportion of volume of the fractured vertebral body on
sagittal images, the pattern of BME was classified into three
types: type 1, minor (1-24%); type 2, moderate (25-74%);
and type 3, severe (75-100%), as described by Voormolen
etal. [7].

Bone biopsy

The bone biopsy was obtained through a pedicle approach.
The positioning of the biopsy was standardized and localized
at the fracture zone of the vertebral body.

The biopsy specimens consisting of a 0.5-1.0 cm core
of cancellous bone were harvested, prepared with routine
methods for decalcified paraffin histology, sectioned into
5-um-thick slices and stained with hematoxylin and eosin.
The slices were observed under a microscope by an experi-
enced pathologist.

Quantitative histomorphometric analysis

According to the American Society for Bone and Mineral
Research nomenclature [8], the histomorphometric param-
eters were expressed as follows: cancellous bone volume/
tissue volume (BV/TYV, %), woven bone volume/tissue vol-
ume (WBV/TV, %), endochondral bone volume/tissue vol-
ume (EBV/TV,%), granulation or fibrous tissue volume/tis-
sue volume (FV/TV,%), osteoid volume/bone volume (OV/
BV, %), osteoid surface/bone surface (OS/BS,%) and osteoid
thickness (um).

Statistical analysis

The Statistical Package for the Social Sciences (SPSS) was
used for statistical analysis (SPSS 20.0, SPSS Inc, Chicago
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IL, USA). Quantitative results were compared by inde-
pendent t test. Pearson’s correlation coefficient was used
to analyze the correlation with changes in BME percentage
and other bone morphology parameters. Frequency analy-
sis was performed with the Fisher’s exact test or ANOVA.
p <0.05 was considered to indicate a significant difference.

Results
Demographic data

Among the 158 patients, 6 patients treated with glucocor-
ticoids were excluded from the study, and 6 patients were
also excluded due to receiving established anti-osteoporo-
sis therapies (e.g., fluoride, bisphosphonates, and anabolic
steroids), 4 patients in whom a core bone biopsy failed to
be obtained,3 patients due to with pathologic fractures
(malignancy), 9 patients due to multiple vertebral frac-
tures, and 5 patients due to refusal.

A total of 125 patients qualified for the study, with 125
fractured vertebrae. The mean age was 68.6+12.1 years
old, ranging from 54 to 90 years old. There were 90
females and 35 males. Seventy (56%) patients were clas-
sified as stage I, 29 (23.2%) as stage II, 12 (9.6%) as stage
III and 14 (11.2%) as stage IV. The mean duration since
fracture was 10.2 +5.8 days for stage I, 25.3 + 6.4 days for
stage 11, 48.8 + 11.7 days for stage III and 78.5 + 12.2 days
for stage IV. The difference was statistically significant
(»=0.007). (Table 1).

BME evaluation

Various BME signals and forms were observed in the frac-
tured vertebral bodies. The BME signal characteristics in the
four stages were identified in the fractured vertebral body
(Table 2).

Stage I Six (8.6%) fractured vertebrae showed a type 1 pat-
tern, 27 (38.6%) showed a type 2 pattern, and 37 (52.8%)
showed a type 3 pattern. The percentage of BME increased
rapidly and reached the peak value (75.36+21.99%) in stage
I. The signals on TIWI and T2WI were uniformly distrib-
uted, gradually transitioning to normal bone marrow, and
demonstrated a morphological distribution of diffuse, uni-
form and unclear boundaries (Fig. 1a).

Stage 1l The percentage of BME decreased slightly
(69.72 +£22.55%) at this stage after fracture. Three out of
29 (10.3%) fractured vertebrae showed a type 1 pattern, 14
(48.2%) showed a type 2 pattern, and 12 (41.4%) showed
a type 3 pattern. The signals showed a heterogeneous dis-
tribution, including the inner points of the long T1 and T2
signals, and flaky short T1 or long T2 signals (Fig. 2a).

Stage 111 BME percentage (40.91 +28.86%) continued to
decrease compared to the percentage in the previous period.
The range of edema was restricted and confined to the frac-
ture zone. Five out of 12 (41.6%) fractured vertebrae showed
a type 1 pattern, 5 (41.6%) showed a type 2 pattern, and 2
(16.7%) showed a type 3 pattern. Mixed signals: equal and
low mixed signals in TIWI and mixed signals in low, equal
and high forms in T2WI (Fig. 3a).

Table 1 Clinical demographics

- . - Demographics®
data in patients with OVCF

Fracture stage

classified according to different Stage 1 Stage 11 Stage 111 Stage IV p value
times since fracture
Age (years) 655+3 72.3+2 69.5+2 67.2+1 0.2
sex ratio (men/women) 20:50 9:20 4:8 2:12 0.57
Lumbar spine bone density 7-score ~ —3.34+0.3 -2.67+02 -33+03 -3.61+03 0.11
Mean time since fracture (days) 10.2+0.8 253+0.4 48.8+0.7  78.5+0.2 0.0007
*Values represent mean + 1 S.E.M. OVCF: osteoporotic vertebral compression fractures
Table 2 The vertebral BME pattern on T1WI images classified according to different times since fracture
BME pattern on TIW1 MR images Fracture staging
Stage I (n="70) Stage II (n=29) Stage Il (n=12) Stage [V (n=14) p value
Type 1 minor (1-24%) (n=21) 6/70 (8.6%) 3/29 (10.3%) 5/12 (41.6%) 7/14 (50%) 0.002
Type 2 moderate (25-74%) (n=>52) 27/70 (38.6%) 14/29 (48.2%) 5/12 (41.6%) 6/14 (42.8%) 0.531
Type 3 severe (75-100%) (n=>52) 37/70 (52.8%) 12/29 (41.4%) 2/12 (16.7%) 1/14 (7.1%) 0.0015
Percentage of BME (%) 75.35+21.9 69.72+22.54 40.91+28.85 28.64+15.91 0.0008

Data in parentheses are fracture numbers. BME bone marrow edema
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Fig.1 a An 85-year-old man with OVCF at the T12 vertebral body.
MRI shows a uniformly hypointense signal on TIWI, and a hyper-
intense signal on T2WI and STIR. A linear lucency shadow below
the upper endplate represents the fracture line. Sagittal T1WI shows
a type 3 BME pattern, and there is also an old, severe compression

Fig.2 a An 80-year-old woman with OVCF at the TI12 verte-
bral body, depicting a heterogeneous distribution and a gradually
decreased range of edema, with low signal changes in the fracture
zone. b Stage II is demonstrated by organized hematoma, granula-

Stage IV The percentage of BME decreased to minimum
value (28.65+15.91%) in stage IV. Seven out of 14 (50%)
fractured vertebrae showed a type 1 pattern, 6 (42.8%)
showed a type 2 pattern, and 1 (7.1%) showed a type 3 pat-
tern. The incidence of the type 1 pattern increased from 8.5%
to 50% (p =0.002), and that of the type 3 pattern decreased
from 52.8% to 7.1% (p =0.002). A low signal area could be
seen in the fracture zone on T1WI, with clear boundaries.
The signals of T2ZWI and STIR were equivalent to those of
adjacent normal vertebral bodies (Fig. 4a).

fracture of T7. b Stage I is demonstrated by a fracture hematoma con-
sisting of inflammatory cells during fracture healing, with trabecular
breaks. OVCEF: osteoporotic vertebral compression fracture, VCF:
vertebral compression fracture, HA =hematoma, BT =normal bone
trabecula

(b)

tion tissue and fibrous tissue proliferation, with chondrogenesis and
osteoid matrix synthesis during fracture healing, and ‘new’ bone
formation. OVCEF: osteoporotic vertebral compression fracture,
‘WB =woven bone, BT =normal bone trabecula

Histopathological observation

The most predominant form of bone formation was cartilage
formation within the marrow space. There was a significant
difference between the histological changes in fracture heal-
ing. A significant overlap was observed between the vari-
ous stages, with 87 patients (70%) having at least 2 or more
stages in the same vertebral body (Table 3 and Fig. 5).
Using long bone fracture healing histological defini-
tions [9], all biopsy specimens in the four stages were
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Fig.3 a A 69-year-old woman with OVCF at the L3 and L4 verte-
bral bodies showing the type I BME pattern and biconcave deform-
ity. The sagittal images show that the range of edema is narrowed
down to the fracture line. b Stage III is demonstrated by new bone

(b)

formation in the marrow connecting the normal trabeculae. The net
structure is initially formed. OVCF: osteoporotic vertebral compres-
sion fracture, WB =woven bone, BT =normal bone trabecula

Fig.4 a A 77-year-old woman with OVCF at the L3 vertebral body
showing a hypointense signal on TIWI with a well-defined margin.
The fracture body shows a hypointense signal on TIWI and an iso- or
slightly hyperintense signal on T2WI and STIR. b Stage IV is dem-
onstrated by bone modeling and remodeling during fracture healing.

characteristically described, which corresponded to the vari-
ous BME signal characteristics in MR images.

Stage I The ratios of OV/BV and WBV/TV reached mini-
mum values (1.9+0.4% and 0.13+0.05%) in stage I
(p=0.0006 and 0.000). The trabecular cracks were more
numerous, and the net structure was destroyed; there was
a certain degree of fracture hematoma and fibrovascular
stroma consisting of inflammatory cell infiltration during
the fracture repair (Fig. 1b). This corresponded to the diffuse
high signal intensity on T2WI in fractured vertebral bodies.

@ Springer

Stress bone trabeculae appear, and woven bone is eventually replaced
by lamellar bone; hematoma and fibrous small blood vessels are sig-
nificantly reduced. OVCEF: osteoporotic vertebral compression frac-
ture, C=cartilage, WB = woven bone, LB =lamellar bone

Stage II: A significantly greater FV/TV (50.2+7%) was
found in stage II (p =0.026).The hematoma began to organ-
ize, the granulation tissue and fibrous tissue proliferated,
more chondrocytes appeared between the fibrous tissues
and proliferated to form focal cartilage, the bone matrix was
synthesized and calcified, and calcium salt deposits formed
primary bone trabeculae (Fig. 2b). The flaky short T1 or
long T2 signals corresponded to granulation tissue or focal
cartilage tissue, respectively.
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Table 3 Fracture callus morphometry in patients with vertebral frac-
tures classified according to different times since fracture

Variable Fracture stage
Stage 1 Stage I Stage Il  Stage IV p value
BV/TV (%) 125+0.6 11.9+0.5 13.7+09 132+1.2 0.204
OV/BV (%) 19+04 45+08 83+12 6.8+1.1 0.0006
WBV/TV ~ 0.13+0.05 0.16+0.2 5.6+06 9.6+1.0 0.000
(%)
FVITV (%) 473+54 502+7 346+3 21.9+4.3 0.026
EBV/TV 1.5+0.5 74+12 8.1+09 2.7+0.7 0.0002
(%)
OS/BS (%) 11.2+0.5 20.5+3.5 41.8+2.7 39.2+1.8 0.001

Cancellous bone volume/tissue volume (BV/TV, %), osteoid volume/
bone volume (OV/BV, %),woven bone volume/tissue volume (WBV/
TV, %), granulation or fibrous tissue volume/tissue volume (FV/TV,
%), endochondral bone volume/tissue volume (EBV/TV, %), osteoid
surface/bone surface (OS/BS, %), osteoid thickness (pm)

Stage 111 The ratio of OS/BS reached the peak
value(41.8 +2.7%) in stage III (p =0.001). New bone for-
mation in the marrow connected with old trabeculae, and
the net structure was initially formed. Osteoblasts generated
new bone and formed osteoid tissue, and then, calcium salt
deposition occurred to form woven bone (Fig. 3b).The cor-
responding MRI findings showed that edema was confined
to the fracture zone.

EBV/TV

Stage IV The ratio of WBV/TV reached the peak value
(9.6+1.0%) in stage IV.

(»=0.001). Bone modeling and remodeling were shown
in the fracture callus, the bone matrix and bone trabecu-
lae were significantly increased, and some trabeculae were
mature and showed stress lines. There were a large number
of bone marrow cells and vacuolar fat cells, and the degree
of hematoma and the number of fibrous small blood vessels
were significantly reduced (Fig. 4b). This pathological fea-
ture corresponded to the area where low signal intensity was
observed on TIWI and T2WI.

Relationship between BME and bone
histomorphometry

The characteristics of BME during fracture healing and the
histopathologic parameters were evaluated by a statistical
model. Multivariate regression analysis showed that the
fracture time was a constant significant predictor, and BME
and histomorphometry showed obvious correlations in the
fracture healing of acute OVCF. A significant and positive
correlation was found between the BME percentage and
the ratio of FV/TV (p<0.0001, r=0.4882). At the same
time, BME had a significant negative correlation with the
OV/BV (p<0.0001, = —0.5389), WBV/TV (p <0.0001,
r=—0.5836) and OS/BS (p <0.0001, r= —0.5727) (Table 4
and Fig. 6).

Fig.5 Fracture callus morphometry in patients during different time periods after osteoporotic vertebral compression fractures. The results of
BV/TV, OV/BV, WBV/TYV, FV/TV, EBV/TV and OS/BS are indicated as the mean + standard error of mean (SEM)
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Table4 Correlation analysis Variable Clinical variable
of BME and fracture callus
morphometry according to BV/TV OV/BV WBV/TV FV/TV EBV/TV OS/BS
different times since fracture
r-value —0.1745 —0.5389 —0.5836 0.4882 —-0.2021 -0.5727
p-value 0.0517 0.0001 0.0001 0.0001 0.0238 0.0001

Cancellous bone volume/tissue volume(BV/TV, %), osteoid volume/bone volume (OV/BV, %),woven bone
volume/tissue volume (WBV/TV, %), granulation or fibrous tissue volume/tissue volume (FV/TV, %),
endochondral bone volume/tissue volume (EBV/TV, %), osteoid surface/bone surface (OS/BS, %), osteoid

thickness (pm)

15+
84
; 3 ¢ 3 e @ °
S 3 4 2 5% o =
@ S
24
g oq
s - - - 0 T - \ 50 100 160
0 50 100 150 ° 50 100 150 SME(%)
BME(%) BME(%) 5
(a) (b) (c)
104 50+
804 B
84 '0 : @ 404 ‘ o’ »
60 - (& e ﬂ & _ L 22 YR
?‘? &. p é 6+ *e & 304
S P g g
E ®, e = B 44 '\ g 20{ & w
204 5. ‘0 L ] “ 24 ?} > [ 104 - .“
7 e .
% 50 100 180 o 50 100 150 0 50 100 150
BME(%) BME(%) BME(%)
(d) (e) (f)

Fig.6 Scatter plots and linear regression values for all significant
correlations with changes in BME. a There is no significant differ-
ence between BME and the BV/TV. b A significant negative correla-
tion is shown between BME and the OV/BV. ¢ A significant negative
correlation is shown between BME and the WBV/TV. d A significant

Discussion

Bone healing is difficult to assess on X-ray film or computer
tomography (CT), especially for distinguishing the heal-
ing stage. MRI is very sensitive to the presence, location
and extent of BME in fractured vertebrae [10]. BME can
reveal the presence of pathological tissue conditions such as
edema, hematoma and granulation, as well as the vascularity
of the tissue [11]. The presence of BME in OVCF not only is
considered one characteristic of acute/subacute fracture, but
also is helpful for determining the stages of fracture healing
through signal intensity changes [12].

Takahashi and Takahara [13, 14] made a simple clas-
sification of the time course of OVCF by MRI. Based on
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positive correlation is shown between BME and the FV/TV. e A sig-
nificant negative correlation is shown between BME and the EBV/
TV. f A significant negative correlation is shown between BME and
the OS/BS

midsagittal and bilateral parasagittal TIWI and T2WI
sequences, the authors divided the signal changes within
fractured vertebral bodies on MRI into three patterns:
diffuse, confined and no signal change. The patterns of
BME signal changes were mainly diffuse signal distributed
in acute stage, with the progress of time, the signal area
was restricted, and the distribution was mainly confined
distributed. Consistent with the previous study, we also
obtained similar observations.

To date, the healing process of long bone fractures has
been well studied, but the histomorphometry of verte-
bral fractures during the healing process has been poorly
reported [15]. Vernon-Roberts and Pirie [16] reported for
the first time the healing of postmortem specimens of lum-
bar trabecular microfractures. Diamond et al. [5] made



European Spine Journal (2021) 30:2708-2717

2715

histopathological observations of bone biopsies within
1-24 weeks after fracture. According to the analysis of dif-
ferent stages of fracture healing, the pathological changes
inside the vertebral body are also different. However, Dia-
mond neither studied the MRI signals at different fracture
healing stages nor compared various MRI signal changes
with the pathologic characteristics. To our knowledge, this
report is the first study to investigate the correlation between
BME and bone histomorphometry in (sub)acute osteoporotic
vertebral compression fracture.

The healing mode of cancellous bone fractures is different
from that of cortical bone [17]. The vertebral fracture heal-
ing process begins with an inflammatory response and local
hematoma. Granulation tissue is gradually formed under
hematoma organization, and thereafter, the cartilage matrix
is produced by the action of fibroblasts. Cartilage is ossified
by endochondral ossification, including the transformation
of the fibrocartilaginous callus to mineralized cartilage and
finally to bone [18]. The most fundamental steps are inflam-
mation, repair and remodeling [19].

The histological features in stage I were characterized
by hematoma and inflammatory exudative edema. With the
increase in the water content of bone marrow, T1 and T2
relaxation times are prolonged, which present as low signals
on T1WI, and high signals on T2WI and STIR sequence.
The pathological changes in the acute phase appeared in
a wide range around the fracture area and were not lim-
ited to the fracture line. The corresponding signals of BME
presented a diffuse and uniform morphological distribu-
tion. Diffuse low signal changes might reflect bone bruising
and trabecular cracks. On the contrary, hyperintense signal
changes might be considered to be caused by hemorrhage
after trabecular fracture [13]. This research shows that the
signal in the edema period within 2 weeks after trauma
appears to be the highest.

During 2 to 4 weeks after fracture, the traumatic edema
has been gradually absorbed, water contents of tissue
decreased, intensity of BME weakened, the proliferation of
fibroblasts and new capillaries occurs, and the hematoma
begins to become organized, with fibrin-rich granulation
tissue and focal cartilage tissue [20]. Although a small
amount of cartilage tissue was still found to be present
in stage I (EBV/TV =1.5+0.5%), the cartilage content
increased rapidly (EBV/TV =7.4+1.2%) in stage II. At
the same time, the highest value was reached in stage I1I
(EBV/TV =8.1+£0.9%). Granulation tissue contains a
large number of neovascularization and fibrous connec-
tive tissue, showing slightly high signal on T2WI and
STIR sequence, while cartilage is mainly composed of
collagen, and its water content and corresponding signal
intensity are lower than granulation tissue. It is manifested
as a low or equal signal on T1WI and a slightly high sig-
nal on T2WI sequence. The difference in their scattered

distribution and maturity degree makes the signal uneven,
which is manifested as a patchy, point or strip morpho-
logical distribution with gradually clear boundaries. The
changes in the MRI signal in this stage mainly reflect early
repair after fracture. In this stage, hematomas with more
water content and areas of inflammatory reaction transit
to cartilage with relatively less water content.

During 4 to 8 weeks after fracture, healing develops
further, and a large amount of newly woven bone can be
observed (WBV/TV =5.6+0.6%). This means that endo-
chondral bone is gradually mineralized, and calcium salt
deposits gradually form the woven bone with less water
content, which further reduces reduced the signal intensity
on MRI. However, the remnants of incomplete mineral-
ized cartilage (EBV/TV =8.1 £0.9%) and non-thoroughly
absorbed liquefied tissue cause abnormally high signals
in fracture areas, so MRI signals show mixed signals. The
appearance of such signals also indicates that cancellous
bone fractures have not completely healed.

During 8 to 12 weeks after fracture, the trabecular bone
increases and tends to mature, with partial adipose tissue
changes, complete absorption of the edema and complete
removal of the hematoma or tissue in the trauma area.
A low-signal shadow with clear boundaries is visible on
T1WI, which is thought to be due to traces of fracture dur-
ing fracture healing process. Most of the high signals on
T2WI and STIR disappear. The changes in MRI features
described above are consistent with the histomorphologi-
cal characteristics we observed. The content of fibrous
tissue (FV/TV =21.9+4.3%) and endochondral bone
(EBV/TV =2.7 +£0.7%), which are relatively rich in water,
decreased significantly in this stage. In contrast, woven
bone (WBV/TV =9.6+1.0%) with less water content was
significantly higher than in previous stages. There was also
a non-significant increase in trabecular bone content (BV/
TV =13.2+1.2%). This further explains the disappearance
of the high signal on T2WI and STIR from the histological
point of view.

In recent years, although the majority of patients with
OVCEF who receive conservative treatment show successful
pain relief [21, 22], minimally invasive spinal procedures
such as vertebroplasty have been widely used in clinics
and have been proven to be effective in treating OVCF
[23].

Stage I indicates that fractured vertebrae are in the phase
of acute edema with inflammatory edema stage. BME sig-
nals were mostly presents a diffuse distribution, and patients
with severe pain. Conservative treatment (including pain
relief and rehabilitation; assessment and management of
the underlying osteoporosis) can be tried. If the patient is
not suitable, minimally invasive surgical treatment (verte-
broplasty) should be conducted as soon as possible.
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Stage 11 With the gradual absorption of edema, the hema-
toma began to organize, granulation tissue and fibrous carti-
lage formed in large quantities. The signals showed a hetero-
geneous distribution, and the range is gradually restricted.
Early weight bearing is not advisable. Conservative treat-
ment may be continued, or vertebroplasty may be performed
as soon as possible.

Stage I11 With the further development of fracture healing,
the BME signal intensity was significantly weakened, and
the range was restricted and confined to the fracture zone.
Early weight bearing is also inappropriate at this time.

Stage 1V suggests that most fractured vertebral bodies are
basically healed, and the MRI signals tended to be consistent
with those of the adjacent normal vertebral bodies; func-
tional exercise can be gradually started at this time. How-
ever, if there are signs of vertebral collapse or abnormal
signal changes in the fractured vertebral body, it usually
indicates delayed healing of the fractured vertebra. Surgical
treatment such as pedicle subtraction osteotomy (PSO) or
vertebroplasty may be performed as soon as possible.

Conclusions

The fracture time is considered to be an important predic-
tor of the tissue healing stage in the vertebral body. MRI
has a high diagnostic value for vertebral fracture and its
healing degree, and its signal changes can reflect patho-
logical changes to a certain extent, which is of great help
in evaluating the healing status of vertebral fractures, and
secondary pathological changes. If BME in OVCF can be
predicted at an early stage, more active treatment can be
initiated relatively early. Further studies comparing the
various imaging findings of intravertebral cleft with its
histological characteristics would allow for evaluating the
pathological development of osteoporotic vertebral frac-
ture by non-invasive methods.
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