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Abstract

Background Legg-Calvé-Perthes disease (LCP) is

thought to be associated with ischemic events in the fem-

oral head. However, the types and patterns of reperfusion

after these ischemic events are unclear.

Purposes We therefore determined whether (1) there

would be any age-related diffusion changes; (2) diffusion-

weighted MR imaging would reveal ischemic damage; and

(3) diffusion changes are correlated with prognostic MR

findings in patients with LCP.

Methods We prospectively performed conventional,

perfusion, and diffusion-weighted MR imaging studies in

17 children with unilateral LCP. We then measured the

apparent diffusion coefficient (ADC) values in the epiph-

ysis and the metaphysis, and compared them with those of

the contralateral normal side. Based on perfusion MR

imaging, we assessed reperfusion to the epiphysis as either

periphyseal or transphyseal. We studied T2-signal intensity

changes in the metaphysis and the presence of focal

physeal irregularity. We correlated diffusion changes with

reperfusion to the epiphysis, T2-signal intensity change,

and focal physeal irregularity.

Results Normal diffusion decreased with age. In LCP

hips, epiphyseal diffusion increased early and remained

elevated through the healing stage. Six of the 17 patients

who had a metaphyseal ADC greater than 50% over the
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normal side had 13 times greater odds of having an asso-

ciation with transphyseal reperfusion to the epiphysis. The

increase of metaphyseal ADC also was associated with an

increased T2-signal intensity in the metaphysis and pres-

ence of focal physeal irregularity.

Conclusions Diffusion-weighted MR imaging can be

used as a complimentary modality to evaluate ischemic

tissue damage with a potential prognostic value in patients

with LCP.

Introduction

LCP is believed to be associated with ischemic events in

the capital femoral epiphysis, delayed skeletal maturation,

and disturbance of proportionate growth in various regions

of the body [30], but its exact pathophysiology is uncertain.

Patients with LCP also have various clinical courses: some

patients never have any subsequent difficulty with the hip

throughout their lifetimes whereas others have collapse of

the femoral head leading to deformity and predisposing

them to degenerative changes in adulthood [17, 25, 29].

Current treatment strategies are directed toward mainte-

nance of femoral head sphericity during the early

revascularization period by maintaining hip motion and

containment of the collapsing femoral head in the acetab-

ulum [7, 21, 23, 27]. As the goal of treatment is to maintain

a round femoral head, an imaging modality that could

predict femoral head deformity would be beneficial in

guiding early treatment.

Plain radiography is the primary imaging modality by

which LCP is diagnosed and classified. The amount of

epiphyseal involvement [3] and height of the lateral pillar

[8] observed on plain radiographs are associated with

femoral head deformity at maturity. However, these clas-

sifications depend on the presence of early collapse of the

femoral epiphysis in the fragmentation stage, while the

goal of early treatment is to prevent collapse before

fragmentation.

Bone scintigraphy and contrast-enhanced MR imaging

are used to assess the extent of perfusion abnormality in

LCP. Some authors suggest the pattern of epiphyseal

reperfusion evaluated with those modalities could be an

important determinant of prognosis [5, 12, 24, 26]. How-

ever, in a contrast-enhanced subtraction MR imaging

study, Sebag et al. [24] suggested metabolically inactive

tissue might be enhanced by reperfusion of the necrotic

tissue. Perfusion can be influenced by vascular perme-

ability and blood volume. Thus, perfusion-based imaging

modalities alone may be limited for evaluating the amount

of ischemic tissue damage in LCP. Diffusion-weighted MR

imaging has been used to evaluate tissue breakdown

following ischemia, especially in acute stroke [4, 13, 14].

This imaging modality can detect ischemic changes in

tissue by measuring microscopic alterations in water

mobility. Its use in the musculoskeletal system previously

was limited because of magnetic susceptibility artifacts

[15], but several studies have shown various diffusion MR

sequences can be used to evaluate musculoskeletal abnor-

malities [2, 6, 16, 20, 22]. In an animal model, diffusion-

weighted MR imaging appeared sensitive to early ischemic

changes and followed a distinct time course compared with

perfusion MR imaging [9]. Perfusion varies with time from

markedly decreased to abnormally increased, whereas

diffusion remains increased shortly after the initial insult

[18]. However, diffusion change and its implications in

patients with LCP have not been much studied. A recent

study [19] showed that increased metaphyseal diffusion

was correlated with absent lateral pillar enhancement at

dynamic gadolinium-enhanced subtracted MR imaging,

although correlation with other prognostic findings of LCP

has not been studied.

Reperfusion in LCP is believed to occur by one of two

processes: recanalization of preexisting epiphyseal vessels

primarily in the lateral pillar and neovascularization

through the physis [5]. Recanalization can be detected

early in the disease, but neovascularization usually starts in

the fragmentation stage. When reperfusion occurs through

recanalization in the periphery, the prognosis is better,

particularly if the lateral pillar is preserved. MR imaging

can distinguish between the two patterns of reperfusion, but

this distinction is not possible early.

We therefore asked whether (1) there would be any age-

related diffusion changes; (2) diffusion-weighted MR

imaging would reveal ischemic damage of the femoral

head; and (3) diffusion changes are correlated with prog-

nostic findings in MR imaging in patients with LCP.

Patients and Methods

We prospectively studied the hips of 21 children being

evaluated with MRI for probable necrosis of the femoral

head showing epiphyseal abnormalities on plain radiogra-

phy. We excluded patients with conditions resulting in

marrow abnormality, such as sickle cell disease or leuke-

mia, and patients receiving medications predisposing to

avascular necrosis of the femoral head, such as steroids and

chemotherapeutic drugs. Of these, 17 children had a

diagnosis of LCP by typical radiographic findings and/or

perfusion abnormalities in bone scintigraphy. We excluded

the remaining four children, two of whom had epiphyseal

dysplasia and two with what we interpreted as a normal

radiographic variation. The mean age of the 17 patients

with LCP was 6 years (range, 2–12 years). Fifteen patients
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were boys and only one hip was involved in each child. We

established the lack of involvement of the contralateral

femoral head using normal serial radiographs and a normal

MRI examination, allowing us to use the contralateral hip

as a control. The interval between onset of symptoms and

imaging ranged from 1 day to 5.8 years (mean, 47 weeks;

median, 16.3 weeks).

All MR information was obtained from one study in each

patient. We performed MR imaging using a 1.5 Tesla system

(Signa, GE Medical Systems, Milwaukee, WI, USA) with a

phased array torso or cardiac coil. In all studies, we examined

both hips with the following sequences: spin echo

T1-weighted (repetition time [TR] = 800 ms and echo time

[TE] = 20 ms) and intermediate-weighted (TR/TE =

2500/40) imaging, spin echo fat-suppressed intermediate-

weighted (TR/TE = 4000/35) and T2-weighted (TR/TE =

4000/85) imaging, and fat-suppressed spoiled gradient

recalled (TR/TE = 140/5) imaging. Imaging parameters

included: field of view (FOV), 240 mm 9 240 mm; matrix

size, 512 9 384; slice thickness, 2 mm with a 0.4-mm

intersection gap; and two averages.

We performed diffusion-weighted MR imaging using

line-scan diffusion imaging [16] measuring diffusion in six

directions with TR/TE = 2100/70, b = 5 and 700 seconds/

mm2, 4 mm slice thickness, and 1.25 mm in-plane reso-

lution. Two images were obtained from sagittal sections in

each hip. The sequence lasted less than 10 minutes.

We performed contrast-enhanced MR imaging to eval-

uate femoral head perfusion. After manual injection of

0.2 mmol/kg of gadopentetate dimeglumine (Magnevist;

Berlex Laboratories, Wayne, NJ, USA), we obtained a

spoiled gradient echo sequence (TR/TE = 200/2, flip

angle = 608, 3 mm slice thickness) in the coronal plane.

We acquired images in the same five coronal slice loca-

tions, every minute for 5 minutes after beginning of the

injection. We also obtained fat-suppressed T1-weighted

(TR/TE = 500/9) imaging in coronal and sagittal planes.

One observer (YJK) blinded to the MR imaging find-

ings, graded the radiographic stage of the hips at the time

of MR imaging. The original Waldenström classification

[28] described the evolution period (initial and fragmen-

tation stages), healing period, growing period (healed

femoral epiphysis with open physis), and definite period

(closed physis). We used a modified Waldenström classi-

fication to grade the radiographic stage: initial stage (eight

patients), fragmentation stage (six patients), healing stage

(two patients), and residual stage (one patient). The grading

was confirmed by another independent observer (WJY).

One pediatric radiologist (JEC) assessed the signal inten-

sity (SI) of the epiphysis and the metaphysis of the femoral

head on T2-weighted images as increased, similar, or

decreased when compared with the contralateral normal

side (control), and investigated focal physeal irregularities

(increased undulation, interruption, and/or cystic changes

of the physis) using intermediate-weighted and spoiled

gradient echo images. Based on observational findings in

perfusion MR imaging [12], we determined the epiphyseal

reperfusion pattern to be either transphyseal (enhancing

vessels entering the epiphysis across the physis) or peri-

physeal (enhancing vessels entering the epiphysis lateral or

medial to the physis).

We calculated the ADC values using diffusion-weighted

MR imaging [4]. To obtain ADC values, a circular region

of interest (ROI) with a diameter of 5 mm was obtained in

the center of the epiphyseal ossification center and another

identical region was obtained in the subphyseal metaphy-

sis, approximately 1 cm distal from the physis (Fig. 1).

Care was taken not to include cortical bone or cartilage. To

assess diffusion differences between the affected and

control hips, we defined the ADC ratio by the following

equation: ADC ratio (%) = (Affected – Control)/Control 9

100. We used a metaphyseal ADC ratio greater than 50% as

an arbitrary cutoff point as smaller ratios were difficult to

perceive on the ADC maps.

In the control hips, we evaluated the normal change of

the epiphyseal ADC values with age. Regression analysis

using least square regression analysis was performed and

Pearson correlation coefficients were calculated. In the

affected hips, we compared changes of the epiphyseal ADC

values with the modified Waldenström stage. We compared

the metaphyseal ADC ratios with a reperfusion pattern to

the epiphysis, SI changes in the proximal femur, and focal

Fig. 1 Epiphyseal ADC values were obtained from a circular region

of interest (ROI) with a diameter of 5 mm set in the center of the

epiphyseal ossification center. Metaphyseal ADC values were

obtained from another identical region in the subphyseal metaphysis,

approximately 1 cm distal from the physis.
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physeal irregularity. To determine the differences of these

associations and odds ratios, we used Fisher’s exact test.

To compare ADC value differences between unaffected

and affected hips, we used the Mann-Whitney U test. All

statistical analyses were conducted using SPSS version

17.0 (SPSS Inc, Chicago, IL, USA).

Results

Normal diffusion decreased with age in the epiphysis and

metaphysis (Fig. 2).

Diffusion-weighted MR imaging revealed ischemic

damage of the femoral head in all hips with LCP (Table 1).

Epiphyseal ADC values were greater (p = 0.005) in the

LCP hips than in the control hips. Metaphyseal ADC val-

ues also were greater (p = 0.006) in the LCP hips than in

the control hips. For the LCP hips, epiphyseal ADC values

increased early in the initial stage and remained elevated

greater than 35% over the control side in all but one patient

in the residual stage (Fig. 3). In all patients, gadolinium-

enhanced imaging showed areas of decreased contrast

enhancement in the marrow of the secondary ossification

center. The metaphyseal ADC values also increased in all

hips in the initial and fragmentation stages, with wider

variations than in the epiphyseal ADC values (Fig. 4): only

six of the 17 patients (35%) had an ADC ratio greater than

50% in the metaphysis.

Diffusion changes in the metaphysis were associated

with a reperfusion pattern to the epiphysis, increased SI in

the metaphysis, and focal physeal abnormalities. Epiphy-

seal reperfusion patterns, based on observational findings

in perfusion MR imaging, were periphyseal in nine patients

(Fig. 5) and transphyseal in eight (Fig. 6). Increased

metaphyseal diffusion tended to be associated with (p = 0.05)

transphyseal pattern of reperfusion to the epiphysis:

metaphyseal ADC values greater than 50% over the control

side (ADC ratio [ 50%) had 13 times greater odds of being

associated with transphyseal reperfusion to the epiphysis.

The metaphyseal ADC ratio greater than 50% also was

associated with an increased T2-signal intensity of the

metaphysis (p \ 0.001) and the presence of focal physeal

irregularity (p = 0.035) (Table 2).

Discussion

Diffusion-weighted MR imaging, a modality used to assess

ischemic tissue damage, is reportedly sensitive to pro-

longed ischemia of the femoral head in an animal model
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Fig. 2 The graph shows normal diffusion changes with age in the

epiphysis and the metaphysis (ADC - apparent diffusion coefficient).

Table 1. ADC values

ADC Unaffected hips LCP hips p Value

Epiphyseal ADC

(910�6 mm2/second)

480 ± 177

(177–718)

854 ± 383

(194–1367)

0.005

Metaphyseal ADC

(910�6 mm2/second)

401 ± 97

(234–559)

580 ± 216

(219–984)

0.006

Values are median ± standard deviation (range).
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Fig. 3 The graph shows diffusion changes in the epiphysis with

radiographic stages of LCP. The dot plot shows that epiphyseal ADC

remains increased at least until the healing stage in all cases (ADC -

apparent diffusion coefficient; 1 - initial stage; 2 - fragmentation

stage; 3 - healing stage; 4 - residual stage).
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[9, 18]. However, diffusion change in LCP and its implications

have not been much studied [19]. We therefore attempted

to determine whether there would be any age-related dif-

fusion changes in the femoral head; whether diffusion-

weighted MR imaging would reveal ischemic damage of

the femoral head; and whether diffusion changes are cor-

related with prognostic findings in MR imaging in patients

with LCP.

Certain limitations of this study require consideration.

First, we lacked serial data in the patients studied.

A followup study in which patients will be studied seri-

ally to evaluate the course of the disease is being planned.

We hope that data obtained from longitudinal followup

studies would be used as a reference and therefore we do

not need to perform serial MR imaging studies in practice

to predict a prognosis. Second, interpretation of increased

epiphyseal diffusion could be complicated by the dual

nature of the femoral epiphysis that varies with skeletal

maturity, and individual disease progress, although we

could exclude the influence of skeletal maturity by using

the ADC ratio instead of ADC values. Third, our study is

based on line-scan diffusion, which is less prone to sus-

ceptibility artifacts and allows better sagittal and coronal

imaging than standard, more readily available diffusion-

weighted sequences based on echo planar imaging.

However, we believe that the results can be generalized,

regardless of the diffusion technique used [15]. Fourth,

we evaluated patients at different stages of the disease,

which induces variability in the results. Fifth, we used

contralateral hips as controls. We established the lack of

involvement of the contralateral femoral head using nor-

mal serial radiographs and a normal MRI examination,

but this would not exclude a possibility of subtle or

subclinical disease that might influence blood flow. Sixth,

we had no actual measures of outcome, and rather used

surrogate imaging parameters.

Our observations reveal that marrow diffusion in the

femoral heads decreases with age. Immature skeletal

structures in children, including the proximal femur, con-

tain more water than in adults, making them well suited for

evaluation. Diffusion is normally greater in areas of higher

cellularity and appears to be greater in hematopoietic than

in fatty marrow [1]. As would be expected from the greater

diffusion in hematopoietic marrow, it is not surprising that
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Fig. 4 The graph shows diffusion changes in the metaphysis with

radiographic stages of LCP (ADC - apparent diffusion coefficient;

1 - initial stage; 2 - fragmentation stage; 3 - healing stage; 4 - residual

stage).

Fig. 5A–D The MR images of a 2-year 11-month-old boy with LCP

of the left hip are shown. The (A) ADC map and a (B) gadolinium

enhanced fat-suppressed T1-weighted image of the right hip (control

side) were compared with a (C) gadolinium enhanced fat-suppressed

T1-weighted image of the left hip showing periphyseal reperfusion

(arrows) in the epiphysis and the (D) ADC map of the left hip

showing increased diffusion to the epiphysis.
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marrow diffusion decreases with age. It decreases faster in

the epiphysis, which correlates with the faster epiphyseal

marrow conversion. Such normal, age-related changes need

to be accounted for in comparing diffusion findings with

time, as may occur when monitoring disease progression.

The use of the ADC ratio for the contralateral normal side

instead of ADC values might offset the influence of normal

age-related diffusion changes in patients. We believe that

in older patients, as there is less water in the normal

epiphyseal marrow, the diffusion-weighted imaging eval-

uation of the normal epiphysis becomes less reliable. The

ischemic epiphysis, however, continues to have very ele-

vated diffusion, and therefore the technique is also useful

in older patients for whom early treatment is more

important.

Our observations also confirm diffusion MR imaging can

be used to clinically evaluate ischemia of the femoral head in

skeletally immature patients. Pathologic processes, such as

ischemia, result in cellular damage that alters the diffusivity of

water in tissues, which is measured with diffusion-weighted

MR imaging. Once there is tissue breakdown, as in long-

standing bone ischemia, diffusion increases. In two studies in

an animal model of epiphyseal ischemia in piglets, diffusion

increases above normal limits within hours after the onset of

ischemia, and remains elevated for a long period afterward

[9, 18]. In our patient population, all abnormal areas had

increased diffusion. Therefore, in the evaluation of patients

with LCP, ADC maps, which are sensitive to increased dif-

fusion, are better than diffusion-weighted images, which are

more sensitive to restrictive diffusion [15].

Metaphyseal diffusion changes had a potential prog-

nostic value in patients with LCP. Diffusion-weighted MR

imaging not only showed the increased diffusion, but also

differentiated metaphyseal from epiphyseal changes in our

patients. We found the epiphyseal ADC increased and

remained elevated throughout the course of the disease.

There is very little variation in the epiphyseal ADC values,

particularly as disease progresses. However, metaphyseal

ADC is quite variable. We suspect the variability is related

to the presence of patients with varying types of reperfu-

sion: one with transphyseal reperfusion and the other with

periphyseal reperfusion, as prior studies using other

modalities have shown [5, 12, 26]. Conway et al. [5]

suggested that the epiphyseal reperfusion pattern observed

in bone scintigraphy has a prognostic value in LCP. Some

authors support this concept through observations of serial

bone scintigraphy [26] and dynamic gadolinium-enhanced

subtraction MR imaging [12]. According to this concept,

reperfusion occurs spontaneously and follows one of three

patterns: periphyseal reperfusion involving the lateral or

Fig. 6A–D The MR images of a 6-year-old boy with LCP of the left

hip are shown. The (A) ADC map and a (B) gadolinium enhanced fat-

suppressed T1-weighted image of the right hip (control side) were

compared with a (C) gadolinium enhanced fat-suppressed

T1-weighted image of the left hip showing transphyseal reperfusion

(arrows) to the epiphysis and (D) the ADC map of the left hip

showing increased diffusion to the epiphysis and the metaphysis.

Table 2. Correlation of metaphyseal ADC ratio with prognostic

findings in MR imaging

Prognostic findings Metaphyseal ADC ratio p Value*

Greater

than 50%

Less than

or equal to 50%

Transphyseal reperfusion 0.0497

+ 5 3

� 1 8

Increased metaphyseal SI

on T2-weighted image

\ 0.001

+ 6 1

� 0 10

Focal physeal irregularity 0.0345

+ 5 2

� 1 9

ADC - apparent diffusion coefficient; SI - signal intensity; * Fisher’s

exact test.
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medial pillar, transphyseal reperfusion through the physis,

or regression from a periphyseal to transphyseal pattern.

When reperfusion occurs across the physis, there is an

increased risk of premature physeal dysfunction that leads

to femoral neck shortening and deformity. Conversely,

when reperfusion occurs in the periphery, the prognosis is

better, particularly if the lateral pillar is preserved. In our

study, metaphyseal diffusion was greater in patients with

transphyseal reperfusion than in those with periphyseal

reperfusion, suggesting that increased diffusivity of the

metaphyseal tissues may be predictive of a bad prognosis

of patients with LCP. Unlike gadolinium-enhanced imag-

ing or scintigraphy, diffusion-weighted imaging can

provide information regarding transphyseal reperfusion and

prognosis without the risks entailed by using contrast

materials or radiation. Increased diffusivity of the

metaphysis is thought to be caused by extensive ischemic

damage that appears to be represented by an increased

T2-SI in the metaphysis and a focal irregularity of the

physis [10, 11]. Our findings correspond well with those in

a recent study [19], in which cut-off ADC values were used

to determine whether the femoral heads in patients with

LCP are pathologic, and to predict prognosis of the

pathologic hips. In that study, increased metaphyseal dif-

fusion was correlated with absent lateral pillar enhancement

at dynamic gadolinium-enhanced subtracted MR imaging.

In our study, increased metaphyseal diffusion was associ-

ated not only with transphyseal reperfusion, but also with

focal physeal irregularity, suggesting that the physeal

damage and subsequent proximal femoral growth arrest are

what ultimately lead to poor prognosis in these cases.

This preliminary study showed there is an age-related

diffusion change in normal femoral heads, diffusion-

weighted MR imaging is sensitive to epiphyseal changes

and can reveal whether there are metaphyseal changes

developing that are associated with transphyseal reperfu-

sion to the epiphysis, increased T2-SI in the metaphysis, and

focal physeal irregularity in children with LCP. Diffusion-

weighted MR imaging provides information regarding

epiphyseal and metaphyseal involvement different from

that provided by perfusion studies, suggesting it can be used

as a complimentary tool to evaluate ischemic tissue damage

in patients with LCP. Additional longitudinal studies would

be essential to really understand the potential benefit of

diffusion-weighted MR imaging in identifying a poor out-

come early in the disease, and to determine whether this

method can change the treatment plan.
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