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Diffusion-Weighted MR Study of Femoral Head
Avascular Necrosis in Severe Acute Respiratory

Syndrome Patients

Nan Hong, MD,'* Xiangke Du, MD,* Zhongshi Nie, MD,? and Sijun Li, MD*

Purpose: To evaluate the apparent diffusion coefficient
(ADC) of femoral head avascular necrosis (AVN) in severe
acute respiratory syndrome (SARS).

Materials and Methods: Seventy-nine SARS patients with
hip pain underwent both conventional and diffusion-
weighted MRI (b-value = 0-1000 seconds/mm?). The ab-
normal regions on the diffusion-weighted images were out-
lined by using the conventional images as guides, and the
ADCs were calculated. The ADC differences between nor-
mal and AVN femoral heads were compared.

Results: Of the 158 hips examined, 28 had AVN (11 with
bilateral hip AVN, three with right hip AVN, and three with
left hip AVN). The mean ADC was markedly greater in the
AVN femoral head (1.66 X 1072 mm?/second = 0.20) than
in the normal femoral head (0.47 X 10> mm?/second =+
0.082; P < 0.0001). There was no overlap between the
normal and AVN femoral heads.

Conclusion: DWI can provide valuable information regard-
ing the diffusion properties of femoral head AVN, and mark-
edly increased diffusion was identified in AVN.
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FEMORAL HEAD AVASCULAR NECROSIS (AVN) was
recently found in some patients suffering from severe
acute respiratory syndrome (SARS) (1,2). The purpose
of this study was to determine whether the apparent
diffusion coefficient (ADC) of femoral head AVN differed
from that of normal femoral head marrow. Most previ-
ous studies evaluated femoral head AVN using conven-
tional T1-weighted images (T1WI), T2-weighted images
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(T2WI), and short-tau inversion recovery (STIR) se-
quences. Recently, diffusion-weighted MRI (DWI) has
been used to study bone marrow (3-7). Because DWI
reflects the random translational motion of the diffu-
sion-driven water molecules within the tissue struc-
ture, we believed it could provide information about the
differences between normal and pathologic tissues, and
thus reveal the diffusion characteristics of femoral head
AVN.

MATERIALS AND METHODS
Patients

The study group consisted of 79 SARS patients who fit
the World Health Organization (WHO) case definition
for SARS (8). The 79 patients included 60 women (age
range = 21-63 years, mean age = 32.95 = 8.69 years)
and 19 men (age range = 21-52 years, mean age =
30.84 * 7.82 years), with an overall age range of 21-63
years and mean age of 32.44 + 8.49 years. None of the
patients reported alcohol or intravenous drug abuse,
and none had pre-SARS joint pain. Our institutional
review board approved the study, and informed consent
was obtained from each patient.

MRI Protocol

All 79 patients underwent MRI of the hips. The mean
time for performing the MRI examination was 133 days
after SARS or 131 days after steroid use. MRI was per-
formed with a 1.5 T SIGNA CVi imager (GE Medical
Systems, Milwaukee, WI, USA) equipped with a
shielded magnetic field gradient of up to 40 mT/m. A
body coil was used. All MRI examinations were per-
formed using the following preset protocols: coronal
T2-weighted fast spin-echo sequence (TR/TE = 3400/
100 msec, 5-mm section thickness, 0.5-mm section
gap, echo train length = 16, 256 X 224 matrix, 400-mm
field of view (FOV), acquisition time = 1 minute 5 sec-
onds); coronal STIR fat-suppressed sequence (TR/TE =
3420/100 msec, 5-mm section thickness, 0.5-mm sec-
tion gap, echo train length = 16, 256 X 224 matrix,
400-mm FOV, acquisition time = 1 minute 6 seconds);
coronal T1l-weighted spin-echo sequence (TR/TE =
460/8.3 msec, 5-mm section thickness, 0.5-mm sec-



662

tion gap, 256 X 224 matrix, 400-mm FOV, acquisition
time = 1 minute, 11 seconds), followed by an axial
T1-weighted spin-echo sequence (TR/TE = 540/8.3
msec, 5-mm section thickness, 1.5-mm section gap,
256 X 224 matrix, 400-mm FOV, acquisition time = 2
minutes 4 seconds); and an axial diffusion-weighted
echo-planar imaging (EPI) sequence (TR/TE = 4000/76
msec, 5-mm section thickness, 1.5-mm section gap,
128 X 128 matrix, 400-mm FOV, with a b-value of 1000
seconds/mm?, number of excitations (NEX) = 2, acqui-
sition time = 32 seconds), and bandwidth = 145 kHz.
Diffusion gradients were applied along the three orthog-
onal (x, y, and z) directions, generating three images for
each slice, together with an acquisition without diffu-
sion weighting (b-value = 0).

MR Image Evaluation

The diagnosis of AVN was based on MRI criteria for AVN
(9). Two experienced radiologists independently evalu-
ated the conventional MR images and radiographs. The
discordant cases were evaluated again in concert to
reach a consensus diagnosis. The data were transferred
to a PC workstation (Sun Microsystems, AW4.0_02)
where the DWI data were postprocessed using Functool
2 (GE Medical Systems, Milwaukee, WI, USA). EPI dis-
tortion was corrected automatically. A user-defined ROI
was placed in the center of the lesion, and the largest
fitting circle or ellipse was positioned centrally. Since
the margins of the lesions were irregular, ROIs could
not be made with the same size and shape. The ROI
selections were guided with the use of conventional
T1WI, T2WI, and fat-suppressed STIR images, match-
ing the coordinates of the lesions, and with the operator
blinded to the ADC map signal. The same circle was
then moved over the same area on the contralateral
(normal) hip for measurement of the ADC. The average
ADC is the mean diffusivity of three main diffusion
directions (Dxx, Dyy, and Dzz), which indicates the
overall evaluation of diffusion ability in each voxel. ADC
was calculated using the following formula: ADC =
(Dxx + Dyy + Dzz)/3, where Dxx, Dyy, and Dzz are the
mean ADCs in the x, y, and z directions, respectively.
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Figure 1. MR images of the hip
of a 28-year-old man with
SARS. Bilateral femoral head
AVN was identified. Coronal
T1WI (TR/TE = 460/8.3 msec)
(a), coronal T2WI (3400/100)
(b), coronal fat-suppressed
STIR (TR/TE = 3420/100
msec) (¢), and axial TIWI (TR/
TE = 540/8.3 msec) (d) show
AVN of the bilateral femoral
head. e: Axial ADC map (TR/
TE = 4000/76 msec, b = 0, and
1000 seconds/mm?) shows a
marked localized increase (ar-
row) in diffusion.

Statistics

A statistical analysis of the ADC was performed using
Student’s t-test. A P-value < 0.05 was considered sig-
nificant.

RESULTS

AVN was identified in 28 of the 158 hips examined
(17.72%, 11 patients with bilateral femoral head AVN,
and six patients with ipsilateral femoral head AVN). All
of the lesions were in class A according to the Mitchell
classification system (10). A “double-line” sign (hyper-
intense inner border inside a hypointense margin) was
seen in all hips on T2WI, and the margins of all the
lesions were hyperintense on fat-suppressed STIR im-
ages. Increased signal intensity could be seen on ADC
maps (Fig. 1). The mean ADC of the normal femoral
head was 0.47 X 10~ mm?/second + 0.082. In patients
with AVN, the mean ADC was markedly increased, with
a mean value of 1.66 X 102 mm?/second * 0.20. The
difference between these two entities was statistically
significant (P < 0.0001). There was no overlap between
the normal and AVN femoral heads (Fig. 2).

ADC (X107% o /mec)

Femoral head AVN Normal femoral head

Figure 2. Graph showing the ADC values of femoral head AVN
and normal femoral head.



Assessment of Diffusion Properties

DISCUSSION

The coronavirus has been found to be the primary
cause of SARS (11-13). Recently, AVN was found in
SARS patients (1,2). AVN represents a compromised
circulation of blood to an area of bone. Existing hypoth-
eses regarding its pathogenesis include vascular
thrombosis, fat embolism, and vasculitis (9,14); how-
ever, the precise mechanism behind the development of
AVN in SARS patients is still not clear. One study sug-
gested that the use of steroids may be a factor (2).
Another recent study reported that angiotensin-con-
verting enzyme 2 is a functional receptor for the SARS
coronavirus (15), which suggests that the coronavirus
itself may lead to the development of AVN.

DWI is an MRI technique that allows the noninvasive
examination of tissue structures at a molecular level
(16). By applying equal and opposite gradients on either
side of a refocusing lobe in a standard pulse sequence,
diffusion sequences can identify subtle interstitial
movement of water. In the absence of motion, tissue
that is initially dephased becomes rephased by an ap-
plied equal and opposite gradient. In contrast, in the
presence of motion, protons in tissue that is initially
dephased do not become rephased by the equal and
opposite gradient. The amount of recorded signal loss
resulting from movement between the gradients is used
as a marker of cellular diffusion or interstitial move-
ment of water, and allows indirect evaluation of the
tissue structure (17). The degree of signal attenuation
due to diffusion in a voxel on a DWI sequence is loga-
rithmically dependent on the ADC of that voxel and the
b-value (18).

DWI was recently introduced for the evaluation of
bone marrow (3-7). Some studies used DWI to evaluate
vertebral compression fractures and showed that
pathologic compression fractures were hyperintense,
but that benign compression vertebral fractures were
relatively hypointense (4). These studies suggest that
hypercellularity by tumor cells reduced the extracellu-
lar space and mobility of water protons, leading to hy-
perintense diffusion-weighted images. Another study
found that metastases could be either hypointense or
hyperintense on DWI (3). Jaramillo et al (7) studied
changes in diffusion with increasing duration of femo-
ral head ischemia in piglets, and found that ADC de-
creased 26% after three hours of maximal abduction,
and increased a mean of 27% after six hours and a
mean of 75% after 96 hours after femoral neck ligature
(7). The time-dependent changes in diffusion may re-
flect restriction of diffusion by cytotoxic edema, and
tissue destruction leading to increased diffusion. A
study by Nonomura et al (19) suggested a positive cor-
relation between ADC value and bone marrow cellular-
ity, with that fatty marrow having more restricted dif-
fusion.

The normal femoral heads were hypointense on both
the DWI and STIR images because the fat marrow sig-
nal was suppressed and the amount of free proton was
negligible in the interstitial space, and thus the ADCs of
the normal femoral head were low. One study revealed
that the mean ADC values were 0.23 X 10> mm?/
second in normal vertebral bodies (18), which is a lower
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value than that in our study. In our study the mean
ADC in the normal femoral head was 0.47 X 10~ mm?2/
second. The difference is probably due to the difference
in hematopoietic states between the two studies.

Hematopoietic cells are sensitive to anoxia and usu-
ally die within 6-12 hours after the blood supply is
removed. Osteocytes usually die within 12-48 hours,
and marrow fat cells usually die within five days (20).
Repair begins at the interface between necrotic and
viable bone. Capillaries and undifferentiated mesen-
chymal cells grow into the dead marrow spaces, the
macrophages degrade dead cellular and fat debris, and
then mesenchymal cells differentiate into osteoblasts or
fibroblasts (21). In our study the mean ADC in AVN was
markedly increased compared to the normal femoral
head (1.66 X 102 mm?/second vs. 0.47 X 102 mm?2/
second, P < 0.0001). In normal conditions, the trabec-
ulae and fat cells may cause structural tortuosity, but
when hematopoietic cells, osteocytes, and marrow fat
cells die, the matrix components break down and the
water diffusion in bone marrow becomes more active
(20), leading to increased diffusion and an increased
ADC. One study suggested that a smaller b-value in-
creased the influence of perfusion but decreased the
sensitivity to diffusion (22). When repair begins, capil-
laries grow into the dead marrow spaces. This perfusion
effect could also be one of the reasons for the increased
ADC values in our study, even though a high b-value
(1000 seconds/mm?) was used. Technical reasons may
also account for differences in ADC values between
various studies, such as an increased diffusion fraction
and a decrease of perfusion contribution by sampling
with multiple high b-value acquisitions, correction of
bulk motion, T2 shine-through, etc.

There are several limitations to this study. First, we
were unable to obtain histologic proof because no bi-
opsy was performed. Second, limited spatial resolution,
large magnetic susceptibility, and chemical shift arti-
facts may have resulted in severe geometric distortion
and signal dropout (23). Third, because of the large
magnetic susceptibility variations in the hip, the com-
mercial EPI pulse sequence does not produce good dif-
fusion-weighted images. However, since our results
were focused mainly on the measurement of ADC val-
ues, the image quality was not vitally important to this
study.

In conclusion, although conventional MRI is already
a good tool for diagnosing AVN, the increased diffusion
identified in AVN by DWI in this study suggests that
DWI may be able to reveal the characteristics of femoral
head AVN and thus provide additional information for
such a diagnosis.
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