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Abstract: Subchondral insufficiency fracture (SIF) of the medial femoral condyle has been proposed to be a primary 
event in so-called ‘spontaneous osteonecrosis of the knee’. SIF is also known to be associated with bone marrow 
lesions (BML), but the detailed histopathology of the BML has not been fully clarified. We thus investigated the 
pathophysiology of BML based on MRI and histology in the 4 consecutive patients diagnosed with SIF, whose onset 
was within 4 months. In all cases, BMLs were enhanced on T1 Gd-enhanced MRI. Histologically, BMLs comprised 
serous exudate, fibrous tissue, and vascular-rich granulation tissue in the marrow space. In addition, a lower signal 
intensity line was observed within the BML in all cases on T1 MRI. Histologically, this line showed thickened bone 
trabeculae accompanied by fibrovascular tissue in two cases, while the other two cases showed formation of wo-
ven bone trabeculae around the original fractured bone trabeculae indicating the presence of another fracture in 
the bone marrow space. In summary, BML in SIF was considered to be a secondary phenomenon resulting from a 
subchondral fracture.
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Introduction

Spontaneous osteonecrosis of the knee was 
first described in 1968, and had originally been 
considered to be osteonecrosis resulting from 
ischemia [1]. However, a histologic study sug-
gested that the primary event in spontaneous 
osteonecrosis of the knee was not ischemia, 
but a subchondral insufficiency fracture (SIF) 
[2]. This concept has been confirmed by further 
histological studies [3-7] as well as the mag-
netic resonance imaging (MRI) studies [8-13]. 

The characteristic MRI appearance of SIF is the 
presence of a fracture line showing low signal 
intensity on T1 MRI [14]. SIF has also been 
known to be associated with a bone marrow 
edema pattern on MRI [2-15], which has been 
recognized as a bone marrow lesion (BML) [14-
16]. However, the detailed histopathology of 

the BML has not been fully clarified, since previ-
ous histologic studies have mainly focused on 
the fractured lesion in terms of the presence of 
necrosis and osteopenia based on various con-
ditions, including spontaneous osteonecrosis, 
postmenisectomy osteonecrosis, and bone br- 
uising [2-4, 6, 7, 17, 18].

In addition, within BMLs, the presence of anoth-
er lower signal intensity line has been reported 
based on T1 MRI, and was speculated to re- 
present a fracture line within the BML [14]. 
However, the pathophysiology of this lower sig-
nal intensity line was not histologically evalua- 
ted.

The purpose of this study was to evaluate the 
histopathology of the BML as well as the lower 
signal intensity line on T1 MRI using Gd-MRI 
and a bone biopsy. 
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Material and methods

Subjects

The present study was approved by the institu-
tional review board of our institution (IRB ID: 
2017M076), and informed consent was ob- 
tained from all participants. The study included 
four consecutive patients with SIF (one male 
and three females; mean age 67 years, range 
54-74 years). All patients underwent both radio-
logic and histologic examinations in our institu-
tion between December 2017 and May 2018. 
The assessed clinical characteristics included 
sex, age at presentation, and duration between 
the onset of pain and surgery (Table 1).

The diagnosis of SIF was made based on previ-
ously reported criteria [1], namely, older 
patients with acute onset of pain localized in 
the medial condyle of the knee, absence of 
antecedent trauma, no history of excessive cor-
ticosteroid administration or alcohol intake, 
presence of collapse in the medial femoral con-
dyle on plain radiography, and a subchondral 
fracture line on MRI.

Surgical indication and procedure 

Our indication for the surgical treatment (open-
ing wedge high tibial osteotomy) for SIF includ-
ed persistent pain over two months as well as 
the appearance of a collapse of the medial 
femoral condyle on radiographs.

We routinely performed arthroscopy before 
opening wedge high tibial osteotomy to assess 
the cartilage surface and meniscal tear, and to 
obtain a biopsy for decompression. After the 
arthroscopic procedure, a conventional open-
ing wedge high tibial osteotomy was performed 
in all cases [19].

graphs as an indicator of lower limb alignment 
[21].

The duration from the onset of pain to MRI eval-
uation was assessed. Both conventional and 
Gd-enhanced MRI were performed using an 
Ingenia 1.5-Tesla system (Philips Medical 
Systems) in case 1, an Achieva 1.5-Tesla sys-
tem (Philips Medical Systems) in cases 3 and 4, 
and a Discovery 3.0-Tesla system (GE Medical 
Systems) in case 2. After conventional MRI, 
Gd-enhanced MRI was performed by injecting 
gadobutrol (Gadavist; Bayer Healthcare Pha- 
rmaceuticals, Wayne, NJ) at a dose of 0.1 
mmol/kg bodyweight. The MRI sequences used 
with the 1.5-Tesla and 3.0-Tesla systems were 
T1-weighted spin-echo images (TR range/TE 
ranges: 400-515/8.8-15 and 719-835/9.5-10, 
respectively) in coronal and sagittal phases, as 
well as in Gd-enhanced MRI. The slice thick-
ness was 4.0 mm for both the coronal and sag-
ittal images. 

An osteochondral pillar biopsy (bone cylinder) 
was obtained from the affected BML at the 
time of surgery. Each specimen was long 
enough to include the BML. All specimens were 
fixed in 10% formalin solution and decalcified in 
5% nitric acid solution. Specimens were embed-
ded in paraffin, sectioned, and sections were 
stained with hematoxylin and eosin. The biopsy 
specimens were histologically examined by a 
pathologist with more than 30 years’ ex- 
perience.

Results

Radiological findings

Radiologic data are shown in Table 2. All cases 
showed a subchondral collapse in the medial 
femoral condyle. 

Table 1. Clinical characteristics of four consecutive pa-
tients with spontaneous osteonecrosis of the knee

Case number Sex, age 
(years)

Affected 
side

Duration between onset of 
pain and surgery (months)

1 F, 74 R 2
2 F, 68 R 2
3 F, 72 L 3
4 M, 54 L 4
The case numbers were assigned in ascending order of the time be-
tween the onset of pain and surgery.

Radiological and histological assess-
ment

Patients routinely underwent radiogra-
phy comprising anteroposterior, lateral, 
and Rosenberg views, and standing 
lower limb radiographs. Anteroposterior 
radiographic findings were used to 
divide the cases into four categories in 
accordance with the Koshino classifica-
tion [20]. The femorotibial angle was 
measured on standing lower limb radio-
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MRI findings

The average duration from the onset of pain to 
the MRI was 2.75 months. All cases showed a 
diffuse low signal intensity on T1 MRI and high 
intensity on T2 MRI in the medial femoral con-
dyle. In addition, a lower signal intensity line 
was observed on T1 MRI within the BML in all 
cases (Figures 1, 3). 

On Gd-enhanced MRI, BMLs were uniformly 
enhanced in all cases, but the small area 
around the subchondral fracture was not 
enhanced in cases 3 and 4 (Figure 3C). The 
lower signal intensity line was enhanced in one 
case, partly enhanced in two, and not enhanced 
in one (Table 2). 

Histological findings

Histologic findings are shown in Table 3. All 
cases showed a fracture line associated with a 

fracture callus, reactive cartilage, and dense 
fibrous tissue in the subchondral area (Figures 
2B, 4B). Fracture-related small foci of bone and 
bone marrow debris were observed in the focal 
area around the fracture (Figure 4B). The bone 
marrow space was filled by serous exudate, 
fibrous tissue, and vascular-rich granulation tis-
sue, which corresponded to the BML on MRI.

The histology of the lower signal intensity line 
on T1 MRI indicated thickened bone trabeculae 
accompanied by fibrovascular tissue in the 
bone marrow space in two cases (Figure 2C), 
while the other two cases (cases 3 and 4) 
showed the formation of woven bone trabecu-
lae around the original fractured bone trabecu-
lae (Figure 4C).

Discussion

We investigated the pathophysiology of BMLs 
based on MRI and histology. Histologic exami-

Table 2. Radiological findings

Case Radiographic 
Stage

Duration until contrast 
MRI (months)

Conventional T1-weighted MRI Gadolinium-enhanced T1-weighted MRI
Low intensity area Lower intensity line Low intensity area Lower intensity line

1 2 2 + + Enhanced Not enhanced 
2 2 2 + + Enhanced Enhanced 
3 2 3 + + Enhanced Partly enhanced 
4 2 4 + + Enhanced Partly enhanced 

Figure 1. Images and histology of a 68-year-old female (case 2). A. Anteroposterior radiograph of the right knee 
shows flattening and slight sclerotic change (arrow) of the medial condyle. B. T1-weighted MRI coronal slice shows 
diffuse low intensity at the medial femoral condyle, with an associated lower intensity line at 5.0 mm from the ar-
ticular surface (arrow). C. Gadolinium-enhanced T1-weighted MRI shows enhancement of the low intensity areas. 
D. An osteochondral pillar obtained from the affected area at the medial condyle. Biopsy diameter is 2.4 mm and 
depth is 13 mm.
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Figure 2. A. A LOUPE image of the whole specimen (hematoxylin and eosin, ×1.25 magnification). Area “S” cor-
responds to the low intensity area on T1-weighted MRI. Area “M” corresponds to the lower intensity line on T1-
weighted MRI. B. Photomicrograph of area “S” (hematoxylin and eosin, ×40 magnification, articular cartilage at the 
bottom, and bone marrow at the top). There is a fracture line (broken line) associated with a fracture callus (arrow) 
and reactive cartilage (arrowheads). C. Photomicrograph of area “M” (hematoxylin and eosin, ×40 magnification, 
articular cartilage at the bottom, and bone marrow at the top). Several thickened trabecular bones (arrowheads) are 
observed, and fibrovascular tissue is observed in the marrow space (asterisk).

Figure 3. Images and histology of a 72-year-old female (case 3). A. Anteroposterior radiograph of the left knee shows 
flattening and slight sclerotic change (arrow) of the medial condyle. B. T1-weighted MRI shows diffuse low intensity 
at the medial femoral condyle, with an associated lower intensity line (arrow), and a lower intensity area around the 
articular cartilage (arrowhead). C. Gadolinium-DTPA-enhanced T1-weighted MRI. The low intensity area is enhanced, 
while the lower intensity line (arrow) is partly enhanced and the small area around the articular surface (arrowhead) 
is not enhanced. D. An osteochondral pillar obtained from the affected area at the medial condyle. Biopsy diameter 
is 2.4 mm and depth is 14 mm.

nation of the BMLs showed edematous tissue 
associated with fibrosis and vascular tissue in 

the bone marrow. Such an edematous change 
in the marrow space is known to be caused by 
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Table 3. Histological findings at the low intensity area and the lower intensity line on T1-weighted MRI

Case
Low intensity area 

Lower intensity line 
Subchondral area Proximal bone marrow area

1 Fracture line associated with fracture callus and reactive cartilage Serous exudate, fibrous tissue and vascular-rich granulation tissue Thickened bone trabeculae surrounded by fibrovascular tissue

2 Fracture line associated with fracture callus and reactive cartilage Serous exudate, fibrous tissue and vascular-rich granulation tissue Thickened bone trabeculae surrounded by fibrovascular tissue

3 Fracture line associated with fracture callus, fracture-related bone debris Serous exudate, fibrous tissue and vascular-rich granulation tissue Formation of woven bone trabeculae

4 Fracture line associated with fracture callus, fracture-related bone debris Serous exudate, fibrous tissue and vascular-rich granulation tissue Formation of woven bone trabeculae
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fracture [21]. Our findings indicate that the BML 
in SIF corresponded to bone marrow edema 
caused by a subchondral fracture.

A lower signal intensity line was recognized 
within the BML in all cases on T1 MRI. 
Histologically, two of four cases (cases 1, 2) 
showed thickened trabecular bone surrounded 
by fibrovascular tissues, indicating sclerotic 
changes in the process of halo formation. The 
mechanism of this phenomenon may be similar 
to that of sclerotic changes frequently seen in 
cyst formation in osteoarthritis [21, 23]. In 
addition, the lower signal intensity line was 
enhanced on Gd-enhanced MRI in one case but 
not in the other three cases. This may be 
because of variations in the degree of osteo-
sclerosis progression. 

Two cases showed the formation of woven tra-
becular bone around the original fractured 
bone trabeculae, indicating the presence of 
another fracture in the marrow space. The pres-
ence of a subchondral fracture extending into 
the proximal bone marrow has been reported in 
a previous MRI study [10]. 

The present study also reconfirmed that SIF is 
the primary event in so-called ‘spontaneous 

osteonecrosis of the knee’. Several studies 
have described the outcome and natural histo-
ry of spontaneous osteonecrosis of the knee. 
The outcome is affected by the size and width 
of the lesion, and small lesions heal under con-
servative treatment [24-27]. The healing mech-
anism of this disease is considered to result 
from reduced mechanical stress to the affect-
ed lesion without further collapse [19]. Our 
results showed that BMLs were viable, which 
may be useful information in the selection of 
SIF treatment strategy.

The present study has several limitations. First, 
the patient cohort was small. However, all four 
cases showed similar histopathologic features. 
Second, our histologic examination was per-
formed using bone biopsies and thus the exam-
ined area in each case was relatively limited. 
However, both the affected BML and the lower 
signal intensity line were included in the biopsy 
specimens. Third, the mechanism of another 
fracture within the BML was not clarified. 
Further sequential imaging studies seem to be 
necessary.

In conclusion, BML observed in SIF comprised 
serous exudate, fibrous tissue, vascular-rich 

Figure 4. A. LOUPE image of the whole specimen (hematoxylin and eosin, ×1.25 magnification). Area “S” corre-
sponds to the low intensity area on T1-weighted MRI. Area “M” corresponds to the lower intensity line on T1-weight-
ed MRI. B. Photomicrograph of area “S” (hematoxylin and eosin, ×40 magnification). There is a fracture line (broken 
line) associated with a fracture callus (arrow) and bone marrow cell debris (arrowhead). Empty lacunae are observed 
distal to the fracture line (asterisk). C. Photomicrograph of area “M” (hematoxylin and eosin, ×40 magnification). 
Woven trabecular bone formation (arrow) is observed around the original fractured bone trabeculae at 5.0-7.0 mm 
from the articular cartilage. The bone marrow space is filled with fibrovascular tissue (asterisk).
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granulation tissue, thickened bone trabeculae, 
and formation of woven bone trabeculae 
around the fractured original bone trabeculae, 
suggesting that BML in SIF is a secondary  
phenomenon resulting from a subchondral 
fracture.
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