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Abstract 
  

Introduction: To evaluate the diffusion and perfusion of the proximal 

femur with intravoxel incoherent motion (IVIM) diffusion-weighted 

MR image (DWI) and to compare its parameters with the apparent 

diffusion coefficient (ADC) and enhancement degree after contrast 

injection in Legg-Calvé-Perthes (LCP) disease. 

Methods: We enrolled 30 patients with unilateral LCP disease of 

avascular or early fragmentation stage who underwent hip MRIs in our 

institution between September 2013 and August 2014. We measured 

ADC values, enhancement ratios, and IVIM-DWI derived parameters 

including true diffusion (Dslow), pseudodiffusion (Dfast), and perfusion 

fraction (f) at both affected and normal femur epiphysis and metaphysis. 

All the values between the LCP disease and normal hips were 

compared using paired t-test. The Pearson test was used to determine 

the correlation between measured values in this study. For the 

intergroup analysis between higher metaphyseal ADC ratio (> 0.5, n = 

17) and lower metaphyseal ADC ratio (≤ 0.5, n = 13) groups, unpaired 

Student’s t-test was performed. 

Results: The mean ADC and Dslow values of epiphysis and metaphysis 

were significantly higher in LCP disease hips than control hips (P < 

0.0001). There was no significant difference in the mean Dfast and f 

values between two groups, neither epiphysis nor metaphysis. The 
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enhancement degree of metaphysis was significantly higher in LCP 

disease hips (P < 0.0001). The metaphyseal ADC was correlated with 

Dslow and enhancement ratios (P < 0.0001 and P = 0.0003, respectively). 

The metaphyseal enhancement ratio was correlated with Dslow ratio (P = 

0.0001). Intergroup analysis indicated Dslow and enhancement ratios as 

significantly different parameters (P = 0.0004 and P = 0.023). 

Conclusion: Increased ADC value in LCP disease metaphysis was 

associated with true diffusion component (Dslow) rather than perfusion 

related components (Dfast and f) of IVIM-DWI. Increased ADC value 

and true diffusion component were correlated with increased 

enhancement degree in LCP disease metaphysis. 

---------------------------------------------------------------------------------------------- 

Keywords: Magnetic resonance imaging, Legg-Calvé-Perthes disease, 

Intravoxel incoherent motion diffusion-weighted MR imaging 

Student Number: 2013-21665 
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INTRODUCTION 

 

Legg-Calvé-Perthes (LCP) disease is characterized by idiopathic 

osteonecrosis of the femoral head that affects children, most often between the 

ages of 3 and 10 years (1). It is well known that clinical courses and outcome 

in different patients of LCP disease vary considerably. There have been many 

efforts to find the proper prognostic factor to select children who could benefit 

from an early preventive intervention (2-4). However, the accurate prediction 

of the disease prognosis in LCP disease remains a challenge. 

The classically well-known prognostic factors of LCP disease are the 

radiographic classification for the distribution of the necrosis by Catterall and 

Herring (5, 6), and the revascularization of femoral head described in 

scintigraphy by Conway and Tsao (7, 8). However these powerful prognostic 

factors are often less useful in the majority of clinical settings, because the 

abnormal changes in the simple radiography and scintigraphy are only 

apparent in the advanced stage of disease. In an effort to early detection, more 

recently with the development of MR technology, several MR imaging 

including the dynamic gadolinium-enhanced subtracted MR imaging and 

diffusion weighted imaging (DWI) have become to play an important role in 

the detection and evaluation of LCP disease (9-12). 

DWI is based on the detection of a change in the random motion of 

protons in water, and it can demonstrate changes in the cellular density of 

tissue. The apparent diffusion coefficient (ADC) values of femoral epiphysis 
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and metaphysis showed significant difference between LCP disease and the 

normal sides of the hips in previous studies (10-12). Merlini (10) et al found 

significant higher both epiphyseal and metaphyseal ADC values in the 

pathologic sides than the control hips (P < 0.01 and P = 0.01, respectively). 

Boutault (12) et al also reported a significant increase in the ADC of the 

pathological neck of the femur compared to the healthy neck in LCP disease 

(P < 0.0001). Regarding epiphysis, as similar in the ischemic stroke of the 

brain, Jaramillo (13) et al reported the initial decrease and delayed increase of 

ADC value in femoral epiphysis in piglets. On the other hand, the time course 

of ADC value and the cause of ADC increment in femoral metaphysis in LCP 

disease remain unknown. 

Intravoxel incoherent motion (IVIM)-DWI, first described by Le 

Bihan (14) et al, can be used to separate the microcirculation in the tissue and 

true molecular diffusion through biexponential fitting of the DWI data from 

multiple b-values (15). We expected that IVIM-DWI derived parameters 

might be helpful in understanding the ADC increment of femoral metaphysis 

in LCP disease. The purpose of our study is to evaluate the diffusion and 

perfusion of the proximal femur with IVIM-DWI and to compare its 

parameters with ADC and enhancement degree after contrast injection in LCP 

disease patients. 
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MATERIALS AND METHODS 

 

This retrospective study was approved by the institutional review board of 

Seoul National University Hospital, and informed consent was waived. 

 

Patient selection 

 

Initially we recruited forty-one pediatric patients who had hip pain and had 

underwent hip MRI in our institution between September 2013 and August 

2014. To evaluate only the early stage of LCP disease hips, we excluded 

eleven patients for the following reasons: (1) femoral pathology other than 

LCP disease such as fracture, (2) bilateral LCP disease, (3) healed (residual 

stage) or reossification stage of LCP disease. As a result, a total of 30 patients 

(25 boys, 5 girls; mean age, 7.6 years; range, 4-15 years), with 60 hips 

including contralateral control group were enrolled in our study.  

 

Image acquisition 

 

All patient underwent MR imaging using a 1.5 Tesla system (Avanto, Siemens 

Medical Solutions, Erlangen, Germany) 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) = 430 ms and echo time (TE) = 9.5 

ms), spin echo fat-suppressed T1-weighted (TR/TE = 450/9.3), and T2-
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weighted (TR/TE = 4360/68) imaging. Imaging parameters included: field of 

view (FOV), 260 mm x 260 mm; matrix size, 320 x 224; slice thickness, 4 

mm. 

 IVIM-DWI was performed in three perpendicular directions with the 

following eight b values: 0, 25, 50, 75, 100, 250, 500, and 800 sec/mm
2
. 

Subsequently, IVIM-DWI were obtained by using a single-shot echo-planar 

imaging pulse sequence with diffusion gradients applied in three orthogonal 

directions with the following parameters: TR/TE, 2600/60; section thickness, 

4 mm; number of sections, 23; number of signals acquired, eight; FOV, 252 

mm x 259 mm; matrix, 140 x 136. 

 DWI data were postprocessed by using a vendor-supplied prototype 

software program (Siemens Healthcare, Erlangen, Germany) to extract the 

apparent diffusion coefficient (ADC) and IVIM-DWI parameters, including 

the true diffusion coefficient (Dslow), the pseudodiffusion coefficient (Dfast), 

and the perfusion fraction (f). ADCs were automatically calculated by using 

all b values with a monoexponential fit. According to the IVIM concept, the 

relative signal intensity is given by the following equation: SI/SI0 = (1- f) x 

exp (-b x Dslow) + f x exp (-b x Dfast), where SI0 is the mean signal intensity of 

the region of interest (ROI) for a b value of 0, and SI is the signal intensity for 

higher b values. With this equation, Dslow, Dfast, and f values were calculated 

by using a nonlinear biexponential fit (13). Four parametric maps of ADC, 

Dslow, Dfast, and f were created on a pixel-by-pixel basis for each case. 

Contrast-enhanced MR imaging was performed to evaluate femoral head 

perfusion. After manual injection of 0.2 mmol/kg of gadoterate meglumine 
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(Dotarem® , Guerbet, France) with 2 minutes delay, we obtained fat-

suppressed spin echo T1-weighted images (TR/TE = 450/9.3, flip angle = 165, 

4 mm slice thickness) in the coronal and sagittal planes. Subtraction images 

(enhanced image subtracted by precontrast T1-weighted image) were also 

obtained in the coronal and sagittal planes. 

 

Image analysis 

 

For the evaluation of ADC values, IVIM-DWI parameters, and enhancement 

degree, two radiologists (D.H.K. and C.J.E. with 4 and 20 years of experience 

in MR imaging) draw a circular ROI with a diameter of 5 mm in the center of 

the epiphyseal ossification center and another identical region was obtained in 

the subphyseal metaphysis at the mid coronal plane of both femoral heads on 

subtraction image. Then, two more slices were taken at the front and back of 

the mid coronal plane to ultimately obtain the mean values of three coronal 

planes. ADC, IVIM parameters, enhancement degree were measured in ADC 

map, IVIM map, and subtraction image, respectively (Fig.1). Care was taken 

not to include cortical bone or cartilage. All parameters were calculated as 

ratio defined by the following equation: ratio (%) = (Affected – Control) / 

Control. We used a metaphyseal ADC ratio greater than 0.5 as a cutoff point 

to divide patients into two groups like the study by Yoo (11) et al. 
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Figure 1. Perfusion and diffusion MRI using IVIM 

A 4-year-old boy with the avascular stage of LCP disease in the right hip. (a) 

Gadolinium-enhanced subtracted image on coronal plane. White circles 

indicate regions of interest (ROIs) in metaphysis and epiphysis of both 

affected and normal hips. (b) The apparent diffusion coefficient (ADC) map 

on coronal plane. ROIs are drawn as white circles. The maps of intravoxel 

incoherent motion diffusion-weighted MR derived parameters; (c) Dslow map, 

(d) Dfast map, and (e) f map. 
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Statistical analyses 

 

To compare the values of ADC, IVIM-DWI parameters, and enhancement 

degree between LCP disease and control hips, the paired t-tests were applied. 

The Pearson test was used to determine the correlation between measured 

values in this study. For the comparison of parameters from the different ADC 

groups, unpaired Student’s t-test was performed. 

All statistical analyses were performed with MedCalc software 

(Version 12.1.0 for Microsoft Windows 2000/XP/Vista/7, MedCalc Software, 

Mariakerke, Belgium). Results with P values less than 0.05 were considered 

statistically significant. 
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RESULTS 

 

Our study population (n = 30) consists of twenty four avascular stages and six 

fragmentation stages. The mean ADC values of epiphysis and metaphysis 

were higher in LCP disease hips than control hips, and it was statistically 

significant (1208.22 x 10
-6

 mm
2
/s vs 663.18 x 10

-6
 mm

2
/s in epiphysis of LCP 

disease hip and control hip, respectively, 1192.62 x 10
-6

 mm
2
/s vs 743.68 x 10

-

6
 mm

2
/s in metaphysis of LCP disease hip and control hip, respectively; P < 

0.0001). LCP disease hips showed significant higher mean Dslow values in 

both epiphysis and metaphysis than the control hips (1057.87 x 10
-6

 mm
2
/s vs 

418.79 x 10
-6

 mm
2
/s in epiphysis of LCP disease and control hip , respectively, 

937.66 x 10
-6

 mm
2
/s vs 564.54 Χ 10

-6
 mm

2
/s in metaphysis of LCP disease 

and control hip, respectively; P < 0.0001). There was no significant difference 

in the mean Dfast and f values between two groups, neither epiphysis nor 

metaphysis. Only the enhancement degree of metaphysis showed significant 

difference between two groups (187.05 vs 107.42 in LCP disease hip and 

control hip, respectively; P < 0.0001) (Table 1). 
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Table 1. Comparison of parameters in the LCP disease and normal 

contralateral hips 

 
Normal LCP disease P value

†
 

ADC500 (x 10
-6

mm
2
/sec)    

  Epiphysis 663.18 ± 237.55 1208.22 ± 320.46 < 0.0001
*
 

  Metaphysis 743.68 ± 157.03 1192.62 ± 314.63 < 0.0001
*
 

Dslow (x 10
-6

mm
2
/sec)    

  Epiphysis 418.79 ± 186.34 1057.87 ± 396.84 < 0.0001
*
 

  Metaphysis 564.54 ± 121.92 937.66 ± 343.16 < 0.0001
*
 

Dfast (x 10
-5

mm
2
/sec)    

  Epiphysis 223.01 ± 76.35 240.02 ± 60.9 0.251 

  Metaphysis 260.54 ± 66.93 270.33 ± 54.88 0.351 

f (%)    

  Epiphysis 129.7 ± 34.45 134.1 ± 32.05 0.531 

  Metaphysis 141.48 ± 29.96 137.72 ± 49.04 0.651 

Enhancement    

  Epiphysis 80.52 ± 24.29 100.54 ± 125.55 0.39 

  Metaphysis 107.42 ± 29.56 187.05 ± 57.64 < 0.0001
*
 

Note.– Data are means ± standard deviations.  

Abbreviation: LCP, Legg-Calvé-Perthes; ADC, apparent diffusion coefficient; 

Dslow, true diffusion coefficient; Dfast, pseudodiffusion coefficient; f, perfusion 

fraction 

* Significant difference between the two groups (P < 0.05) 
†
The difference between the two groups was evaluated by using paired t-test. 
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There were several significant correlations between parameters; 

ADC and Dslow ratios, ADC and enhancement ratios (P < 0.0001 and P = 

0.0003, respectively), and enhancement and Dslow ratios (P = 0.0001) in 

metaphysis. In case of epiphysis, ADC and Dslow ratios, ADC and Dfast ratios, 

ADC and enhancement ratios, and enhancement and Dslow ratios showed 

significant correlations (P = 0.0015, P = 0.0249, P = 0.0138, and P = 0.0231, 

respectively). Table 2 demonstrates multiple correlation coefficients (r) 

between parameters from the Pearson tests. 

 

 

Table 2. Results of Pearson correlation 

 
 

Dslow 

ratio 

Dfast 

ratio 
f ratio 

Enhancement 

ratio 

ADC ratio 

Epiphysis 0.553
*
 0.408

*
 0.221 0.444

*
 

Metaphysis 0.810
*
 0.283 -0.032 0.609

*
 

Enhancement 

ratio 

Epiphysis 0.413
*
 0.127 -0.074 N/A 

Metaphysis 0.667
*
 0.038 -0.098 N/A 

Note.– Data are Pearson correlation coefficients (r).  

Abbreviation: ADC, apparent diffusion coefficient; Dslow, true diffusion 

coefficient; Dfast, pseudodiffusion coefficient; f, perfusion fraction 

* Statistically significant results (P < 0.05) 
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Intergroup analysis between higher ADC ratio (> 0.5, n = 17) and 

lower ADC ratio (≤ 0.5, n = 13) groups was performed only with metaphysis 

data. Result was obtained that Dslow and enhancement ratios were the variables 

that show significant difference (0.97 vs 0.28, P = 0.0004; 0.96 vs 0.55, P = 

0.023, respectively) (Table 3). 

 

 

Table 3. Results of intergroup analysis (metaphysis) 

 

Lower metaphyseal 

ADC ratio (n = 13) 

Higher metaphyseal  

ADC ratio (n = 17) 
P value

†
 

Dslow ratio 0.28 ± 0.28 0.97 ± 0.57 0.0004
*
 

Dfast ratio 1.05 ± 0.26 1.09 ± 0.24 0.652 

f ratio 1.03 ± 0.28 0.96 ± 0.33 0.528 

Enhancement ratio 0.55 ± 0.31 0.961 ± 0.55 0.023
*
 

Note.– Data are means ± standard deviations.  

Abbreviation: ADC, apparent diffusion coefficient; Dslow, true diffusion 

coefficient; Dfast, pseudodiffusion coefficient; f, perfusion fraction 

* Significant difference between the two groups (P < 0.05) 
†
The difference between the two groups was evaluated by using Student’s 

unpaired t-test. 
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DISCUSSION 
 
In this study, we compared the multiple parameters derived from MR imaging 

including DWI, IVIM-DWI, and contrast enhanced imaging in LCP disease 

and normal control hips. There were significantly different parameters 

between normal and LCP disease hips including ADC and Dslow values of both 

epiphysis and metaphysis, and metaphyseal enhancement degrees. Then we 

divided LCP disease hips into two groups with the cutoff ADC ratio of 0.5 to 

perform further comparison between different ADC ratio groups. With 

intergroup analysis, Dslow and enhancement ratios showed significant 

difference between two groups. We used all parameters as ratios in Pearson 

correlation and intergroup analysis. Other tissue related factors influence ADC 

values, i.e. ADC of the bone marrow decreases with age, most likely in 

relation with fatty degeneration (11, 12). It is therefore preferable to rely on a 

ratio between affected and unaffected sides of the same individual.  

Yoo (11) et al reported increased metaphyseal diffusion (> 50% of 

the control femur) tend to be associated with other bad prognostic factors such 

as transphyseal pattern of reperfusion to the epiphysis and physeal irregularity. 

According to this study, we decided the cutoff value of ADC ratio of 0.5 for 

the statistical comparison, though arbitrary. Our results are consistent with 

previous study. Increased metaphyseal ADC ratios were observed in LCP 

disease hips, but the evaluation of prognostic value was limited in our study. 

We observed the enhancement degree of LCP disease metaphysis was 

significantly higher than control metaphysis, suggesting enhancement of 
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metaphysis might be another bad prognostic factor of LCP disease. 

IVIM-DWI is recently used in the study of various radiology fields 

for the rising method of evaluation of tissue perfusion, tumor grading, 

treatment response, and etc (16-19). Woo (16) et al compared IVIM-DWI 

derived parameters and ADC values with the histologic grade of 

hepatocellular carcinoma and reported significant correlation between IVIM-

DWI derived perfusion parameters and the percentage of arterial enhancement. 

Kang (17) et al suggested that IVIM-derived perfusion parameters could be 

helpful for the differentiation of common malignant tumors in the pancreas 

and for distinguishing malignant from benign intraductal papillary mucinous 

neoplasm. Joo (18) et al reported the therapeutic effect induced by a vascular 

disrupting agent could be evaluated by using IVIM-DWI. However, there 

have been few previous studies applying IVIM-DWI technique to bone 

imaging (20, 21). To our knowledge, this study is the first comparison study in 

LCP disease patients using IVIM-DWI and DWI.  

According to the biexponential DWI model, diffusion imaging can 

measure two phenomena at the femoral neck: true diffusion (Dslow), which 

represents cells alterations and pseudodiffusion (Dfast), directly dependent 

upon the blood supply of microcapillary network. IVIM-DWI enables 

differentiation of both components in ADC value. We found that increased 

ADC value in LCP disease metaphysis was strongly associated with Dslow 

component of ADC (r = 0.81, P < 0.0001), while other IVIM-DWI derived 

perfusion parameters such as Dfast and f were not. We can carefully postulate 

that increased diffusion in LCP disease femur metaphysis might indicate the 



14 

 

decreased cellular densities in the bone marrow itself rather than increased 

perfusion. Supporting our findings, one of previous histologic studies (22) 

with ischemic necrosis of femur epiphysis in animal models suggested that 

increased ADC value in the femur metaphysis can be caused by resorption and 

replacement of fibrovascular tissue of the metaphyseal bone by ischemic 

damage. 

Our observation revealed a moderate significant correlation (r = 0.60, 

P = 0.0003) between ADC and enhancement degree ratios of LCP disease 

femur metaphysis. Metaphyseal ADC was correlated with enhancement 

degree, but without perfusion parameters of IVIM (Dfast and f). Additionally, 

no correlation was observed between enhancement degree and IVIM-derived 

perfusion parameters. This discrepancy leads us to consider the difference 

between “contrast enhancement” and “microcapillary perfusion” of the tissue. 

In general, the time for DWI sequence is insufficient for significant water 

exchange and thus the signal can be interpreted as separate intra- and 

extravascular compartments, with the parameters Dfast and f referring to the 

intravascular compartment. In comparison, when we measure the 

enhancement degree on T1-weighted image, the signal intensity consists of 

both intra- and extravascular compartments of contrast media effect. The 

different timescales between DWI and contrast-enhanced image can cause the 

irrelevance of parameters. Patel et al. (23) supported our findings by reporting 

that there was no significant correlation between perfusion-related IVIM-DWI 

parameters (Dfast and f) and dynamic contrast enhancement MR parameters for 

the evaluation of liver cirrhosis. In summary, although IVIM-DWI has the 
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potential to be a useful alternative to enhancement MRI for the evaluation of 

LCP disease metaphysis, we believe that IVIM-DWI cannot replace dynamic 

gadolinium-enhanced subtraction MRI in terms of measuring the perfusion 

characteristics of the proximal femur. 

In addition to the intrinsic limitations of any retrospective study, 

there were some noteworthy limitations of our study. First, this study included 

a small number of patients. We postulate that a further study with more 

patients might strengthen our findings. Second, although the clinical course of 

more than 10 year-old LCP disease patients is believed to be considerably 

different from younger ones, there were three patients of age more than 10 

years. Third, we included two different stages of LCP disease in the study 

which were the avascular and fragmentation stages. Though not statistically 

significant, there was a tendency that the enhancement degree of epiphysis 

was ironically little higher in LCP disease hips than normal hips (100.54 vs 

80.52). We believe that the reason was the contamination of ROI 

measurement from intense signal of reperfusion in fragmentation stage. In 

deed according to the statistical analysis with only avascular stages (n = 24), 

LCP disease epiphysis showed lower enhancement degree compared to 

normal side (77.97 vs 81.67). Further study with more unified early stage of 

LCP disease patients might be favorable. Fourth, the images of IVIM-DWI 

derived maps were coarse. To overcome the low quality images, we have 

copied and pasted the same ROIs drawn in the subtraction image to the IVIM-

DWI derived maps including Dslow, Dfast, and f maps. 

In conclusion, increased ADC value in metaphysis of LCP disease 
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was associated with true diffusion component (Dslow) rather than perfusion 

related components (Dfast and f) of IVIM-DWI. Increased ADC value and true 

diffusion component were correlated with increased enhancement degree in 

metaphysis of LCP disease. 
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국문 초록 

 

서론: 복셀 내 비결집 운동 모델 확산 강조 영상 (intravoxel 

incoherent motion diffusion-weighted MRI, IVIM-DWI) 기법을 

이용하여 Legg-Calvé-Perthes (LCP) 병 환자의 근위부 대퇴골을 

평가하고, 이를 현성 확산 계수 (apparent diffusion coefficient, 

ADC) 및 조영 증강 MR 영상과 비교 평가하는 것이 연구의 

목적이다.  

방법: 2013 년 9 월부터 2014 년 8 월까지 일측성 초기 LCP 병을 

의심하여 둔부 MRI 를 시행한 총 30 명의 환자를 모아 후향적으로 

분석하였다. 모든 환자의 양측 골단 및 골간단에서 IVIM-DWI 

모델을 통해 얻은 진성 확산 계수 (Dslow), 유사 확산 계수 (Dfast), 

관류율 (f) 변수를 구했으며, 기존의 DWI 영상을 통해 ADC 값, 

그리고 조영 증강 영상에서 조영 증강 정도를 평가하였다. LCP 

측과 정상 측 변수들 간에 유의한 차이가 있는지 대응 T 

검정분석을 시행하였고, 측정된 변수들간의 상관관계를 알아보기 

위해 피어슨 (Peason) 상관분석을 시행하였다. 또한 ADC 비율 값 

1.5 를 기준으로 나눈 그룹 간 분석도 함께 시행하였다.  

결과: 정상 측에 비해 LCP 측의 골단 및 골간단에서 ADC 와 Dslow 

값이 유의하게 높게 측정되었고 (P < 0.0001), Dfast 및 f 값에는 

유의한 차이가 없었다. 조영 증강 정도는 골간단에서 LCP 측이 
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정상 측에 비해 유의하게 높게 나타났다 (P < 0.0001). 상관분석 

결과, 골간단의 ADC 는 Dslow 값 및 조영 증강 정도와 강한 양의 

상관관계를 보였으며 (P < 0.0001 와 P = 0.0003), 골간단의 조영 

증강 정도도 Dslow 값과 유의한 양의 상관관계를 보였다 (P = 

0.0001). 그룹 간 분석에서는 Dslow 값과 조영 증강 정도가 유의한 

차이를 보이는 변수로 나타났다 (P = 0.0004 와 P = 0.023). 

결론: LCP 환자에서 골간단의 증가된 ADC 값은 IVIM-DWI 분석

결과 관류와 연관된 변수 (Dfast 와 f) 보다는 진성 확산 계수 

(Dslow)와 밀접한 관련이 있었다. 또한 증가된 골간단의 ADC 값과 

진성 확산 계수 값은 증가된 조영 증강 정도와도 연관이 있었다. 

------------------------------------ 

주요어 : 자기 공명 영상, 소아 대퇴골두 무혈성 괴사, 복셀 내 비결

집 운동 모델 확산 강조 영상 
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