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Abstract. Patient-specific biomechanical modeling requires not only the geometric model of
the studied object of a particular patient, but also the mechanical properties of its tissues.
Quantitative computed tomography provides the initial data for geometric modeling, as well
as data on X-ray density (Hounsfield units) of the object. It is known that Hounsfield units
correlate with mineral density of the scanned objects, as well as with their strength properties.
The aim of this study was to determine the relationship between Hounsfield units and Young’s
modulus values of human femoral heads spongy tissue. This study was conducted on samples
of femur bones spongy tissue. The tissue was obtained from patients who underwent total
hip replacement for coxarthrosis. Samples were scanned on a Toshiba Aquilion 64 computed
tomograph and then subjected to uniaxial compression on an Instron 5944 universal testing
machine. As a result of the study, the average Hounsfield units were obtained for each sample,
as well as the Young’s modules values. Regression dependencies were calculated linking the
Hounsfield units and the Young’s modulus values of samples of femoral heads spongy tissue in
different types of diseases. The obtained dependences allow one to determine Young’s modulus
value of femoral heads spongy bone noninvasively for a particular patient, depending on his
disease, and using it in the process of preoperative planning. Also, the obtained dependencies
can be used in biomechanical modeling of diseases and injuries of vertebral-pelvic complex of
a particular patient treatment and can be implemented in medical decision support system in
surgery of vertebral-pelvic complex.

Keywords: quantitative computed tomography, bone mineral density, Hounsfield units, Young’s
modulus
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AnHotanumsa. [launeHT-opreHTHPOBAaHHOE OMOMeXaHHYECKOe MOJeJHpOBaHHe TpeOyeT 3HAHUH He
TOJIBKO O TeOMeTpPHYecKOH Mone/M HccjaenyeMoro oObeKTa KOHKPeTHOrO MalHeHTa, HO U O
MeXaHH4YeCKHX CBOHCTBax ero TkaHei. KojnuyecTBeHHast KOMIBbIOTepPHAs TOMOrpacusi NMpeaocTaB-
JISleT UCXO[Hble NaHHble 1151 FeOMeTPUUYECKOr0 MOJeNHPOBAHUS, a TaKxkKe JaHHble 0 PeHTIeHOBCKOH
MJIOTHOCTH (uucaax XayHcduiana) uccaenyemoro obbekta. KsBecTHo, yTo umcsia XayHcduina
KOpPPEeJNUPYIOT C MUHepabHOH MIOTHOCTBIO CKAHUPYEMBIX O0OBEKTOB, a TaKKe ¢ UX MPOYHOCTHBI-
MU cBodicTBaMHU. llesb McciienoBaHHsl cocTosila B ONpelesleHHH 3aBHUCUMOCTH MeXIYy 4HMCJIaMU
XayHchuaaa v 3HaueHusiMU Monyasl KOHra ry6uatoil TKaHH roJIoBOK OeJpeHHbIX KOCTeH 4esoBeKa.
JlaHHOe nccJieoBaHUe MPOBefeHO Ha obpasliax ry6yaTodl KOCTHOW TKaHU OedpeHHBIX KOCTeH ma-
LIUEHTOB, NepeHeCIInX TOTalbHOE 3HJO0NPOTE3NPOBAHHE Ta300ePEHHOr0 CyCcTaBa 110 MOBOLY KOKC-
apTpo3a. OOpasubl CKaHHpOBadW Ha KommbioTepHoM ToMmorpacde Toshiba Aquilion 64 u 3aTem
TOJIBepraji OJHOOCHOMY CXKaTHMIO Ha YHHBepCaJbHOH HCIblTaTesqbHOH MamiuHe Instron 5944. B
pesysbTaTe MCC/IEL0BAHUS AJIs1 KaXKA0ro obpasua OblIM MOJNy4YeHbl CpefHHe YMcaa XayHchuana, a
TakKe 3HadeHus1 monyned IOHra. Bulin paccyuTaHbl perpeccHoHHble 3aBUCUMOCTH, CBSI3bIBAOLINE
yucsaa XayHcohuaga v 3HadeHds Moaysas HOHra o6pasuoB ry64aToil TKaHM TOJIOBOK OelpeHHbIX
KOCTeH NpU pasHbiX THUnax 3adoseBaHuid. [losyyeHHble 3aBHCUMOCTH [O3BOJISIIOT HEMHBA3HBHO
onpene/nuTh 3HaueHHe Monyns FOHra ry6uaTod KOCTH roJIoBOK OellpeHHOH KOCTH /151 KOHKPETHOT0
NaLKeHTa B 3aBUCUMOCTH OT ero 3a00J/ieBaHUs U UCII0JIb30BaTh €ro B IIpoLiecce NpeonepanuoHHOr0
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nJaHupoBaHus. TakKe MosyyeHHble 3aBUCHMOCTH MOT'YT ObITh MCIIOJb30BaHBI MPH OHOMeXaHHYeC-
KOM MOJIE€JIMPOBAHUH BapUAHTOB JiedeHHs 3a00JieBaHUH U MOBPEKIEHUH TT03BOHOYHO-Ta30BOT'0 KOM-
MJieKca KOHKPEeTHOr0 MallMeHTa U BHEJPeHbl B CHCTEMY TOAEPKKH MPUHSATHS BpaueOHbIX pelleHuH
B XHPYPTHH MMO3BOHOUHO-TA30BOI0 KOMIJIEKCA.

KiroueBbie ciioBa: Ko/MuecTBeHHast KOMIbIOTepHasi TOMOrpadusi, MUHepaJ/bHasl MJIOTHOCTb KOCT-
HOW TKaHH, yucao XayHchuana, Mmonyab FOHra
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Introduction

Biomechanics as a tool for surgical treatment planning and predicting the conse-
quences of treatment is increasingly used in an integrated approach to the preparation
for surgery in recent years. At the same time, it is obvious that modeling based on av-
eraged data (whether geometric parameters or materials properties) is unable to provide
a sufficient degree of accuracy in predicting the outcome of treatment for a particu-
lar patient. In this regard, determination of the mechanical characteristics of patient’s
tissues is an extremely important and relevant stage of patient-specific biomechanical
modeling.

One of the methods for determining in vivo mechanical characteristics of a particular
patient’s bone tissue is based on the analysis of computed tomography (CT) data. Bone
density according to CT data (Hounsfield units or HU) strongly correlates with the
volume bone mineral density [1,2], as well as with mechanical strength of bone tissues
[3-5].

When performing the study, CT images are transiormed by convolution kernels. The
use of convolution kernel can significantly change the Hounsfield numbers of tissues
relative to their initial values [6]. It is known that different convolution kernels change
Hounsfield numbers in different ways [4,7,8]. Therefore, the problem of choosing the
convolution kernel when performing quantitative CT is non-trivial, and to obtain the
relationship between Young’s modulus values and Hounsfield units of bone tissue, it is
necessary to first calibrate the tomograph [9, 10].

In many studies, authors attempted to construct dependencies between Hounsfield
units and mineral density of tissues [3,11,12]. But in most cases the dependency is
based on a small data set.

As a rule, authors devote their work to obtaining the relationship between Young’s
modulus values and bone mineral density estimated by densitometry [13]. This method
is not very convenient when it is necessary to numerically solve biomechanics problem
based on initial CT data of a particular patient. Therefore, the problem of determining
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the relationship between Young’s modulus values and initial data of quantitative CT
(which are Hounsfield units) arises. For example, in [11], in addition to constructing
the relationship between HU and density, the authors obtained a formula for calculating
Young’s modulus, after which the relationship was verified using mechanical experi-
ments. A significant disadvantage of this work is that all the studies were conducted on
rabbits’ bones. Thus, the obtained dependences may not be completely accurate in case
of human bone tissue studies [10].

Authors in [14] showed that the best correlation between mechanical properties
and density is observed for spongy bone tissue. They also found that the power func-
tion, compared to the linear function, gives better correspondence between density and
Young’s modulus values.

In [15], a correlation was established between X-ray density of spongy bone tissue
of the ankle joint and its elasticity modulus. At the same time, the authors did not
specify CT settings, and the number of samples was only 42 pieces. Moreover, bone
tissue material was collected from human cadavers.

The purpose of this study was to determine the relationship between Hounsfield
units and Young’s modulus values of human femoral heads spongy tissue. Within the
framework of this study, dependencies were also obtained for various diseases of hip
joint. The obtained dependences allow to noninvasively determine the Young’s modulus
value of the femoral heads spongy bone for a particular patient, depending on his disease,
and using it in preoperative planning process.

1. Materials and methods

To identify the relationship between Hounsfield units and Young’s modulus of the
femoral heads spongy bone, a full-scale experiment was conducted.

Transfer of bone tissue of patients from Research Institute of Traumatology, Orthope-
dics and Neurosurgery of Razumovsky Saratov State Medical University was approved
by the Ethics Committee. The transfer was performed in the framework of the imple-
mentation agreement of the Russian Foundation for Advanced Research project. The aim
of the project is to develop a prototype of a decision-making medical supporting system
to improve effectiveness of treatment of patients with vertebral-pelvic complex injuries
and diseases. One of the project objectives is to create and to fill in the “Mechanical”
database which will contain mechanical characteristics of bone tissues [16]. Bone tissue
research was carried out within the framework of this project objective.

The femoral heads removed no later than a day after the hip replacement surgery
were taken from the hospital for further examination. The samples were prepared using
a hand-held metal hacksaw with the initial fragments fixed in a vise. Samples from 1
to 4 were prepared from one fragment of the femoral head. An average prepared sample
was a rectangular parallelepiped with an edge size of at least 5 and not more than 10
mm [13].

In order to avoid drying out and loss of properties, the prepared fragments were
packed in a plastic film, after which their CT scan was performed on a Toshiba Aquilion
64 computed tomograph. During the study, the convolution kernel FC17 was selected
as the tomograph settings [9, 17].

Samples of the femoral heads of 150 patients were scanned on CT. For each head
the first letter of the last name, age (year of birth), gender, volume of the experimental
sample, and the average value of Hounsfield units were recorded.

Next, the femoral head fragments were subjected to uniaxial compression experi-
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ments to determine their Young’s modulus on Instron 5944 universal testing machine.
The preload value was 10 N, the loading speed was 30 mm/min. Shape of the samples
made it possible to measure their cross-sectional area by simple measurements of length
and width using an electronic vernier caliper.

As a result of the experiments maximum values of stress and displacement were
determined, “stress-strain” graphs were plotted (Fig. 1) and Young’s modulus values
were calculated. Next, the average values of Young’s modulus were determined as the
arithmetic mean for bone samples

Stress,

within a single fragment of the femoral “Mpa -
head. But since the prepared samp-  3.00 -
les had different volumes, the average  2.50 _

values of Young’s modulus were de- 2,00 5

termined as the weighted average har- 1,50 /

monic for bone samples within a single 1,00

fragment of the femoral head. Further, 1,00 /

the study used Young’s modulus values 0

as a weighted average harmonic. Ta- 000 002 004 006 008 Strain
ble 1 shows examples of the results of Fig. 1. “Stress-strain” graph for spongy bone

the study for three randomly selected o the patient’s femoral head fragment (S.,
patients. In total, data for 150 patients 1962, female)

was obtained.
Table 1

Young’s modules of femoral head fragments determined from
full-scale experiments

. ICD-10 Young’s module, MPa
Identifer - -
code | Experimental Weighted average
value a hrmonic value
48.2
37.7
B., 1951, male | M 16.0 109 42.6
45.7
116.7
B., 1954, i le | M 16. 133.
, 1954, female 6.0 1503 33.5
74.6
T., 1953, female | M 16.1 aw 73.1

Next, a statistical analysis of the accumulated data was carried out in order to
identify the regression relationship between Young’s modulus and Hounsfield units.
Statistical analysis was performed in the Microsoft Office 2019.

Regression analysis was used to identify factors, degree, and form of influence of the
results of field and numerical experiments on the value of the Young’s modulus [18,19].

The following information was analyzed: age and gender of the patient; nosology
(disease code according to ICD 10); Hounsfield units (HU); Young’s modules determined
from the data of full-scale experiment. The last indicator was considered as a dependent
variable (the resulting attribute).

At the first step, statistical analysis of the experimental data and the results of CT
studies was carried out without taking into account specific features (age, gender, ICD-
10 code), at the second — taking into account patient’s gender, at the third — taking into
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account ICD-10 code. Hounsfield units and Young’s modulus had a normal distribution
(Kolmogorov — Smirnov test, the significance level was 5%).

In the statistical analysis of experimental data and the results of CT studies, models
of linear multiple regression (additive model) and linear regression in logarithms (mul-
tiplicative model) were constructed and analyzed. The level of statistical significance of
the coefficients was less than 5%.

2. Results and discussion

At the first step, the dependences between Young’s modulus and Hounsfield units
were studied without taking into account specific features (age, gender, ICD-10 code).
A specified linear multiple regression model was constructed:

E =020« HU +598, R?>=0.67, (1)

where E is Young’s modulus, HU is Hounsfield unit. R? is the coefficient of determina-
tion.

The level of statistical significance of the coefficient for HU variable was less than
0.1%, but the free term is statistically insignificant at 5% level, so the model (1) can be
implemented as:

E=022«HU, R*>=0.6T7. (2)

The constructed model (2) satisfies the standard assumptions of linear regression
(normality of the initial data distribution and model residuals, homoscedasticity) and
explains 67% of the variation in the Young’s modulus values (Figure 2).

A slightly higher value of the deter-

E L]

E=0.22*HU mination coefficient can be obtained by
150 | R=0.67 o specifying the multiplicative model:
JF B e
100 i 5 2 T E = eMTIn(HU)-255 - p2 68, (3)

L ]
50 e

Model (3) explains more than 68%

e of the dependent variable variation. The
(1)00 200 300 400 500 600 700 mu  advantage of this model is high (at the
level of less than 0.001%) significance
of the coefficients.

The conducted studies allowed us to
calculate the predicted values of the
Young’s modulus for the considered
tissues and errors in them. The difference in values between the Young’s modules
determined from the full-scale experiment data and predicted using model (2) was on
average 19%, and when using model (3) — 20%.

Next, step 2 of the study was carried out — identifying the dependence of the Young’s
modulus on the Hounsfield units analysis, taking into account patient’s gender.

The linear regression of Young’s modulus versus Hounsfield units for the female
patients’ femoral heads was more adequate than for male patients (the values of the
determination coefficients were 0.72 and 0.62, respectively), but the Chow test showed
no structural differences. The constructed models are presented in Table 2.

Fig. 2. Dot diagram: Hounsfield units values (CT

data) are plotted along abscissa axis, and Young’s

modulus values (data from full-scale experiments)
are plotted along ordinate axis
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=

Based on the constructed mo- Table 2
dels (4)—(7), predicted values of the
Young’s modulus and errors in them
for the studied tissues were determined.

Linear multiple regression models
and multiplicative models based on gender

The difference between the Young’s | Gender Models

modules determined from the full-scale E=0.20*HU+8.01, R?=10.62 (4)
. . Male v

experiment data and predicted by for- E=el 024n(HU)"168 — R2 _ (169 (5)

mulas (4)—(7) are presented in Table 3.
From previously obtained results | Female
and data in Table 3, it can be seen that
the introduction of a gender attribute in
the analysis did not significantly affect Table 3
the improvement of the predicting re-  The difference between the Young’s modules

sult. In linear regression models, there  determined by the full-scale experiment data
is an improvement of 1 unit, and in the and predicted by the formulas (4)—(7)

E—0.22*HU+3.74, RZ=0.72 (6)
E:e1.26*ln(HU)v3.04’ R2=0.68 (7)

analysis of the results of the multiplica- "5 4er | Models Average difference, %
tive model (for females), there is a de-
terioration of 1 unit. Male *) 18

To improve the results of the (5) 18
Young’s modulus values prediction, the (6) 18
3rd stage of the study was carried Female (7) 921

out — an analysis of its dependence on
Hounsfield units, taking into account the code of international classification of dis-
eases (ICD-10). In the experiment, bone fragments of patients with ICD-10 codes were
studied: M16.0, M16.1, M16.2, M16.3, M16.5, M16.6, M16.7, M17.0, M21.9, M84.1,
M87.0, M87.2, M95.8, M95.9 (Table 4).

Table 4
Number of studies for each ICD-10 code

ICD-10 code | Number || ICD-10 code | Number

of studies of studies
M16.0 85 M17.0 2
MI16.1 23 M21.9 2
M16.2 6 M84.1 6
M16.3 3 MS87.0 12
MI16.5 | M87.2 1
M16.6 3 M95.8 1
M16.7 3 M95.9 2

The dependence of Young’s modulus on Hounsfield units for each ICD-10 code was
studied, the volume of full-scale experiments carried out for each of them amounted to
at least 5 measurements.

Data on ICD-10 codes (M16.3, M16.5, M16.6, M16.7, M17.0, M21.9, M87.2,
M95.8, M95.9), for each of which less than five full-scale experiments were conducted,
were collected together. Generalized models were obtained for these data. The construct-
ed models are shown in Table 5.

MexaHrKka 189



kh 13s. Capart. yH-T1a. Hos. cep. Cep.: Marematrnka. MexaHnka. FHpopmatnka. 2021, T.21, Bbin. 2

Table 5

Linear multiple regression models and multiplicative models taking
into account the ICD-10 code

ICD-10 code Models
— * 2 _
MI16.0 E = 0.19*HU + 14.46, R =10.64 (8)
E = el.OS*ln(HU)71.77’ R2 —0.74 9)
E = 0.24*HU - 5.79, R? =0.
M16.1 ' 071 (10)
E = el.OS*ln(HU)fQ.OQ’ R2 = 0.75 (1 1)
— * _ 2 _
MI6.9 E = 0.18*HU - 50.10, R 0.67 (12)
E = e064+I(HU)+0.95 2 _ )61 (13)
E = 0.18*HU + 13.67, R? =0.
M84 1 + , 0.75 (14)
E = eO.?Q*ln(HU)70.287 R2 —=0.78 (15)
— % 2 _
M87.0 E =0.17*HU + 12.20, R“=0.80 (16)
E = eO.SQ*ln(HU)70.497 R2 —=0.78 (17)
M16.3, M16.5, M16.6, | E — 0.20*HU + 4.55, RZ=0.60 (18)
M16.7, M17.0, M21.9,
M87.2, M95.8, M95.9 E = l56:In(HU)=4.96 B2 — 066 (19)

Based on the constructed models (8)-(19), the predicted values of the Young’s
modulus and errors in them for the studied tissues were determined. The differences
between Young’s modules determined from the full-scale experiment data and predicted
by formulas (8)-(19) are presented in Table 6.

Table 6

The difference between Young’s modules determined by the
full-scale experiment data and predicted by the formulas (8)-(19)

ICD-10 code Model Average difference, %
M16.0 ®) 27
9) 16
M16.1 (19 1
(11) 16
M16.2 (12 16
(13) 14
M84.1 (14 H
(15) 12
M87.0 (16) 16
(17) 16
M16.3, M16.5, M16.6, (18) 20
M16.7, M17.0, M21.9,
M87.2, M95.8, M95.9 (19) 27

Table 6 shows that when considering the data separately for each ICD-10 code,
the difference in values between the Young’s modulus determined from the full-scale
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experiment data and predicted by formulas (8)-(18) does not exceed 16% on average.
The exception is the linear regression models for the M16.0 code and the last line in
Table 6, which contains codes with studies of less than 5 dimensions. At the same time,
it is worth noting that the multiplicative model for the M16.0 code gives results with
an average error of not more than 16%.

[t was found that the Young’s modulus values obtained during the full-scale exper-
iment almost do not differ from the predicted values obtained from the results of the
numerical experiment for the femoral heads tissues. The presence of an error in the pre-
dicted Young’s modulus value is due to the significant heterogeneity of bone tissue due
to the presence of pathological processes (osteonecrosis, osteosclerosis, osteoporosis).
[t is worth noting that the error for the predicted Young’s modulus values, determined
by formulas taking into account the ICD-10 code, is much lower. On this basis, it is
advisable to use them in future.

Chow tests at a significance level of 5% showed no structural differences in the
models constructed for different ICD-10 codes. The case for M16.1 stands out slightly,
but there were no statistically confirmed deviations from the general trend. This makes
it possible to use a single pair regression model (2) or (3) for predicting purposes.

[t should be emphasized that the revealed dependencies between Young’s modulus
values and Hounsfield units can only be used for processing CT studies performed on
Toshiba Aquilion 64 tomograph, since different models of scanning devices can give
different values of HU [20]. Moreover, it was found that the CT study protocols also
have a significant effect on Hounsfield units [9]. Thus, as a continuation of this work,
we see the study of the influence of manufacturer, the model of tomograph, as well as
its settings on the reliability of the results obtained using the proposed formula. In the
event that the predicting is not accurate enough, it is necessary to calculate correction
factors or re-specify the model taking into account new data.

To determine the correction coefficients for each tomograph, calibrated samples of
an aqueous solution of potassium hydroorthophosphate [9, 14, 17] with a known mineral
density could be scanned, after which it will be possible to obtain similar regression
dependencies and final models. By comparing the existing and newly obtained models,
it will be possible to determine correction factors for each specific tomograph.

Conclusion

In the study, the relationships between Hounsfield units and Young’s modulus of
bone tissue were obtained without taking into account specific features (age, gender,
ICD-10 code) and also taking into account patient’s gender and ICD-10 code. It was
revealed that the error for the predicted Young’s modulus values, determined by formulas
taking into account ICD-10 code, does not exceed 16%. Based on this, it is advisable to
use them in future.

These formulas can be used to determine the mechanical characteristics of bones in
biomechanical modeling of surgical treatment. This approach will allow one to obtain
the properties of the particular patient’s tissues, which is extremely important for a per-
sonalized approach to treatment planning. At the same time, to generalize the obtained
formulas, it is necessary to conduct a series of experiments to test them on tomographic
studies using tomographs of various manufacturers and modifications.
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