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a b s t r a c t 

Image-based finite element modelling has been commonly used to determine the biomechanical be- 

haviours of human femora, particularly for the diagnosis of femoral head necrosis. One of the funda- 

mental aspects of biomechanical modelling is the relationship between bone density, which is obtained 

from images, and elastic modulus. While there exist some empirical equations relating density with elas- 

tic modulus, the characterization of this relationship remains incomplete, especially for necrotic femoral 

heads. The objective of this study was to determine the relationship between density and elastic mod- 

ulus by combining ultrasonic scanning and computed tomography (CT). Bone specimens were surgically 

removed from the femora of eight persons (seven females and one male in the age range of 55–68 years 

old) and underwent both ultrasonic and CT scanning. The images were processed with MATLAB scripts, 

and a bilinear interpolation algorithm was used to determine the relationship between the CT-measured 

densities and ultrasound-measured elastic moduli. The results showed different density–elastic modu- 

lus relations between the hardening strap of the necrotic region and non-hardening strap areas of the 

necrotic region. The uniqueness of this study is the characterization of mechanical properties (in the 

present study, the density–modulus relationship) from clinical images, which would be valuable in com- 

putational biomechanics used for the diagnosis and treatment evaluation of femoral head necrosis. 

© 2019 Published by Elsevier Ltd on behalf of IPEM. 
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1. Introduction 

Finite element (FE) analysis has been widely used to study

the biomechanics of human femora [1–4] , especially for assess-

ing femoral implantation and treatment of osteonecrosis of the

femoral head (ONFH). Typically, FE models require the assignment

of bone material properties (e.g., elastic modulus) that derive from

the bone mineral density, which can be determined by computed

tomography (CT) scanning. One of the most important factors re-

garding the accuracy of an FE analysis is the utilization of a proper

density–elastic modulus formula for the FE model. 

The mechanical properties (e.g., elastic modulus) and their re-

lationship with femoral bone density can be obtained through
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E-mail address: duanduan@bit.edu.cn (D. Chen). 
1 Both authors contributed equally to this work and should be considered co-first 

authors. 

[  

o  

i  

d  

[

https://doi.org/10.1016/j.medengphy.2019.02.002 

1350-4533/© 2019 Published by Elsevier Ltd on behalf of IPEM. 
n vitro measurements from cadavers. Traditionally, for instance,

ompressive tests can be performed on cubic or cylindrical speci-

ens to measure the apparent-level elastic modulus and/or bone

trength, which can be related to the measured apparent den-

ities of the specimens [ 5 , 6 ]. Based on those established empir-

cal apparent-level density–modulus relationships, some studies

ave employed strain gauge measures and mechanical tests on

hole bones (such as femora) in combination with CT scanning

nd FE modelling to validate and determine the most appropri-

te density–modulus relationships for subject-specific FE models

7–12] . In addition to mechanical testing and computational mod-

lling, ultrasonic techniques have been used to scan cubic or cylin-

rical femoral samples to directly measure their elastic moduli

13–19] . Moreover, ultrasonic measures, being non-invasive, may

ffer some advantages over mechanical tests [20] . A few stud-

es have combined CT and ultrasonic scanning to determine the

ensity–modulus relationship for cortical and cancellous bone

 20 , 21 ]. 

https://doi.org/10.1016/j.medengphy.2019.02.002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.02.002&domain=pdf
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It should be noted that previous studies only measured the

verage/apparent density and ultrasound-based modulus for an

ntire specimen, based on which the density–modulus relations

ere established [21] . However, since the material property as-

ignment in finite element modelling requires a density–modulus

elationship for pixel-sized elements, those established relations

ight have ignored finer details of bone material properties. To

he best of the authors’ knowledge, no study has used a combi-

ation of ultrasound and CT to measure the material properties of

ecrotic bones, and no density–modulus relationships have been

stablished for necrotic bone tissues in the literature. This is an

mportant issue because the material property assignment is a fun-

amental step for finite element modelling of necrotic femora for

he diagnosis of femoral head necrosis or for the prediction of

emoral head collapse. Since it would be difficult to extract a small

ecrotic bone sample from the femur and conduct mechanical tests

n it, noninvasive ultrasonic scanning of a whole femur would be

 better way to measure the material properties for necrotic bone

issues. 

Therefore, the current study mainly aimed to determine the re-

ationship between density and elastic modulus for the femoral

ead from normal subjects and patients with femoral head necro-

is by using the ultrasonic scanning technique together with CT

maging. The combination of ultrasonic and CT scanning would en-

ble the determination of the density–elastic modulus relationship

t a relatively small scale (e.g., pixel/element size), which could be

ore feasible for CT-based finite element modelling. 

. Materials and methods 

All bone specimens were derived from eight patients, which

ere provided by Wangjing Hospital (seven females and one male

n the age range of 55–68 years old), including seven specimens

ith femoral head necrosis (one male and six females) and one

ormal specimen (female). The sample collection procedure was

pproved by the Ethics Committee of the China Academy of Chi-

ese Medical Sciences in Wangjing Hospital. The normal specimen

as collected from a patient who underwent femoral head replace-

ent due to accidental trauma instead of femoral head necrosis.

he patients had received similar surgeries for femoral head re-

lacement. The femoral specimens were selected from the upper

nd of the femoral neck. In other words, the entire femoral head

as used as a specimen in this study. In addition, the femoral

ead specimens had bone marrow containing a large amount of

at, which could affect the ultrasonic imaging and thus affect the

ccuracy of the material property determination. For this reason,

he specimens were defatted and embedded. Defatting has been

eported to have a small effect on ultrasonic measurements [19] .

he overall experimental process is shown in Fig. 1 . In the ex-

eriment, all specimens were embedded in PMMA, which could

rotect the specimen skeleton and prevent infectious disease trans-

ission. In fact, only the outside of the specimen was covered with

MMA; the PMMA did not emerge into the inner tissues of the

pecimen. 

The femoral head portion of each tissue sample was scanned

ith a CT scanner (GE Medical Group, Netherlands; 120 kV,

00 mA, 1.25 mm section thickness, 0.625 mm scanning spacing

nd 0.5 × 0.5 mm pixel pitch). All CT data from the eight femoral

ead specimens used in the experiment were derived from the last

T scans prior to femoral head removal surgery, such as hip re-

lacement ( Fig. 2 (a)). The density information of the femoral heads

8] were obtained from CT images based on the Hounsfield unit

HU) scale. 

All the embedded specimens were sliced into seven pieces prior

o ultrasonic scanning to ensure that there was one piece contain-

ng the largest necrotic area, and the number of pieces on both
ides of this position is the same. Sectioning was performed be-

ause the ultrasonic scanning was performed perpendicular to the

urface of the slice. Additionally, imaging should ensure that the

pecimen thickness of the scanned surface is uniform. The slicing

ections corresponded to CT scans of the same patient. Before slic-

ng, each femoral specimen was placed with the same orientation

f the femoral head during the CT scanning by a professional sur-

eon who performed the femoral head surgery. The specimen was

hen fixed onto a corresponding rectangular glass sheet. The sur-

eon chose the relevant positions for the femoral head specimen

ased on prior CT scans with the greatest femoral head area on the

oronal section of the necrotic femoral head and normal femoral

ead. Each femoral head section was 0.625 mm in thickness. The

T scanning film with the greatest femoral head area was selected

rom the CT films of each patient, and three CT scanning images

ere selected from both the anterior and posterior parts of this CT

lm on the coronal plane. Among them, these six CT scanning im-

ges were drawn from every other two CT scanning images, which

ere selected as the femoral head specimen sections for ultrasonic

maging. It was noteworthy that each section contained both the

ecrotic part and intact parts during the selection of femoral head

pecimen sections. 

Ultrasonic scanning was conducted on the prepared femoral

ead specimens. The specimens with femoral head necrosis are

he femoral heads that may include both necrotic bone and normal

one tissues, which were identified by a professional surgeon ac-

ording to the diagnostic method proposed by the Japan Ministry

f Health and Welfare Osteopathic Research (JIC) and Mont. The

nstrument was a custom-made MUT-2 scanning ultrasonic micro-

cope [22] developed by Tsinghua University, which has a spatial

esolution of 10 μm and a highest probe frequency of 130 MHz.

ach scanning point was tested according to the following pro-

edure: (1) a 130 MHz acoustic impulse was produced; (2) the

ltrasonic echo was delayed before it was received; (3) the re-

eived voltage waveform corresponded to the acoustic impedance.

ll scanning points were automatically tested using the computer-

ontrolled three-dimensional step scanning platform. 

Following ultrasonic and CT scanning, custom-made MATLAB

cripts were developed to process the CT and ultrasonic images

o relate the densities with elastic moduli. The density was cal-

ulated from HU values in the CT scans based on Eq. (2.1) , where

was the apparent density (g/cm 

3 ), and A and B are coefficients

hat could be calculated by the least squares method. 

= A + B ∗ HU (2.1)

The elastic modulus ( E ) of the scanning test point was obtained

rom the ultrasonic scans, based on Eq. (2.2) , where Z is the acous-

ic impedance of each scanning point of the bone samples for-

ula after calibration with the standard material (in the present

esearch, water at room temperature), and c was the endosseous

peed of sound. 

 = Z ∗ c (2.2) 

Specifically, the image coordinate positions were registered be-

ween the ultrasonic and CT images to determine the density and

ts corresponding elastic modulus for each pixel. In the experiment,

ltrasonic scanning ( Fig. 2 (b)) was applied to determine the elastic

odulus of the cancellous bone of the femoral head. Image data

ere processed. To reduce the magnitude of difference between

he density and elastic modulus, this study attempted to carry

ut matrix partitioning of the two-dimensional array information

rom the ultrasonic scan pictures with various matrix sizes, such as

0 × 10, 20 × 20 and 20 × 40. In addition, the image was scaled by

sing MATLAB, and the processing of each ultrasonic scan image

as simplified using the bilinear interpolation algorithm. More-

ver, the resolution of the ultrasound scan image was reduced to
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Fig. 1. Procedure of characterizing the mechanical properties (in the present study, the density–elastic modulus relationship) of cancellous bone in the human femoral head 

by combining CT and ultrasonic scanning. 

Fig. 2. (a) A computed tomography scan of a femoral sample. (b) An ultrasonic scan of the femoral head of the same sample. 
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that of the CT scan image. After repeated tests, it was found that

the sizes of matrices that could reflect the relations between the

density and elastic modulus in different samples of femoral heads

were different. As a result, the testers decided to use different sizes

of matrices for different sample models. 

In this experiment, the correlation curve of elastic modulus ver-

sus density was fitted using the least squares method. The results

suggested that the formulas regarding density and elastic modu-

lus E followed a power relationship, as shown in Eq. (2.3) , where E

is the elastic modulus (MPa), ρ is the apparent density (g/cm 

3 ),

and a and b can be calculated using the least squares method.

Regression analyses aimed to search for the best fit of data by
inimizing the square of error in every single formula [23] . Impor-

antly, the method of least squares and the method of calculating

he error sum of squares between the calculated data and actual

ata allowed us to easily obtain the unknown data. Moreover, the

east squares method could also be applied to curve fitting. 

 = a ∗ ρb (2.3)

With regard to the comparison of formulas for the experimen-

al results, there were three distinct layers on the coronal section

f the necrotic femoral head when studying the relationships be-

ween density and elastic modulus of patients with ONFH, namely,

he extralesional area of the femoral head, the hardening strap
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Fig. 3. Relationship between the density and elastic modulus of normal femoral 

heads. 

Fig. 4. Relationship between the density and elastic modulus of necrotic femoral 

heads. 
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f the necrotic region, and the non-hardening strap areas of the

ecrotic region. The extralesional area of the femoral head refers

o the non-necrotic region in the patients with ONFH. The harden-

ng strap of the necrotic region is shown as an area with high sig-

al density on the CT image in the necrotic region of the femoral

ead in patients with ONFH. The non-hardening strap areas of the

ecrotic region refer to regions of necrotic lesions from gross spec-

mens other than the sclerotic zone in patients with ONFH. 

. Results 

Figs. 3 and 4 show the relationships of lattice information be-

ween the density and corresponding elastic modulus of each pixel

or both normal and necrotic femoral heads. The relationships be-

ween the density and elastic modulus of cancellous bone of the

ormal and necrotic femoral heads corresponded to different fitted

urve equations. In addition, the distribution of mechanical prop-

rties (in the present study, the density–elastic modulus relation-

hip) was different for various samples. In the experiment, eight

pecimens were used, including seven specimens with femoral

ead necrosis and one normal specimen. There were great differ-

nces in the density–elastic modulus relationship in the extrale-

ional areas of the femoral head between patients with and with-

ut ONFH and between the necrotic areas and sclerosis-rim areas

f necrotic lesions from the gross specimens. Thus, the following

onditions were considered. 
First, a comparison of density–elastic modulus relations be-

ween the extralesional areas of necrotic femoral heads and nor-

al femoral heads was performed. In the data analysis, relation

iagrams were drawn on the basis of the mean elastic modulus

nd density. Parameters a = 6710 and b = 0.5369 for one curve rep-

esenting extralesional areas of necrotic femoral heads, which were

reater than those for another curve on normal femoral heads

herein a = 6067 and b = 0.4778; this result indicates that gradual

alcification of normal cancellous bone in the femoral heads of the

atient might occur even if the CT data from a patient with ONFH

id not reveal necrotic lesions ( Fig. 5 (a)). 

Second, according to a comparison of the density–elastic mod-

lus relations between the hardening straps and non-hardening

trap areas of the necrotic region, in both a = 14,540 and b = 0.6214

or one curve and a = 5415 and b = 0.1928 for another curve, which

ndicates differences between the sclerosis-rim areas and non-

ardening strap areas ( Fig. 5 (b)). Therefore, the material properties

f sclerosis-rim areas were different from those of non-hardening

trap areas of necrotic lesions from gross specimens. Moreover, the

urves for the sclerosis-rim areas were significantly higher than

hose of the entire necrotic areas and non-hardening strap areas

f the necrotic region. This result indicated that hardening straps

f a femoral head had the highest elastic moduli in the femoral

eads of patients with femoral head necrosis. 

Additionally, comparisons of density–elastic modulus relations

f all areas of normal and necrotic femoral heads were con-

ucted. When the densities were low, the parameters a = 7700 and

 = 0.8078 for one curve corresponding to a patient with ONFH,

hich were lower than those for another curves corresponding to

 normal subject wherein a = 6067 and b = 0.4778 ( Fig. 5 (a)). How-

ver, when the densities increased to 0.49 g/cm 

3 , the curves from

he normal patients were significantly lower than those of the pa-

ients with ONFH. 

Lastly, when the densities were low, the curves of the non-

ardening strap areas of the necrotic region were higher than

hose of their extralesional areas ( Fig. 5 (b)). However, when

he densities increased to 0.53 g/cm 

3 , parameters a = 5415 and

 = 0.1928 for one curve for non-hardening strap areas were signif-

cantly lower than those for the curve for their extralesional areas

herein a = 6710 and b = 0.5369. 

. Discussion 

The present study investigated the relationship between den-

ity and elastic modulus by combining ultrasonic and CT scanning.

he formula between density and elastic modulus determined in

his study is of great importance in computational modelling to

tudy the biomechanical behaviours of femoral heads. These ex-

erimental results indicated that, for patients with osteonecrosis

f the femoral head, the relationships between density and elastic

odulus were different among three typical regions, namely, the

xtralesional area of the femoral head, the hardening strap of the

ecrotic region, and the non-hardening strap areas of the necrotic

egion. Additionally, the relationships between densities and elas-

ic moduli were different in the normal regions between subjects

ith normal femoral heads and patients with ONFH. 

In the experiments, the entire femoral head was sliced. The

lastic moduli of the bone tissues in the femoral head were ob-

ained based on each pixel at a microscale. The density and elastic

odulus were extracted based on each pixel mainly because the

emoral bone tissue was an anisotropic material, which could be

egarded as an isotropic material in this study when being con-

idered at a dimension of a few hundred microns. Compared with

esearch based on a small cube in the femoral head that deter-

ined density through simple weighing and volumetric measure-

ent, this experimental method could more precisely determine
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Fig. 5. (a) Relationship between the density and elastic modulus of normal regions of all specimens, including normal and necrotic femoral heads. (b) Relationship between 

the density and elastic modulus of the necrotic femoral head specimens, including 6 from female patients and 1 from a male patient. 

Fig. 6. Correlation curves and formulas between the density and elastic modulus determined in previous studies [5 , 20 , 24–30] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

m

 

s  

s  

c  

t  

h  

t  

a  

p  

i  

j  

a  

m  

a  

m  

c  

w  

f  

p  

s

the density and elastic modulus at a relatively smaller scale, which

enables fitting the formula regarding the relationship of the den-

sity with the elastic modulus. 

It was found in this experiment that the regions of necrotic le-

sions from gross specimens in patients can be divided into two

regions for discussion: the hardening strap in the necrotic region

and the non-hardening strap areas of the necrotic region. As can

be discovered from this experiment, the relationship between the

density and elastic modulus in the hardening strap of the necrotic

region was obviously different from that in non-hardening strap

areas of the necrotic region. Therefore, it is suggested to define

these two regions separately for the sake of accuracy in subse-

quent femoral head biomechanical modelling. For the moment, the

authors attempted to compare the relationships between the den-

sities and elastic moduli described in previous studies [ 5 , 20 , 24 –30 ]

with those in this research ( Fig. 6 ). The results demonstrated that

the exponent in the exponential function relationship existing be-

tween femoral head density and elastic modulus obtained in this

experiment was less than 1, whereas this exponent was greater

than 1 in previous studies [ 5 , 20 , 24 –30 ]. In addition, one potential

limitation of this study was that the limited sample size in the ex-

periment might affect the accuracy of calculating the coefficients
 and b in the relationship formula between density and elastic

odulus. 

Limitations of this study include a relatively small sample size,

kewed gender ratio (7 females and 1 male) and only one normal

ample. The main reason behind this was that it was difficult to

ollect both necrotic and normal femoral head samples that satisfy

he requirements of the proposed experiments. Although femoral

ead necrosis is a common disease and many patients undergo to-

al hip replacements, most replaced femoral heads with necrosis

re severely collapsed and thus they are not suitable for further ex-

eriments or measurements. However, collecting normal samples

s even more challenging. Most of the normal femoral head sub-

ects of humans were from femoral neck fractures. However, only

 few patients with femoral neck fractures underwent hip replace-

ent surgery. Moreover, some patients with femoral neck fractures

lso suffer from other types of diseases of the femoral head, which

akes it more difficult for human normal femoral heads to be re-

ruited. In the current study, each human femoral head subject

as cut into seven slices. Nevertheless, testing the cut samples

rom a limited number of specimens was commonly applied in

revious studies [21 , 31–34] . A future study with a greater sample

ize would be warranted to address this issue. 
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. Conclusions 

In summary, this paper has determined the density–modulus

elationships of femoral cancellous bone from eight human sub-

ects using an ultrasonic scanning technique. The density–elastic

odulus relationships for femoral bone tissues of normal patients

nd patients with osteonecrosis of the femoral head were deter-

ined. In addition, experiments have been carried out to catego-

ize the necrotic and normal regions from patients with ONFH to

btain their respective relationship formulas between density and

lastic modulus. The density in the formula is obtained through

T scanning, whereas the elastic modulus is acquired via ultra-

onic scanning. The results showed different biomechanical proper-

ies and density–elastic modulus relations among the extralesional

rea of the femoral head, hardening strap of the necrotic region,

nd non-hardening strap areas of the necrotic region. 
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