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Background:  Outcome  prediction  at the  early  sclerotic  stage  of  Legg-Calvé-Perthes  disease  (LCPD)  is valu-
able to  select  patients  likely  to benefit  from  early  surgery.  The  metaphyseal  apparent  diffusion  coefficient
(ADC)  ratio  correlated  significantly  with  Herring’s  classification  of LCPD  in a preliminary  study  of  49  MRIs,
in  which  values  greater  than  1.63 were  associated  with  poor  outcomes.  The  objective  of  this  study  was
to determine  whether  the femoral  neck  ADC  ratio,  with  the  1.63  cut-off,  determined  at the  initial  stage
of  LCPD  correlated  with  medium-term  radiographic  outcomes.
Hypothesis:  The  metaphyseal  ADC  ratio  correlates  significantly  with  medium-term  radiographic  out-
comes  of LCPD.
Materials  and  methods:  A prospective  study  was  performed  in 27  children  (mean  age,  13  years;  range,
9.5–16  years)  who  underwent  49  MRIs at  the sclerosis  or  fragmentation  stage  of  unilateral  LCPD.  ADCs
measured  bilaterally  at  the  femoral  head  and  neck  were  used  to compute  the  corresponding  ADC  ratios
between  the  affected  and  unaffected  sides.  The  patients  received  regular  follow-up  for  at  least  5  years.
The  correlation  between  the  ADC  ratios  and  Stulberg  grade  at last  follow-up  was  assessed.
Results:  After  a mean  follow-up  of 6.8 years  (range,  5.2–8.4  years)  from  the  date  of  the first  MRI,  13  hips
were  Stulberg  1  or 2, 13 were  Stulberg  3 or  4, and  1 was  Stulberg  5.  The  metaphyseal  ADC  ratio  increased
significantly  with  the  Stulberg  grade  (p  <  0.01).  When  only  MRIs  obtained  at the  early  stage  of  sclerosis
were  considered,  the  correlation  remained  significant  (p = 0.03).  It was  also  significant  in the  subgroup  of
surgically  treated  patients  (p <  0.0001)  but  was  not significant  in the  subgroup  without  surgery  (p =  0.51).
A metaphyseal  ADC  ratio  greater  than  1.63 was  associated  with  a worse  Stulberg  grade  (p =  0.02).
Discussion/conclusion:  Diffusion-weighted  MRI  is  a non-irradiating  and  non-invasive  investigation  that
contributes  to the  management  of  LCPD  when  used  in  combination  with  morphological  MRI  sequences.

Elevation  of the  femoral  neck  ADC  is  a finding  of  adverse  prognostic  significance  that  correlates  with
Herring’s  grade  at the  fragmentation  stage  and  with Stulberg’s  grade  at the  healed  stage.  Early  ADC
elevation  in  the  affected  femoral  neck  can  serve  to  select  those  patients  most  likely  to  benefit  from  early
surgery  before  the  fragmentation  stage,  i.e.,  before  Herring’s  classification  can  be  applied.
Level  of evidence:  III, prospective  uncontrolled  study  3.

© 2019  Elsevier  Masson  SAS.  All  rights  reserved.
. Introduction

Legg-Calvé-Perthes disease (LCPD) is a childhood form of idio-
athic avascular necrosis of the femoral epiphysis that can result
n femoral head deformity with joint incongruity responsible for
arly osteoarthritis [1,2]. Today, the challenge no longer resides
n establishing the diagnosis but consists instead in identifying
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early outcome predictors. Indeed, when applied early, treatments
designed to reduce loads at the initial phase of blood supply dis-
ruption are key to the prevention of permanent joint abnormalities
[3,4]. The radiographic appearance of the lateral pillar used in
Herring’s classification can be assessed only relatively late in the
disease course, after fragmentation has developed [5,6].

As a complement to radiography, magnetic resonance imag-

ing (MRI) has been proven valuable for establishing the diagnosis
and predicting the outcome of LCPD. Diffusion-weighted MRI  (DW-
MRI) to assess ischaemia-related tissue damage was first validated
in patients with stroke [7] then investigated in animal models of
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Fig. 1. Legg-Calvé-Perthes disease of the left hip in an 8-year-old. A. Antero-
posterior and lateral radiographs at presentation at the stage of sclerosis. B. MRI,
T1-weighted sequence at the stage of sclerosis: low-intensity signal from the
femoral epiphysis. C. Diffusion-weighted MRI  with ADC map, axial slice through the
metaphysis: high signal on the affected side (ADC ratio, 3.44). D. Antero-posterior
radiographs at the fragmentation stage 8 months after the MRI: Herring group B. E.
48 G. Gracia et al. / Orthopaedics & Traumat

one ischaemia [8–10]. DW-MRI to image bone lesions has many
pplications [11–14], notably in paediatrics [15,16]. Among the
ew published studies of DW-MRI in LCPD, two have established
hat an early increase in the metaphyseal apparent diffusion coef-
cient (ADC) was associated with greater severity as assessed by
atterall’s [17] and Herring’s [6] classifications. Findings from DW-
RI  and gadolinium-enhanced MRI  have been compared in two

maller studies. In one of them, ADC measurement was  as sensitive
s gadolinium enhancement of the lateral pillar for the diagnosis
f LCPD, but the ADC seemed more sensitive to changes induced
y metabolic variations [18]. The other study was a preliminary
rospective investigation of 31 children with unilateral LCPD [19].
ilateral ADC measurements at the head and femoral neck were
sed to compute the ratio of ADC values between the affected and
naffected sides. The metaphyseal ADC ratio (mADCr) showed a
ignificant positive correlation with Herring’s classification, with
alues above 1.63 being significantly associated with Herring’s B-

 and C groups. Inter-observer reproducibility was excellent, with
n intra-class coefficient of 0.87. The epiphyseal ADC ratio (eADCr)
as not significantly associated with Herring’s grade.

The objective of this study was to determine whether the
ADCr, with the 1.63 cut-off, determined at the initial stage of

CPD, correlated with medium-term radiographic outcomes. The
orking hypothesis was that the mADCr correlated significantly
ith medium-term radiographic outcomes of LCPD.

. Material and method

The present study was performed on the same 31 patients
ith unilateral LCPD included prospectively in the previous work

etween November 2008 and November 2011 [19]. There were 25
oys and 6 girls (male-to-female ratio, 4:1). Of the 31 affected hips,
6 were Herring A or B, 3 were Herring B-C, and 12 were Herring
. Of the 49 MRI  scans available for these 31 hips, 16 were obtained
ithin the first 6 months of disease onset, during the sclerotic
hase, and 33 were obtained 4 to 12 months after disease onset,
uring the fragmentation stage.

Triple pelvic osteotomy (TPO) was performed in 15 (48%)
atients, at a mean time since diagnosis of 11.5 months. The
emaining 16 (52%) patients were managed non-operatively. Deci-
ions to perform TPO were guided by well-established outcome
redictors (age at symptom onset, Catterall’s grade and Herring’s
roup, head-at-risk signs, and eccentric head position) and by the
references of the surgeon in charge of the patient.

The last evaluation was performed at least 5 years after study
nclusion. Radiographs obtained at last follow-up were used to clas-
ify the hips according to Stulberg et al. [1] (Fig. 1). Data at last
ollow-up were available for 27 (87%) patients, 23 boys and 4 girls;
he remaining 4 patients were lost to follow-up. Mean age was  5.2
ears range, 2.5–10.5 years) at symptom onset and 13 years (range,
0.5–16.0) at last follow-up. Mean time from the first MRI scan to

ast follow-up was 6.8 years (range, 5.2–8.4 years).

.1. Statistical analysis

The patient features were described as number (%) for qualita-
ive variables and mean ± SD for normally distributed quantitative
ariables. The Kruskal-Wallis test was chosen to assess associations

inking mADCr values to Stulberg’s class and surgical treatment.
alues of p < 0.05 were considered to indicate significant differ-
nces. The statistical analyses were run on STATA software, release
1.0 (STATA Corporation, College Station, TX, USA).
Radiographs 6 years after the MRI  and after triple pelvic osteotomy: Stulberg class
3.

3. Results

Of the 27 hips evaluated after at least 5 years, 6 were Stul-
berg 1, 7 were Stulberg 2, 7 were Stulberg 3, 6 were Stulberg 4,
and 1 was Stulberg 5. The mADCr increased significantly as the
Stulberg class increased (p < 0.01) (Fig. 2). This positive correla-
tion was  replicated in the subgroup of 16 patients whose MRI
scan was performed at the initial stage of sclerosis (p = 0.03). The
mADCr cut-off of 1.63 determined in the preliminary study [19]
proved also valid for predicting medium-term radiographic out-
comes: thus, the Stulberg classes were significantly higher in the
subgroup of patients with values above 1.63 (p = 0.002) (Fig. 3).
In the 15 (55%) patients managed by TPO, the mean mADCr was

2.15 (range, 1.36–3.44) and correlated significantly with the Stul-
berg class (p < 0.0001) (Fig. 4). The subgroup of 12 (45%) patients
managed non-operatively had a significantly lower mean mADCr
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Fig. 2. Correlation between the metaphyseal ADC ratio and Stulberg’s class.
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Fig. 4. Correlation between the metaphyseal ADC ratio and Stulberg’s class in the
subgroup of 16 patients managed non-operatively.
ig. 3. Distribution of Stulberg classes according to the metaphyseal ADC ratio.

f 1.66 (range, 1.15–2.43) (p = 0.0008), which had no significant
ositive correlation with the Stulberg class (p = 0.51) (Fig. 5). An
ADCr above 1.63 was significantly associated with surgical treat-
ent (p < 0.0001) and predicted surgery with 92% sensitivity and

6% specificity.

. Discussion

The findings from this study confirm the usefulness of DW-MRI
or predicting the medium-term radiographic outcome of early
CPD. Thus, our working hypothesis is confirmed. Similar to the
reviously reported significant correlation between the mADCr
nd Herring’s group at the fragmentation stage, this study demon-
trated a significant correlation of the mADCr with the Stulberg
lass at last follow-up. An mADCr above 1.63 was significantly asso-

iated with a high Stulberg class in the medium term.

Yoo et al. reported correlations linking the metaphyseal ADC to
atterns of blood supply to the femoral head [20]. In a more recent
tudy of 46 hips, an increase in metaphyseal diffusion (p = 0.003)
Fig. 5. Correlation between the metaphyseal ADC ratio and Stulberg’s class in the
subgroup of 15 patients managed by triple pelvic osteotomy.

significantly predicted femoral head deformity 2 years after symp-
tom onset [21].

ADC values at the femoral neck reflect two different phenomena,
namely, diffusion related to extension of the necrosis from the ossi-
fication centre to the growth plate and pseudo-diffusion related to
revascularisation. High femoral-neck ADC values were significantly
associated with surgical treatment in our population (p < 0.0001).
Thus, elevation of the femoral neck ADC seems to reflect transphy-
seal revascularisation by newly developed vessels, which indicates
a poorer prognosis, as shown by scintigraphy studies [22,23]. Yoo
et al. suggested that a metaphyseal ADC increase greater than 50%
of the normal side may  indicate transphyseal revascularisation and,
therefore, a poorer prognosis [20].

As the mADCr depends on multiple factors, a cut-off is challeng-
ing to determine. Technical factors include the type of antenna,
the sequence chosen, and the method used to apply the diffusion
gradient [24,25]. Resolution may  be affected by the proximity of
structures exhibiting different magnetic properties at the proxi-

mal  femur. Furthermore, the ADC decreases with age due to the
conversion of hematopoietic red bone marrow to fatty bone mar-
row [20,26]. The absolute mean ADC value at the affected femoral
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ecks in our study (0.776) differed from those reported by Merlini
t al. [18] (1.042) and Yoo et al. [20] (0.58). In contrast, the median
atios were similar in the three studies (1.8, 1.7, and 1.63, respec-
ively). Thus, using a ratio instead of the absolute value eliminates
he effects of measurement variability.

Herring’s classification cannot be applied until the fragmen-
ation stage, which occurred at a mean of 8.5 months after
ymptom onset in our patients. Mean time to MRI  was  6.5
onths after symptom onset. Thus, outcome prediction was  pos-

ible 2 months earlier overall and 4.5 months earlier in the
ubgroup of 16 patients who underwent MRI  at the sclerotic
tage. It has been reported that the ADC increase at the femoral
eck occurs early, during the first few months. The increase
emained stable in patients who had several MRI  scans. Thus,
arly metaphyseal ADC measurement provides outcome prediction
efore the fragmentation stage, i.e., before Herring’s classifica-
ion can be applied, thereby allowing early patient selection
o surgery with the goal of preventing femoral head deformi-
ies.

The existence of a statistically significant association between
he mADCr and Caterall’s grade [26], Herring’s group [19], and Stul-
erg’s class supports the use of the mADCr as an outcome prediction
ool in everyday clinical practice. Furthermore, the 1.63 cut-off was
alidated as predicting a higher Stulberg class in the medium term
p = 0.002).

The limitations of our study include the variability in patient
ge at symptom onset. Also, the mADCr cannot be determined if
oth hips are affected. Management consisted either in surgery
n = 16, 52%) or in non-operative methods (n = 15, 48%), which
ifferentially affect the natural history of LCPD. The TPO proce-
ures performed in 15 of our patients contributed to influence
he shape of the femoral head at skeletal maturity and, there-
ore, the Stulberg class at last follow-up. Nonetheless, the mADCr
orrelated significantly with the Stulberg class in this patient sub-
roup (p < 0.0001). The absence of a significant correlation in the
ubgroup managed non-operatively (p = 0.51) is probably ascrib-
ble to insufficient statistical power due to the small sample size,
lthough the mean mADCr was significantly lower in this subgroup
p = 0.0008).

. Conclusion

DW-MRI is contributes to the management of LCPD. When used
n combination with morphological sequences, this non-irradiating
nd non-invasive investigation has been proven sensitive for
he diagnosis of LCPD and helpful for predicting the outcome
t an early stage. However, the mADCr cannot be used in
atients with bilateral LCPD. In those with unilateral disease,
arly ADC elevation in the affected femoral neck, at the stage
f sclerosis, may  help to select patients to surgery before the
ccurrence of fragmentation, which must be present for Her-
ing’s classification to be applied. The mADCr is a quantitative
nd reproducible parameter whose potential contribution to the
anagement of LCPD deserves investigation in larger, multicentre

ohorts.
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