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Quantitative Assessment of Bone Marrow Edema 
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Imaging
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Study Design: Prospective cohort study.
Purpose: To quantitatively evaluate bone marrow edema (BME) in the pedicle on magnetic resonance imaging (MRI) for adolescent 
athlete patients with spondylolysis.
Overview of Literature: Spondylolysis, a stress fracture of the pars interarticularis, is a common occurrence in adolescent athletes 
with low back pain. T2-weighed fat-saturated MRI is reportedly useful for the detection of BME in the pedicle in the early stage of 
spondylolysis; however, to our knowledge, the quantitative assessment of BME in spondylolysis has not been reported.
Methods: Adolescent athletes with spondylolysis, including those with symptoms of low back pain, were enrolled. The sporting ac-
tivity of the patients was restricted, and a hard brace was attached to the spine. The BME range of interest was taken on T2-weighed 
fat-saturated MRI, and the signal intensity (SI) of the BME (SIedema) was measured. The contrast ratio (CR) between the SI of the BME 
and SI of the spinal cord (SIcord) was calculated per the following formulae: CRedema=(SIedema–SIcord)/(SIedema+SIcord). The CR of the normal 
pedicle was measured as a control per the following formulae: CRcontrol=(SIcontrol–SIcord)/(SIcontrol+SIcord).
Results: The study enrolled 32 men and one woman; the mean patient age was 15.2 years (range, 12–18 years). The average CR of 
the edema and normal pedicle at the first visit was 0.506 (range, 0.097–0.804) and 0.137 (range, -0.741 to 0.572), respectively. The CR 
of the edema was significantly higher as compared to that of the normal pedicle (p<0.01). MRI that was performed 1 month after the 
first visit showed that the CR of the edema had decreased to 0.204 (range, -0.152 to 0.517). The CR of the edema 1 month thereafter 
was significantly lower than that at the first visit (p<0.01).
Conclusions: Quantitative assessment of BME using CR on MRI is useful in the evaluation of the healing process of spondylolysis.
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Introduction

Lumbar spondylolysis is a lesion of the pars interarticu-
laris and represents a common cause of low back pain in 
young athletes. It is generally regarded as a stress fracture 
of the pars interarticularis, caused by repetitive extension 
and rotation force [1-4]. In case of pseudoarthrosis, the 
patient may develop low back pain and radicular pain. 
Therefore, the main treatment goal for lumbar spondy-
lolysis is to obtain bony fusion with conservative therapy. 
To achieve this bony fusion, early diagnosis and treatment 
for lumbar spondylolysis is vital.

Bone marrow edema (BME) without a visible fracture 
line is considered an early response to a stress fracture in 
the lumbar spine. Magnetic resonance imaging (MRI) is 
reportedly a useful early-stage diagnostic tool for spon-
dylolysis because it shows an edematous stress fracture 
of the lumbar spine as BME [5,6]. For curable fresh stress 
fractures with BME, intensive conservative treatment 
should be performed. However, there is no proven quanti-
tative method to evaluate BME on MRI for lumbar spon-
dylolysis. In the field of radiology, the contrast ratio (CR) 
is reported as a quantitative parameter for the analyses 
of human tissues [7-9]. Although some studies have re-
ported on the CR in the fields of pulmonary medicine and 
liver disease [10,11], few studies have reported on the CR 
in the field of the spine surgery [12,13].

This study aimed to evaluate the CR of BME in adoles-
cent athletes with lumbar spondylolysis as a quantitative 
parameter tool.

Materials and Methods

1. Patients

From 2017 to 2019, we retrospectively analyzed 33 athlete 
patients with lumbar spondylolysis accompanied by low 
back pain. All the patients were competitive athletes who 
consulted Hiroshima University Hospital or Kanda Clinic 
because of persistent low back pain (>1 week) while play-
ing sports. The athletic events of the patients were evalu-
ated. The duration of low back pain from onset to the first 
MRI was also evaluated. Following the diagnosis of spon-
dylolysis, the patients’ sporting activity was restricted, a 
hard brace was applied to the spine, and physiotherapy 
was performed. This study was approved by the institu-
tional review board of Hiroshima University (approval 

no., E-1352), and all patients provided informed consent 
for study participation.

2. Radiological assessments

The radiological outcomes of spondylolysis were evalu-
ated based on the spinal level, laterality, and staging, as 
per the findings of computed tomography (CT) on axial 
images [14]. If there was spondylolysis on both the sides, 
the staging of the earlier side was evaluated. We per-
formed high-resolution MRI using T1-weighed imaging 
and T2-weighed fat-saturated imaging for all the patients. 
BME was defined as the area of bone that showed a low 
or intermediate signal intensity (SI) value on T1 weighted 
images and a high SI value on T2-weighed fat-saturated 
MRI in the sagittal plane, in comparison with the equiva-
lent values in normal bone marrow [5,6,15]. MRI exami-
nations were performed at the first visit and were repeated 
after 1 month. The interval changes in the SI values of 
BME on the follow-up magnetic resonance (MR) images 
were compared with the SI values of BME on the images 
obtained at the first visit. CT examinations were complet-
ed at the time of the first visit and then again at 3 months. 
Bone union was assessed as per the continuity of the bony 
trabecular on CT at 3 months.

3. Contrast ratio on magnetic resonance imaging

The SI values of the BME on the sagittal view of T2-
weighed fat-saturated MRI in spondylolysis patients were 
obtained; the regions of interests (ROIs) were manually 
placed in the center of the BME and measured (SIedema). 
ROIs of >50 pixels were taken for each point owing to de-
creased bias of the image. The SI values of the pedicle at the 
adjacent normal levels were obtained, and the ROIs were 
taken (SIcontrol). The SI values of the spinal cord at the T12 
level were also obtained, and the ROIs were taken (SIcord) 
(Fig. 1). Spinal surgeons with experience >15 years (N.K. 
and K.N.) performed the two radiological examinations for 
every patient. The observers were blinded to patient data. 
The average SI values of the two observers were used in 
this study. The CR values of BME and the normal pedicle 
in spondylosis patients were calculated using the SI values 
of the spinal cord as per the following formulae [6-8]:

CRedema=(SIedema–SIcord)/(SIedema+SIcord)
CRcontrol=(SIcontrol–SIcord)/(SIcontrol+SIcord)
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4. Statistical analyses

For data analyses, we compared the parameters of the 
edematous area and normal area. The data were analyzed 
using the Mann-Whitney U-test. Statistical significance 
was defined as p<0.05 for a two-sided hypothesis. All the 
data are expressed as the mean±standard deviation values.

Results

1. Clinical and radiological findings

The study population comprised 32 men and one woman; 
the mean patient age was 15.2 years (range, 12–18 years). 
The athletic events comprised 18 football, 10 baseball, two 
basketball and tennis, and one volleyball games. The level 
of sporting activity was school/club level. The spinal level of 
spondylolysis was L2 in two patients, L3 in three patients, 
L4 in seven patients, and L5 in 21 patients. The laterality of 
spondylolysis was right in 10 patients, left in seven patients, 
and both in 16 patients. Staging based on CT showed early 
stage in 21 patients, progressive stage in 12 patients, and 
terminal stage in no patients. The mean duration from the 
onset of low back pain to the first MRI was 2.2 weeks (range, 
1–8 weeks). After treatment with spinal hard brace and 
restriction of sporting activity, 25 patients (75.8%) showed 
bone union on CT at 3 months (Table 1).

2. Contrast ratio on magnetic resonance imaging

The mean SI values of bone edema, normal pedicle, 
and spinal cord at the first visit were 958±83.3 (range, 
384–3,068), 389±27.3 (range, 102–707), and 338±71.8 
(range, 125–2,485), respectively (Table 2). The mean CRs 
of the bone edema and normal pedicle at the first visit 
were 0.506±0.034 (range, 0.097–0.804) and 0.137±0.057 
(range, -0.741 to 0.572), respectively. The CR value of the 
bone edema was significantly higher than that of the nor-

Fig. 1. The regions of interest were manually placed in the center of the bone 
marrow edema, adjacent to the normal pedicle and spinal cord at the T12 level 
on magnetic resonance imaging. (A) T2-weighted fat-saturated para-sagittal 
image. (B) T2-weighted fat-saturated mid-sagittal image.

A B

Table 1. Demographics of the patients

Characteristic Value

Sex

Male 32

Female 1

Age (yr) 15.2 (12–18)

Athletic events

Football 18

Baseball 10

Basketball, tennis 2

Volleyball 1

Spinal level of spondylolysis

L2 2

L3 3

L4 7

L5 21

Laterality of spondylolysis

Right 10

Left 7

Both 16

Staging based on computed tomography

Early stage 21

Progressive stage 12

Terminal stage 0

Values are presented as number of patients or number (range).

Table 2. Signal intensity values of bone edema, normal pedicle and spinal cord 
at the first visit on magnetic resonance imaging

Variable Signal intensity

Bone marrow edema 958±83.3

Normal pedicle 389±27.3

Spinal cord 338±71.8

Values are presented as mean±standard deviation.
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mal pedicle (p<0.01) (Table 3). On MRI at 1 month after 
the first visit, the CR value of the bone edema decreased 
to 0.204±0.096 (range, -0.152 to 0.517). The CR value of 
the edema at 1 month after the first visit was significantly 
lower than that at the first visit (p<0.01) (Table 4). The CR 
value at the first visit was 0.508±0.039 (range, 0.097–0.804) 
in patients with bone union and 0.498±0.076 (range, 
0.185–0.761) in patients with non-union. There was no 
significant difference in the CR values of the bone union 
and non-union groups.

Discussion

This study focused on the quantitative assessment of 
BME in the pedicle using CR on MRI for spondylolysis 
in adolescent athletes. The CR value in BME was higher 
than that in the normal pedicle, and the CR value in BME 
decreased after 1 month. The CR found the quantitative 
parameter to be useful in the diagnosis and the evaluation 
of healing process in patients with spondylolysis.

In the early stage of lumbar spondylolysis, plain radiog-
raphy and CT cannot help identify the stress fracture of 
the lumbar spine. Sairyo et al. [5] reported a high signal 
change at the pedicle on T2-weighted MR images, indi-
cating early diagnosis of lumbar spondylolysis. Moreover, 
they pointed out that the high signal change at the pedicle 
on T2-weighted MR images might be a good indicator of 
whether conservative treatment will achieve bony union 
[6]. Generally, insufficient fracture shows high signal 
change on T2-weighted MRI, although there is no obvi-
ous change on CT and plain radiogram [16]. Craig et al. 

[17] reported that the stress fracture also showed high 
signal changes on T2-weighted MRI in the bone marrow 
around the fracture site and concluded that a high sig-
nal change indicated BME. BME is regarded as both, an 
early response to a stress fracture in lumbar spondylolysis 
patients and a reliable diagnostic tool for detecting early 
spondylolysis in pediatric patients.

BME was first reported in 1988, based on MRI exami-
nation. BME was often characterized by pain and was 
considered to be the inflammatory reaction of the bone 
marrow [15,18,19]. In elderly degenerative lumbar sco-
liosis patients, BME is more frequently present on the 
concave side than on the convex side of scoliosis, and it is 
closely associated with the presence of low back pain [20]. 
The conclusion was that biomechanical stress loaded on 
the concave side of the lumbar spine might cause BME 
and low back pain in degenerative lumbar scoliosis. In the 
histopathological findings of BME, the area of high signal 
pattern observed on T2-weighed fat-saturated MRI may 
be related to the replacement of normal fatty bone mar-
row by water-rich material [21]. As per research, there is 
presence of lymphocytic infiltrates, fibrosis, increased vas-
cularization, and reduced mineralized bone in histologi-
cal samples [19]. BME is also reportedly characterized by 
water-rich material, reflecting increased organ vascularity 
that accompanies increased bone turnover [22]. However, 
the real pathological significance of BME remains unclear.

Although it is useful to detect BME on MRI in early 
spondylolysis, it is difficult to compare BME directly using 
images. There is no appropriate quantitative methodol-
ogy for evaluating the SI on MRI. We could not compare 
the absolute SI values of the lesions in individual patients 
because the SI values could be diversely altered, with bal-
ance changes detected on MRI and patients with differing 
absolute SI values on MRI [23,24]. SI value changes could 
not reflect the exact individual differences among patients. 
However, it is widely thought that CR provides more ob-
jective and quantitative parameters [7-9]. However, few 
studies have reported on CR in spinal medicine [12,13]. 
In our study on spondylolysis patients, the CR values of 
BME were higher than those in the normal pedicle, and 
they decreased over a period of 1 month. We could detect 
BME quantitatively, and we demonstrated a reduction in 
the CR values of BME after treatment of spondylolysis. 
The CR was found a useful quantitative parameter for 
evaluating the healing process in spondylolysis.

The treatment goal of lumbar spondylolysis is the 

Table 3. Contrast ratio of bone edema and normal pedicle at the first visit on 
magnetic resonance imaging

Bone marrow edema Normal pedicle p-value

Contrast ratio 0.506±0.034 0.137±0.057 <0.01**

Values are presented as mean±standard deviation.
**p-value <0.01 was defined as statistically significant.

Table 4. Contrast ratio value of bone edema at the first visit and 1 month later 
on magnetic resonance imaging

First visit 1 month p-value**

Contrast ratio of bone marrow edema 0.506±0.034 0.204±0.096 <0.01

Values are presented as mean±standard deviation.
**p-value <0.01 was defined as statistically significant.
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achievement of bone union. In our study, 25 patients 
(75.8%) showed bone union on CT at 3 months. There 
was no significant difference in the CR value at the first 
visit between the union and non-union groups in this 
study. The risk factors for non-union in the patients with 
lumbar spondylolysis are multifactorial. Sakai et al. [25] 
reported that patients with L5 spondylolysis and spina bi-
fida occulta have predisposing factors in the development 
of terminal-stage spondylolysis. In order to analyze the 
detail of the correlation between the CR and bone union, 
we need to conduct studies on a larger sample in the fu-
ture.

There are certain limitations of our study. First, there 
may have been some variations in the ROI values, de-
pending on the observer. In order to decrease the image 
bias, the ROIs of over 50 pixels for each point were taken, 
and radiological examinations were performed by two 
senior spinal surgeons twice for every patient. The aver-
age SI values of the two observers were used. Second, the 
histopathological significance of the CR of the BME is 
unclear. Thus, there is a need to perform basic research on 
bone marrow lesions. Third, we did not evaluate the pain 
score of the patients in this study. Studies that investigate 
the details of the association of pain and CR are required 
in the future.

In conclusion, this study has demonstrated the clear 
benefits of the quantitative assessment of BME in the 
pedicle, using CR on MRI in adolescent athletes with 
spondylolysis. The CR of BME provides useful informa-
tion for diagnosis and follow-up assessment of patients 
with spondylolysis.

Conclusions

Quantitative assessment of BME in the pedicle using CR 
on MRI is a useful diagnostic tool for adolescent athlete 
patients with spondylolysis.
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