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uncxferznce betvieen- MRI system'é'n _surgery assxstmg robonc manipulators, leading to degradation of image quality. We have

. proposed e uovel MRJ eomp 'b_le method tht limits the noise gencration in the time period when MRI system does not receive '
xmagmg s:yml. R}‘ pulse signa.l is used asa tngger for synchmmzanon. In this study, we ‘conducted signal condmomng using
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the pioposed Tiovel MRI compaﬁble method.

g_»mstmments such as uluuomc motor. or radlofrequency curmrent gencmtor for RFA, -and evaluate the feasibility of
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Complete mectlon of ghoma is requiréd to obtain satisfactory outcome. It is difficult for neurosurgeon to identify boundary
between ghoma and normal tissue by. the naked eye. Therefore, various surgical assistance systems for detection of brain
tumor such as surgical navigation system have béen used in clinical operations. It is required to integrate intra-operative
information obtamed from’ mtra-operanve biomedical measureniént systems to realize more sophisticated surgical navigation,
In.this. resea.rch we. developed an mtegrated mtra-operanve information platform using middle ware, which has global
posmon and global time management capabllmes To evaluate the platform, we. integrated various devices and systems for
neurosurgery to.the’ pla‘tform Through-an In vivo experiment, we conﬁrmed that basic performance and eﬁ'ectlveness of our

_ platform in sunulated clmlcal environment. -
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Abstract Knowledge of the: blomechamcal propemes
of soft tissue, such as liver, is unportant in modelling
computer aided surglcal procedures. Liver tissue does
not; bear mechanical loads, and;-in numerical simula-
tion research is typically assumed to be isotropic.
Nevertheless, a typical biological soft tissue is aniso-
tropic. In vitro uniaxial tension and compression
expenments ‘were conducted on porcme cylindrical and
 cubical liver tissue samples respectwely assuming a
simplistic archltecture of livet tissue with its constitu-
~ent lobule and connectlve tissues' components. With
" the primary axis perpendxcular to_the cross sectional
~ surface of samples, the tissue is stiffer with tensile or

compresswe force m the axial direction compared to
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- that of the transverse direction. At 20% strain, about

twice as much force is required to elongate a longitu-

- dinal tissue sample than that qf a transverse sample.

Results of the study suggest that liver tissue is trans-
versely isotropic. A combined strain energy based

" constitutive equation for transversely isotropic mate-

rial is proposed. The improved capability of this
equation to model the experimental data compared to

_ its previously disclosed isotropic version suggests that

the assumption on the fourth invariant in the constit:

_utive equation is probably correct and that anisotropy

properties of liver tissue should be considered in sur-
gical simulation. :

Keywords Liver tissu€ - Transversely isotropic

hyperelasticity - Expenments Constitutive law -
Tissue modelhng

1 Introdnctlon

Liver, like many other soft biological tissues,is aniso-
tropic and heterogeneous. Nevertheless, hepatic sur-
gical simulation programs were developed assuming .
isotropic and homogeneous tissue ‘material properties
[5, 7, 8]. Much of the work in' mathematical modelling

" of soft tissue was based on the assumption of the tissue

having isotropic properties [2, 6, 16]. It is important to
consider the effeécts of liver tissue anisotropy when
developing computer aided or integrated surgical
models. Liver mlcroanatomy is very unique in having a
dual blood supply consisting of its hepatic arterial and
portal venous components as well as its hepatic venous
blood components within the interconnecting lobular
sinusoidal anatomy Understanding the biomechanical
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properties. of liver tissue is unportant for deve]opmg

computer simulatior programs " that could assist in

surgical planning, treatment and training, as well as for
developing and designing medical device and proce-
dures for treating liver disease. The focus. of this. paper
is on investigating the amsotropy ‘properties -of “aver-
-age” liver tissue at the sample length scale of- approx-
imately .10 mm. We- consider a liver ‘tissue sample
compnsmg only: the dominant vessel-like lobules and
connectlve tissue components A detailed description

of liver anatomy can be found in Tortora [21] and -

Netter [18]. ) :

. This short Ppaper.reports the results of our investi-
: 4gatlon regardtng ‘the anisotropic mechamcal properties
of liver tissues ‘using in. vitro uniaxial tension and
compresswn expenments

2 Mate_rtals and methods

In Chui et al. [4],’an isotropic version of the combined

logartthmrc and polynomial equation was used to rep- .

resent the stress-strain ¢urves obtained from in vitro
expenments with liver tissue. The combined energy
model ‘was found to be supenor in .modelling the
stress-stram relatlonshlp of liver tissue. when compared
" with other forms of energy based constitutive equa-

'Atxons The constltute equation for the transverse iso-

troplc propertles of the tissue can be derived in a
© similar. manner, assummg that' the liver tissue samples
comp 1smg lobules and connective tissue, are homo-
geneous For transversely isotropic matenal the fourth
- ‘$train invariant is included in the energy.function, i.e.
: W i Iz Is 1). A is denoted as the principal values of
the deformatlon gradxent Fand;isa function of ;.
Ltver tissu€ is assumed to be highly mcompress1b1e

o F /11 pre /13 =1 Under uniaxial deformation, the .

’cross-sectlonal area of the cylindrical sample reduces
by 1/2 when the hetght of the sample is 1ncreased by a
factor of 4. By settmg A=Ay, =2y = 7—3 It can be
derived that the invariants Iy, I, and J; under uniaxial
deformation "are I = 2> +2/4, I, =24+1/3> and
IZT=1, respectxvely

We hypothesized that porcine liver tissue is trans-
versely isotropic with respect to the 2 axis, and x, y
represent paxred rectangular axes in a plane perpen-
dicular to z. Note that z is deﬁned in' the longitudinal
direction of the liver lobule, i.e. N= : (0, 0, 1). Hence,
the' fourth strain invariant is deﬁ_ned as I; = 7. This
invariant was first introduced by Ericksen and Rivlin
[9]), and was recently used to model human anterior
crucxate lxgament (ACL)-in Ltmbert et al. [13].

@ Springer

_ The strain energy of an elastic and transversely
iSotro'pic material can be expressed as W (1% +-2/2, 2/
A, + 11321, 2%). The true stress ¢ in the tensile or
compressnve direction ‘can be obtained from a partial

' 'denvatxve of W. Since the engmeenng stress T, which
is generally measured ‘in biomechanical testing, is

related to the true stress ¢ by ¢ = AT, we can derive -
that

edid 1 oW 1 oW .

A- —l1-= — . :

r= 61( ' )+2312 (1 .,13)*2314’1 ™)
Fung et al. [10] first proposed a strain energy
expression which is a combination of a polynomial

- and exponential function to model the entire ‘stress—,

strain ‘curve derived from their experiments using
canine thoracic aorta tissue.

‘w=c1(éQ-Q-1}+g ' @)
wuh &

0 = Co(lh ~ 3)* + Ca(ls = 1)* + 2Ca(1y - 3)(Ja — 1)
q= C5(11 3) + C6(I4 - 1) + 2C7(11 3)(14' - 1)

The logarithmic form of the strain energy function was
found to be better than the exponential form in [11,
20]. 'The - corresponding seven constants combined
logarithmic and polynomial energy function is given
as follows: .

S PRI : (3
W=—"In(1-u)+3 4 (3)
where
o1 2, 1 12
u=35G(h -3 +5G(ls = 1)+ Ca(h - 3)(L - 1)
g = Cs(h = 3)* + Ce(Is — 1)? +2C(h - 3)(Ls - 1)

Partial dtfferentlatmg W.in Eq. (3) with I; and I,, and
oW/dl, = 0, the followmg stress-strain relatlonshlp is
obtained from Eq. '(1). '

- (zcl(cz(f,t__s);Q(;z_l)) /6-2)

+2Cs (12+%-3) +2c7(,12—1)) (A—%)

+(zcl(cs(zz—1)’+C4‘(’f+_1‘3))/ ('"%) .,

+2cﬁ(,12—1)+2c7(x2+§,-3)),1 @) .

-
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Where
' 2,2 )
Q2’=C2(/1 +1-3) cu —1)
+2Cs (A’+%-3)(;. -1)

from the’ aver’age Stress (T) versus stretch ratio (1)
curves corresponding to the cyclé of compression and
then elongatlon expenments a constitute equation in
T= ﬂ}.) form represented the expenmental data if the
theoretlcal curve followed the shape.of the average
curvéand the standard error was small. Standard error
is deﬁned as the root meaiis' square €rrors’ (RMSE)

calculated from companng the -theoretical estimation -

. and expenmental resulfs.

. ~We -assumed, that for. ‘these experiments, -the liver
tissue sample comprises of only connective tissue and
hepatic -lobules. Figure 1a illustrates the composite
material model of a cylindrical tissue sample extracted

. from the liver surface. For sainplesthat were éxtracted
* from the liver surface, there wis also present a thin

outer layer of membrane (capsule) E, E, and E,
‘denote the- three orthogonal axes. For these studxes it .
is assumed that the liver tissue is transversely isotropic,
and that the material properties denotéd ‘as E, along
the direction perpendicular to the liver surface should
be significantly different from the material properties
E, and E,, and E, = E, Uniaxial elongation and
compression experiments were conducted to study the
liver anisotropy.

Uniaxial load testing provides basic and useful
information on the mechanical properties of biological
tissue. In this test, a uniaxial force was apphed to the
tissue samples Force and dlsplacement were measured
automatically during the test by a precision instrument
(Eztest, Shimadzu, Japan). This instrument had a res-
olution of +1%, and could support loading rates ranged
from 0.5 to 1,000 mm/min. The load cell was capable of

. measuring a force up to 20 N. The shape change of each

Fig. 1 Nlustration of liver (a) U
tissue samples for E o
. experiments:.a cylindrical Z Capsule\
tissue sample as a composite . z "™y
- material of lobule and " 172 mm_,
. ‘coninective tissue; b outer and . — J mm E,
inner tissue samples wnh ’ : Lobule 44—
‘cubical shape ¢ extraction of ‘
. inner cyhndncal liver tissue
sample .
e 1> > = |
. y E -
Liver lobule E p iua Feciia -
Liver tissue sample —* Connective tissue "
.(b) E » : Capsule
: 4 E : um
- ] - : Outer sample
10,1'“7 = (10 mm cube)
10 mm : Inner sample
| / >E: (10 mm
- . E, |cube).
10 mm :

Liver tissue
sample
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test ,sarnple was monitored and recorded using a video
camera. Recent and more advanced in vivo methods
.employ surgxcal mstruments with ‘force sensing capa-

bilities that enable tissue, elasttclty measurement during -
surgery [2, 17] However, these in-vivo. techniques lack -

well-deﬁned boundary CODdlthDS when used- during
experiments. It is difficult to measure the anisotropy
properttes of liver. tissue with these techmques We

_assume that the liver-tissue anisotropy propertles do not .

, change from invivo to in vitro.

" Fresh- porcine livers were’ purchased from a- local 4

, slaughterhouse It is generally believed that the
mechanical’ propertles of -pig ‘liver closely resemble
those ‘of human liver: The wexght of & whole porcine

hver used in the’ expenments was 1. 5 + 0.2 kg The - -

tissue samples to be tested were extracted from the liver

(Wthh was stored at. 0°C) and tested. ‘at room temper-’

ature within 24 h after slaughter Itis unportant to use
fresh blologxcal tissue in experiments. Choy et al. [3]

reported that the stlffness of heart tissue increased asa

" furiction of the time after death. Ringer’s -solution
(Krebs 1950) was applied penodlcally to prevent the

samples- from drylng Since sample cuttmg may affect -

the results obtained, careful tissue sample preparatton
is necessary A dxsposable surgxcal knife was used to cut
and trim the tissue samples ‘Careful attention was given

. o the onentatlon ‘of the tissue samples Unless other- °
" wise, specrﬁed the samp]es were extracted perpendic-

ular to ‘the liver surface with at least -one full lobule
" “identified. _leer Iobulés are clearly V151b]e from the top
-of the -po _cme liver. Samples with large vessels or
obvmus pores were discarded: Three expenments were

v.,ecamed out, namely tensrle unconfined compressmn

- combmed elongatton and compressron testing.

.21 Tensﬂe testlng
J

Test samples were cylmdnca] in shape with a fixed

dlameter (7 mm) as in Chui et al. [4]. The length of

‘ each sample was 10 + 1 mm. They were extracted- from’
_the. surface of the organ with the capsule intact using a
blopsy neédle. Both ends were attached to two rubber
plates using instant surglcal glue. In the test, samples

© wete elongated at a constant loading rate of 10 mm/s.
Horizontal markers were positioned .on the samples.
Tissue deformation and marker posmons were mom-
tored by the video camera.

2.2 --‘Uncon_l_ine'd' COmpression testing'
Cubtc test samples of dimension 10 x 10 x 10 mm*

were used. They were extracted from the surface of the
organ with the capsule intact. Each sample was

@ Springer-

" compressed to 1 N-along the three orthogonal faces.

Since samples were extracted from the top surface of
liver ‘with the capsule intact, it was important to
determine whether the . présence of the liver capsule

~ contributes to the larger force required to compress the

.

"sample from the surface. In order to determine the

effect of the capsule on the stiffriess of the samples in’
these experiments, samples from both the surface and
the inner portions of porcine livers were prepared. As
shown in Fig. 1c, a block of 10 x 10 x 20 mm? tissue
was extracted from portion of liver with thickness of at

‘least 30 mm. The block was then divided into two cubic

blocks. The outer sample contains the liver capsule.
Compression tests with the same experimental condi-
tions were conducted on both outer and inner samples,

2.3 Combined compression and elongation testing

The dlameters and lengths of each cylindrical sample
were 7 and 5 mm, respectively. The samples were ex-
tracted from both outer and inner parts of the whole
liver and were labelled as longitudinal and transverse
samples respectlvely Flgure 1d 1llustrates the proce-
dure to extract liver tissue samples from the inner parts
of liver organ. The procedure was designed such that it
was’ consistent with the normal sample preparation.
The porcine liver was first cut to reveal-its inner side.
The biopsy needle was then used to extract the sample
from' the cut liver. Combined compression and then
elongation tests were then performed on the samples.
. To study the nonlinear stress-strain relationship of
the tissue, the average engineering stress measured at
each strain increment during combined compression
and elongatlon experiments with cylindrical tissue
samples (Chui et al. 4] was curve fitted with a com- -
bined energy constitutive equation for transversely
isotropic material. The standard error from curve fit-
ting was then compared with that of the isotropic
version of the constitutive equation.

" 3 Results .

The deformatlons of llver tissue samples were recorded

- viavideo camera dunng tensile testing. The two hori-

zontal markers remained roughly horizontal. This im-
phes that the liver tissue sample is not orthotropic. If.

. the tissue sample is orthotropic, the markers will fail to

rémain horizontal. There is at least one plane of
asymmetric. Since the vertical displacement is larger
than the horizontal dlsplacement due to necking, the
liver tissue sample is likely transversely isotropic. -
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o apparen' that the samples deformed dlfferently along

_ the direction. of E, and along the direction of E, and

S ~E,. Thls implies that the liver tissue sample is probably

o C transversely 1sotrop1c during compressron ‘The liver
' “tissue sample is therefore transversely 1sotrop1c '
Flgure 3 shows the mean stress—stram ‘curve ob-
tamed from combrned compressron and. elongatxon
tests of cylmdncal liver tissue samples -obtaiied along
E, and along E,, respectlvely Agam it was apparent
that the samples deformed. dxfferently -along the
direction of E; and along’ the direction of E,. There

were clearly distinctive longxtu_dtnal and transverse .

Stress (Pa)
15000:'

~ 5000

-5000
-100007.
-15000 - } } — }
, 06 08 0 12 14 16
Stretch Ratio

Fig. 3 Average stress—stram relationships of longitudinal and
transverse samples with cylindrical shape: longitudinal samples
(solid line), and transverse samples (dotted lines). Number of
samples 10 (5 each for longitudinal -and transverse samples)
Dimension Diameter 7 mm, height 4-7 mm. Loadmg rate
10 mm/min. Temperature about 22°C. Standard deviations from
the mean values are mdxcated with horizontal bars

stress-strain relationships. This supports the conclusion
that the liver tissue samples were indeed transversely
isotropic with the pnncrpal axis perpendicular to the
horizontal plane. .

Table 1 illustrates the results from fitting the aver-
age experimental stress-strain data on cycle of com-
pression and elongation with the combined logarithm

and polynomial model (or combined energy model),
and combiried exponential and polynomial model. The

combined energy model fits the stress=strain curves
better than that of the combined exponentlal and
polynomlal model with slightly smaller RMSEs. In
comparison with the isotropic version of the combined
energy function, the transversely isotropic counterpart

_ was able to model the curves better with much smaller
- ErTOTS. The ability of- transversely isotropic constitutive

equations to model the experimental stress-strain data
implies that the assumption of I, = 4% in the analytic’
study is probably correct. The anisotropy properties of .

. liver tissue should be considered for accurate surgical
simulation modelling..

4 Discussion

Experimental results and theoretical analyses de-
scribed above indicate that the liver tissue- samples,

i
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’

Table 1 En'ors £rom fitting the average stress-stram curve obtamed from combrned compress:on and elongatlon expenments {4}

Material - RMSE
P ara_meters Mean _"Maximum Standard Relative
(Pa) (Pa) Deviation (Pa) - (Maximum/mean)
Combined exponential Ci=2 4717 - 83.96 T 3385 ' . 178
" and polynomial . C; = -761
’ ' C3‘= —18
Cy= 236
Cs = 38200
Ce = 6,100
S _ C, = 13,700 ’ :
Combined logarithmic and C, =293 © 4561 80.27 31.88 - 1.76
polynomial (7 constants) C,=2394 ’ S ‘
- - C3=3.35
C4 = —044
Cs = 14,300
'.C5'= _-300 .
: A Cy;=-1,600 - , _ C o
Combined logarithmic and Cy = -34244 91.92 112.14 17.43 . 1.22
polynomial,(lsotropic)" . C;=199 | : : '
' - C3 = +136.08

The errors assummg a transversely lsotroplc model are about half of that with the isotropic model. The combmed logarithmic and
.polynomxal model is somewhat better than the combined exponentlal and polynomlal model

Number of samples 65 from-18 livers .

Dimension Diameter 7 mm _

Height 47 mm : , TN
Loizding rate 10 mm/min .

Temperature about 22°C -

a From. [4] '

B modelled .as a’ composrte matenal comprised of hver
' lobules and connectrve ussue, was transversely isotro-
'prc with: ‘the princ pal axis along the direction of the
-lobule and perpendrcular to the horizontal plane. This
amsotropy property can be - fepresented using the
fourth invariant. in theoretrcal analysrs ,

The slow strarn rate durmg our combmed compres-

planned 50 that the number of stresses measured at
. each "strain- mcrement is significant consrdermg the
- small’ test- sample used. It is higher than the strain rate
,for brain tissue typrcally at OOlO/s during .neurosur-
- gery. . Hu and Desai [12] reported that liver tissue is
strain “rate mdependent based on their indentation
. expenments at 6.096' mm/min and 10.69096 mm/min on
. 50'x 50 mmi liver tissue sample w1th varying, helght In
* Chui et al. {4], varying the strain rates from 0.003 to 6.0
per second did not have a srgmﬁcant effect on the
stress-strain data from compression and elongatlon
experiments. Liver tissue is not lmearly viscoelastic.
~ We are investigating the mechanical propernes of
the liver lobule, and wiil relate them with that of the
liver tissue. From, expenmental stress—strain data,
the tissue samples were stiffer when compressed from
-the top of\ the cubic. tissue samples in unconfined

@) Springer

compression testing, and when elongated with longi-
tudinal tissue samples in combined compression and
elongation testing. Based on separate experiments with
porcine liver lobule samples, the dverage stress-strain
curve was close to that of cub_lc liver tissue when
compressed from the side. More studies will be re-

quired to determine the relationship between liver

tissue, lobules and the connective tissues.

A transversely isotropic model may provide a better
presentation of liver biomechanics compared to the
typical assumption of isotropy. Several studies in the
literature (for examples: Bilston et al. [1, 15] assumed
that very soft tissues are initially isotropic. Although
liver tissue is a soft tissue and does not bear mechanical
loads, the 1mt1ally rsotroplc assumption may not be
applicable to porcine liver tissue. samples (cylindrical
7mm  diameter, 4-10mm  height; cubical
10 X 10 x 10 mm®) although it might be. applicable to
porcine brain tissue samples as reported by Miller and
Chinzei [15]. From our combined compression and
elongation experiments with porcine brain tissue, the

brain tissue samples were found to be very much softer:

compared to that of liver tissue. As is apparent, the
mechanical properties of liver and brain tissues are
very different.
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We are not aware of any srgmﬁcam efforts to
investigate the anisotropic properues of liver tissue,
and to model these propemes of liver tissue using

nonlinear constitutive equations. .-The proposed com-
- bined -energy model ‘has.the following mathematical -

advantages: at low strain, the logarithmic component in
the combined mode! was small, and the polynomial

. component was dominant. Their roles were reversed at
high strain. The parameters do not vary much in fitting
the various experimental curves. This consistency will
contribute to stable “computation. This model is
therefore advantageous in descnbmg the entiré non-
linear stress—stram curve.

Thrs equauon could be 1mplemented for modellmg

robotrc needle insertion. procedures [14, 19] useful
in desrgmng ‘computer  aided surgical procedures.
Nevertheless, the material parameters were derived
from uniaxial loadmg experiments. Biaxial tensile
tests .with. s1multaneously applled forces in both_lon-
gltudmal and transversal drrectrons will provide more
mformatlon on: modellmg the deformation of liver

‘organ under’ multiaxial condltrons typical in abdomi--

nal surgery. .

- An. alternative. for fast deformatlon computmg is to
replace the strain energy baséd stress-strain equation
with a srmpler non energy based- equation such as
.0 = ke? where k and d are constants to model the

stress-strain relatlonshrp of liver tissue in the hori-
. zontal and vertical direction. In addmon to the absent
lof complex three dimensional stress fields; the fitting
‘errors associated with non energy. based equation were
sxgmﬁcantly large compared to that of énergy based
constrtutlve nmodels. Hence, energy based’ ‘stress-strain
equatrons should be used for clinically viable. surgical

simulation' modellmg despxte the complexity and de-’

~ mand for larger computing power compared to that of
energy based equauons

5 'Conduéians

ThlS study showed that llver tissue is transversely iso-

tropic with the. pnmary axis perpendlcular to the cross

sectional “surface "of tissue sample. The improved

,capablhty of a combined strain energy based constitu-
tive equation. for transversely isotropic material in

modelling the experimental data compared to its pre--

viously disclosed isotropic version suggests that the
assumption on the fourth invariant in' the equation is
probably  correct. The " amsotropy properties of liver
tissue should be consrdered in surgical s1mulatron
research
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