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fibrous tissue, with the exceptxon of the ulcerous cavities and
calcifications. However, the original thickness of the fibrous
cap of ruptured plaques was unknown. Therefore, in this
study, fibrous caps with various thicknesses were considered
for the same plaque. Previous in vitro study (19) of human
atherosclerotic materials has shown that fibrous caps usually
fracture when the static stress exceeds 300 kPa. Therefore,
the critical value for fibrous cap thickness, under which the
stress on the fibrous cap would exceed 300 kPa, was also
calculated for each plaque. This critical thickness was
obtained with the abovementioned computer simulation of
finite element models: When the critical fibrous cap is thin,
it means that the plaque “therefore. seemed. to. ‘be:. less
vulnerable. The data were then used to _conduet:a compu~
tational stress analysis: usmg the finite elemierit ‘model for the
purpose of color mapping: the. 10ng1tud1na1 stress- distribu-
tion, which was supenmposed onto the ongmal Vus
images.
This study was approved by the Instmmonal Re, ,ew
Board of the Hospital of Yamaguchi University School‘of
" Medicine. All patients provided signed informed consent to
participate in the study before IVUS was performed.
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Figure 3. Effect of lipid core on stress distribution, Thie arrow indicates the point of stress concentratxon ata locahzcd surface area just above the lipid'core .
(A2). The size-of the lipid core did not influence the value of the surface stress (B2), provided the fibrous cap thickness remained constant. (Al B1) Plaq e.
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RESULTS -

Studyof vessel models. This study showed the longitudi-
nal stress distribution‘within plaques using. a color-coded
representation. Figure 2A illustrates the longitudinal distri-
bution of equivalent stress within a hill-like homogeneous
plaque model by use of relative color. -mapping. The con-
centration of equivalent stress could be observed at the top
of the plaque hills; as well as at its shoulders. When there
was a distortion of plaque shape, the stress was concentrated
not only at.the summxts -and shoulders, but also at: dlps in -
the 1rregu1ar surfaces: ills,

» a just above thie lipid core
(Fig. 3). The size of the hp1d core had no influence on the
surface stress value g1ven that the thlckness of the ﬁbrous cap
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models used. (A2, B2) Mapping of stress dxstnbunon of the corresponded model.
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remained constant. However, the thickness of the fibrous cap
exerted a great impact on the surface equivalent stress “of the
plaque, namely, the thinner the fibrous cap, the greater- the
surface equivalent stress, given that the size of the lipid core
remained constant (Fig. 4). In this idealized model, the peak
equivalent stress: reached beyond the. empirical critical level
leading to plaque rupture, when the fibrous cap was thinner
than 80 um. Superficial calcifications led to a decrease in
surface stress, whereas calcification at the bottom of the plaque
exerted no influence on the surface equivalent stress vilue. As
in Figure 5, a superficial calcification. adjacent to the lipid core
attenuated the peak stress value at the plaque surface just above
the lipid core. There was an’ inverse relationship between. the
sutface equivalent stress and the thickness of the fibrous-cap.
The stress value increased dramatically when the fibrous cap
wias: thinner than 80 um. However, when there was a suiface
calcification: near the lipid core; the surface* equivalent stress
was smaller with the same fibrous-cap thickness,:such that the
iriverse relationship shifted leftward and downward (Fig. 6).

IVUS study Flgure 7 shows representative examples of the
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color mapping of longitudinal stress distribution using
longitudinal IVUS images. In case 1, the critical thickness of
the fibrous cap leadmg to rupture was 50 um, whereas this
value was 10 pm in case 2. In case 2, there was a superficial
calcification close to the rupture point. Table 2 shows the
profile of the 15 ruptured plaques analyzed. The IVUS

“study showed that the critical thickness of fibrous caps

leading to rupture varied between <10 wm and 200 pm.

DISCUSSION

This study was-the first showing the longitudinal structural
determinanits of plaque vulnerability by use of a simplified
computational analysis of stress distribution within athero-

sclerotic plaques using vessel models and three-dimensional
inttavascular ultrasound. imaging. Furthermore, this study
also- showed that the critical thickness of fibrous caps

leading to rupture varied substantially with differerices in

plaque structure, especzally with differences in the degree of
calcification.
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'80 pim; ¢, 40 p.m) on stiess dxstrzbutxdn When the fibfous cap was thiriner than 80 p.m, thc stress

wis markedly elevated‘ (atrow). (A4, Ab; Ac) Plague riodels uséd. (Ba, Bb, Bc) Mappmg of stress distribution of the corresponded model
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Figure 5. The effect of surface calcxﬁcatxons on the dxsmbutlo :
A supetficial calcification adjacent to the Lipid coré atteniited

Plaque size, - shape, vessel remodelmg, and plaque
stress. Previous cross-sectional structural analyses of plaque
stress distribution have shown that the shoulder regions of

eccentric plaques are likely to exhibit stress concentration,

leading to a susceptibility to rupture (13). However, the

S

| without superficial calcification
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Figure 6. Effect of superﬁcxal calcifications on the relationship between the
fibrous cap thickness and the peak equivalent stress at the plaque surface,

i The equivalent stress increased dramatically when thie fibrous cap thickness

became <80 pum. This increase shifted leftward and downward when there

" was a superficial calcification close to the area of interest.

" results of thlS study indicated that longltudmal plaque shipe

* models used. (Ba, Bb) Mapping of stress distribution of the corr esponded model;

is also important for predicting the location of Stress
concentration within plaques B
Our study showed that increasing either plaque volume
or the severity of stenosis decreased the degree of stress
concentration. These findings were compatible with
those of a previous' cross-sectional structural analysi
plaques (13). Accordmg to the LaPlace law, thet
stress on the wall of a luminal structure is eotrelated with
lufiinal pressire and diameter, and is inversely related to .
theé thickness' of the wall, Increasing plaque volume thus
increases the thickness of a wall and decreases the lumifial:
diameter (unless there is vessel remodehng), thereby
leading to a decrease in the surface stress of the plaque.
The present results may therefore account for previous
serial angiographic analyses showing that ‘the culpnt’
lesion before the acute event frequently had <50%
diameter stenosis (3-8). Based on recent IVUS studies, it
is likely that plaque regression or less progression that
may not lead to stress attenuation is associated with: a
decrease in the risk of future cardiac ‘ever'_lt“s (9-11).
Therefore, this paradoxical consequence could be attrib-
uted to simultaneous changes in plaque Lomposmon and’
fibrous cap thickness. : o
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Figu ples of thc three~dimensional IVUS unagcs and the color mappings of longlmd.mal stress distribution. The arrows show rupture
poirits. ; ess of the fibrous cap in'terms of rupture was 50 um (A). However, the thxckness in case 2 had to be reduced to <10 jum to reach ‘the
critiedl-poinit i pt lipture (B) Thus, éase 2'seeined to’ rcpresent a less vulnerable plaque than case 1, ald\ough the fibirouzs cap thicknéss wis the same: (A)
Case 1; (B) case 2. ) :
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m vessel drameter, which consequently maintains
or: enhances stress value on the plaque surface Therefore,

TeVIOus reports (9 12) showmg that unstable plaques are
usually associated with exparisive remodeling.

' al' plaque structure and stress. The significant
Impact of decreases in fibrous cap thickness on stress
‘concentratron within plaques has been widely shown in
‘various studies usrng postmortem pathological analyses and
intravascular imaging modalities (4,13-17). Our findings
showed' that the stress on a fibrous cap was dramatically
increased when its thickness was <80 pm. This value of 80
pum actually depends on the vessel diameter. The range of
cap thickness of 60 to 100 pm corresponds to vessel diameters
of 2510 4mm. Previous empirical cross-sectional studies have
shown that a fibrous cap .thickness of less than 65 to 150 um
is critical in terms of the risk of plaque rupture (15,16,25-27).

Therefore, the critical thickness of fibrous caps in terms of
plaque rupture might be similar in both the cross-sectional
and the longitudinal direction. However, the present study
using longitudinal IVUS showed that the critical thickness
of a fibrous cap leading 'to rupture varies greatly because of
differenices in the distribution of surrounding calcifications,
even with the same vessel diameter. The involvement of
calcification; and variabilitiés in plaque thickness and shape,

maj dccount for inconsistencies regarding the critical thick- -

ness -reported in several previous: studies, which has been
shown to vary between 65 and 150 pum (15,16,25-27). The
effect of vessel size would also account for a range of the
“critical thickness  varying from 60 to 100 pum as noted above.
Furthermore, our results suggest that the measurement of
fibrous- cap thickness alone is madequate for 1dent1fymg
plaques vulnerable to rupture. - 5

The presence of a hprd core wasalso an 1mp0rtant factor
in stress:‘concentration, according to our study, of the
'longrrudmal vessel -axis: However, increasing the size of a
" lipid core did not. affect the surface stress of plaques,
provrded the thickness of the fibrous cap remained constant.
These studies, as well as ouir 0wn; rhay suppott'the ﬁndmgs
of ‘previous reports showing that plaque’ rupture can be
observed in the region of a fibrous cap, even in the presence

of a very small lipid core (18,25,28).

Calcification is commonly found in atherosclerosis, but -

the rolé of calcification in plaque rupture is still unknown.
Some studies indicate beneficial effects in stabilizing plaque
- (19,23, 29), whereas some suggest its worsening effects to

plaq e. vulnerability (30-34). In our study, calcification -

srgmﬁcantly affected the stress on fibrous caps that were
) erther a Jacent to or at a slight distance from calcifications.

s study, when the plaque thrckness remamed con-
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__The exact mechanisms of the attenuation of stress by surface

calcification are unclear.

Clinical implications. Although a variety of factors may
participate in the process of plaque rupture, including
hemodynamic shear stress (20), turbulent pressure fluctua-
tions (35), transierit compression (36), sudden increase in

intraluminal pressure (37), rupture of the vaso vasorum (38),

material fatigue (4,18,39), and cellular mﬁammatory reac-
tions (3,4,22,40), -this study suggests that assessment of

stress concentration within a plaque along the longitudinal

axis of a vessel is also important for identifying vulnerable
plaques. Therefore, this approach may help identify vulner-
able plaques or even help predict the point of future rupture.
Study limitations. To simplify the present finite element
analysis, the materials were assumed to be i isotropic, incom-

_pressible, and uniform solids. By assuming that plaques,

lipids, calcium, and normal arterial ‘walls could each be
characterized by a single set of structural parameters, spatial
and interspecimen variations within a particular component
were not considered here. However, the assumptions used
in this study have been widely accepted as allowable for the
assessment of the biomechanical properti€s of atheroscle-
rotic lesions (13 23). The model used.in this study was a
linear one, although almost all of the biomaterials have
nonlinear properties. Actually, there are only limited ‘data
available with regard to the nonlinear bioméchanical behav-
ior of atherosclerotic lesions. Furthermore; in the ‘present
study, we examined factors affecting. relative stress values
and not exact absolute stress magnitudes. _

In this study, we used an axisymmetric model, although
clinical plaques are not always axisymmetric in geometry.
The purpose of this study was limited to assess the'longi-
tudinal determinants of plaque vulnerability, but not cross-
sectional determmants, which were already clarified-in the
numerous previous studies. Therefore, the: axisymmetric
model was used to exclude the cross- ~sectional déterminants
of stress distribution within plaques. s

Tt was also assumed in this study that there were no ‘shear
stresses, torques, trme—varymg forées, or flow-related forces,
only static blood pressure was considered to be actmg on'the” ..
lesion in the models. It has been dociumented that the effect -
of fluid shear stress is insignificant when compared: withthe
effect of tensile wall stresses (19) as a direct component"m
plaque fracture dynamics. The. estimation of stresses- in-
duced by static pressure load alone has already shéwn' its
usefulness in identifying stress concentration in ‘human
lesions (23), because the location of stress concentratron}
does not significantly differ between the single static pres--
sure model and the complex dynamic pressure model. :

.
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BREAST IMAGING: Clinical Application of US Elastography

{tohetal

enerally, breast cancer tissue is

harder than the adjacent normal

breast tissue. This property
serves as the basis for some examina-
tions, such as palpation, that are cur-
rently being used in the clinical assess-
ment of breast abnormalities, as well as
for elastography.

The principle of elastography is that
tissue compression produces strain
(displacement) within the tissue and
that the strain is smaller in harder tissue
than in softer tissue. Therefore, by mea-
suring the tissue strain induced by com-
pression, we can estimate tissue hard-
ness, which may be useful in diagnosing
breast cancer.

Elastography has been used clini-
cally to examine a variety of breast le-
sions in patients, and it has heen con-
cluded that this modality may be useful
for differentiating malignant from be-
nign masses (1).

During elastography, it is assumed
that the main displacement of tissue oc-
curs in the longitudinal direction (ie, in
the direction of the beam). This condi-
tion can be largely met by applying com-
pression with a well-controlled stepping
motor. With freehand compression,
however, the influence of probe move-
ment on the skin’s surface in the lateral
direction (so-called creep or slip) must
be suppressed. A high-speed algorithm
for estimating strain distribution is re-
quired for real-time measurement. In
addition, an ideal elastography system
will have a large dynamic range of strain
for stable measurements that does not
depend on the speed and extent. of com-
pression.

Three methods—that is, the spatial
correlation method. the phase-shift
tracking method, and the combined au-
tocorrelation method (CAM)—have
been introduced for measuring tissue

strain at elastography. Although a head-
to-head comparison of these methods is
lacking. each method appears to have
certain advantages and disadvantages
(Table 1).

The spatial correlation method uses
an ordinary two-dimensional pattern-
maltching algorithm to search for the posi-
tion that maximizes the cross correlation
between regions of interest (ROls) that
are selected from two images (one ob-
tained before and the other obtained after
deformation). This method can he used to
demonstrate displacement in two dimen-
sions (longitudinal and lateral), but the
processing time is lengthy, which is a dis-
advantage for real-time assessment. The
phase-shift tracking method is bhased on
an autocorrelation method that is well
known as a principle of color Daoppler
ultrasonography (US). As a result, this
method can be used to rapidly and pre-
cisely determine longitudinal tissue mo-
tion hecause of phase-domain processing.
Because of errors that are related to alias-
ing, the phase-shift tracking method fails
when used to measure large displace-
ments. In addition, this method poorly
compensates for movement in the lateral
direction, which is a disadvantage for
freehand compression.

To overcome this problem, we de-
veloped a third method—the CAM (2-
4). This method enables rapid and accu-
rate detection of longitudinal displace-
ment by using phase-dorain processing
without aliasing. Because lateral and el-
evational tissue movements are inevita-
ble during palpation-like frechand ma-
nipulation of the probe, we modified the
CAM to better demonstrate tissue dis-
placement in these directions (5).

The dynamic range of strain that is
estimated by using the extended CAM is
0.05%-5.00% (optimal dynamic range,
0.50%~2.00%); this method can com-

Go_mpérlson of Different Methods fbrMeasu‘ring\Strain

" Sensmvny to

o * Pracessing Measureable

Method- . Speed: Precision Range of Strain ~~Lateral Slip .

Sb‘ﬁﬁkélk_ct)rrelatiori* ; Slow -~ Moderate Lafgje‘V : Robust

Phase-shift tracking Fast High Small Weak
SR - Fast.

“CAM- *High

- Large . Robust

pensate for up to about 4 mm of lateral
slip (5). We have further developed this
system for clinical breast examination.

Thus, the purpose of our study was
to evaluate the diagnostic performance
of real-time [reehand elastography hy
using the extended CAM to differentiate
benign from malignant breast lesions,
with pathologic diagnosis as the refer-
ence standard.

Waterials and Methods

Patients

This study was approved by the Univer-
sity of Tsukuba Human Subjects Institu-
tional Review Board, and all patients
provided informed consent. All data col-
lection, analysis, and information suh-
mitted for publication were controlled
by authors who were not employees of
Hitachi Medical, which provided the
equipment used for this study. We per-
formed real-time freehand US elastog-
raphy in 135 consecutive women who
underwent evaluation for breast lesions
(76 benign lesions and 59 malignant le-
sions) at Tsukuba University MHospital
between March 22, 2002, and Septem-
ber 26, 2003; lesions were detected at
conventional B-mode US and were clas-
sified as category 2-5 lesions according
to the Breast Imaging Recording and
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Data System (BI-RADS) criteria for US
(6). Lesions were defined as areas in the
breast tissue that were hypoechoic or
isoechoic (compared with the subcuta-
neous fat) on B-mode images and in-
cluded both mass-forming lesions and
non-mass-forming lesions. At B-mode
imaging, lesions that were clearly cystic
or those that appeared as fat islands
were not included.

Analyses were based on data from
111 patients in whom lesions measured
no more than 30 mm in diameter and
for whom cytologic or histologic diag-
noses were oblained. Eight patients
with lesions larger than 30 mm (one
with a henign lesion and seven with ma-
lignant lesions) were excluded hecause
these larger lesions could be diagnosed
by using conventional diagnostic meth-
ods, such as cytology or biopsy. Fur-
thermore, 16 patients (all with benign
lesions) were excluded bhecause no
pathologic diagnosis was available.
Overall, the remaining 111 patients had
a mean age of 49.4 years (age range,
27-91 years). The 52 patients with
breast cancer had a mean age of 52.9
years (age range, 29-91 years), and the
59 patients with benign lesions had a
mean age of 47.4 years (age range,
27-73 years). This difference was not
statistically significant according to the
Welch test, which was used because
pretest results (Bartlet test) did not
show equal variance hetween groups.
The diameter of malignant lesions
(mean, 16.6 mm * 6.1 [standard devia-
tion]; range, 6-30 mm) was determined
to he significantly greater than that of
benign lesions (mean, 12.6 mm = 6.2;
range, 4-30 mm) by using the Student ¢
test hased on the pretest of variance
equality (Bartlet test) (P < .001).

In all patients with benign or pre-
sumed benign lesions, we ohtained fol-
low-up data for a period of more than 1
year (ie, from the time of diagnosis to
January 2005).

Pathologic Diagnoses

All diagnoses were made by a patholo-
gist (H.K.) who had 20 years of experi-
ence in the pathologic analysis of breast
cancer samples obtained with fine-nee-
dle aspiration cytology, needle hiopsy,

excisional biopsy, or radical surgery, all
of which were performed according to
the established criteria (7,8). Lesions
were first classified as malignant or be-
nign. The most prevalent malignant le-
sions were further divided into three
subgroups according to the criteria of
Japanese Breast Cancer Society (7).
These subgroups included ductal carci-
noma in situ (DCIS), invasive ductal
carcinoma of nonscirrhous type, and in-
vasive ductal carcinoma of scirrhous
type. Similarly, the most prevalent be-
nign lesions were divided into three sub-
groups on the basis of histologic fea-
tures; these subgroups included intra-
ductal papilloma, fibroadenoma, and
aberrations of normal development and
involution (ANDI) without fibroade-
noma {eg, duct papillomatosis, scleros-
ing adenosis, and lobular hyperplasia)
(7.8).

Equipment

Conventional US was performed by us-
ing a digital electronic scanner with a
frequency range of 9-13 MHz (LIDI
5000; Philips Medical Systems, Bothell,
Wash) and an annular-array mechanical
sector scanner with a frequency of 7.5
MHz (SSA-250A; Toshiba Medical Sys-
tems, Tochigi, Japan). Color Doppler
US was performed in a subset of pa-
tients by using a digital electronic scan-
ner with a speed range of 3.5 cm/sec
(HDI 5000; Philips Medical Systems).
Examinations were performed by a sur-
geon (E.U.} who had 26 years of experi-
ence in breast US or by a radiologist
(E.T.) who had 20 years of experience
in breast US. All elasticity images were
ohtained with a system that consisted of
a digital US scanner (EUB-6500; Hitachi
Medical, Tokyo, Japan) that was re-
modeled exclusively for this study and
an external personal computer (Dell,
Round Rock, Tex); images were col-
lected by a surgeon (A.l) who had 5
years of experience in breast US. The
US prohe was a 7.5-MHz liner elec-
tronic probe (EUP-L33; Hitachi Medi-
cal) equipped with a handmade stabi-
lizer that could press evenly against a
wide area, thereby minimizing the
creep and rotation of the probe on the
skin’s surface. None of the patients in

this study experienced adverse events
from either conventional US or elastog-
raphy.

Imaging Methods

Conventional US.—First, conventional
US images of the hreast were obtained.
During our conventional examination,
we obtained B-mode images first, and
then color Doppler US was performed
in patients with mass-forming lesions
(104 of 111 lesions) to evaluate the vas-
cularity of the mass, which was one of
the BI-RADS critevia for US. Lesion size
was defined as the diameter of the hypo-
echoic lesion at B-mode US.

Images were assigned to one of five
categories according to the BI-RADS
criteria for US (6): category 1, negative
findings; category 2, henign findings;
category 3, probably benign findings;
category 4, findings suspicious for ma-
lignancy; and category 5, findings highly
suggestive of malignancy.

Categories were assigned by either
the surgeon (E.U.) or the radiologist
(E.T.), both of whom were hoard certi-
fied by the Japanese Society of Ultrason-
ics in Medicine. These investigators de-
termined the BI-RADS category of each
lesion, with knowledge of the results of
physical examination and mammogra-
phy but without knowledge of the final
pathologic diagnosis.

Elastography.—On the same day,
we next obtained elasticity images as
motion images, with the patient in the
supine position and with the stabilizer-
equipped probe oriented perpendicular
to the chest wall. The probe was applied
to the breast and was moved slightly
inferior and superior to obtain the elas-
ticity images.

Importantly, to obtain images that
were appropriate for analysis, we applied
the probe with only light pressure, which
we defined as a level of pressure that
maintained contact with the skin and per-
mitted imaging conditious for which the
association hetween pressure and strain
was essentially proportional. We avoided
using higher levels of pressure, which
manifest nonlinear properties of tissue
elasticity; in such circumstances, the as-
sociation hetween pressure and strain is
no longer proportional. It should be
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noted, however, that the examiner did
not have to maintain a specific level of
pressure and that the dynamic range of
pressure that was appropriate for elastic-
ity images was wide enough to he con-
trolled with freehand compression.
Therefore, the examiner was able to
gauge the proper pressure by monitoring
the real-time elasticity image while mov-

a. b. C. .
Figure1: Images present general appearance of lesions for elasticity scores of (@) 1, (b) 2, {¢) 3, (d) 4, and
{e) 5. Blackcircle indicates outline of hypoechoic lesion (ie, border between lesion and surrounding breast

tissue) on B-mode images.

ing the probe. Specifically, if pressure in-
creased abhove a certain level, the pattern
of the elasticity image started to change
drastically as the pressure Increased;
therefore, we did not use images that
were obtained above this level of pres-
sure.

In terms of the ROI used for obtaining
elasticity images, we set the top of the

d. e

Figure 2:

Fibroadenoma with efasticity score of 1 in 51-year-old woman. US images were obtained in

e

transverse plane. Left: On conventional B-mode image, lesion was classified as BI-RADS category 2. Right:
On elasticity image, the entire hypoechoic lesion was evenly shaded green, as was the surrounding breast

tissue.

Figure 3:

Fibroadenoma with elasticity score of 2 in 39-year-old woman. US images were obtained in

transverse plane. Left: On conventional B-mode image, lesion was classified as BI-RADS category 3. Right: On
elasticity image, hypoechoic lesion shows mosaic pattern of green and blue.

ROI to include subcutaneous fat and the
hottom of the ROI to include a pectoral
muscle; lateral borders were set more
than 5 mm from the lesion’s houndary.
The ROl needed to he set to include suffi-
cient surrounding breast tissue because
elasticity in this system is displayed rela-
tive to the average strain inside the ROL
Ideally, elasticity images are obtained by
comparing two images—that is, the one
ohtained hefore and the one obtained af-
ter compression (described later in more
detail). In chinical use, however, multiple
frames are acquired, and many elasticity
images are generated by comparing two
adjacent frames during compression and
relaxation by continuously moving the
probe. The displacement of these two ad-
Jacent frames is usually small (< 0.5 mm).
In addition, the process of detecting
strain was equivalent to the compensa-
tion of the displacement. Consequently,
elasticity images were produced by com-
paring an almost identical area on the two
images.

The echo signals acyuired by using
the US scanner were captured by the
external computer and weve used to cal-
culate of tissue strain with the CAM.
First, the amount of tissue displacement
induced by compression was calculated
with a two-step process. The first step
was the rough estimation of displace-
rent by using the correlation of the en-
velope (ie, the amplitude) of the radio-
frequency signals obtained before and
after compression. The purpose of this
first step was to avoid the error of alias-
ing and to determine the approximate
displacement in the resolution of the
half wavelength.

The second step was the fine estima-
tion of displacement, which precisely
determined the displacement from the
phase difference of the two echo signals
hefore and after compression. Although
the second step resembled that of the
Doppler US method, the CAM ensured
that aliasing errors did not occur he-
cause, as a result of the first step, the
difference between the true and esti-
mated displacement was reduced to
within a half wavelength. Thus, we were
able to obtain a fine estimation of dis-
placement without aliasing error.

Next, strain distribution was ob-
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tained from the spatial differentiation of
the displacement distribution. The
strain  distribution was then recon-
structed as an elasticity image and was
displayed on the computer monitor.
The program that was used for this re-
construction was developed at the Uni-
versity of Tsukuba (T.8.) (2-4).

Each pixel of the elasticity image
was assigned one of 256 specific colors,
depending on the magnitude of strain.
The scale ranged from red for compo-
nents with greatest strain (ie, softest
components) to blue for those with no
strain (ie, hardest components). Green
indicated average strain in the ROL
These color-scale elasticity images were
converted to translucent images and
were superimposed on the correspond-
ing B-mode images so that the investiga-
tor could easily recognize the relalion-
ship between strain distribution and the
lesionn on B-mode images at a glance.
Color images were constructed auto-
matically with the same image process-
ing settings throughout the study. Image
construction was performed by using a
program developed by Hitachi Medical
(T.M.) (9).

To obtain a still image for diagnosis,
we replayed the recorded motion im-
ages and selected an image obtained in
the early phase of compression because
these Images provided the best con-
trast. Normal breast tissue was dis-
played in the green range.

To classify elasticity images, we
evaluated the color pattern both in the
hypoechoic lesion (ie, the area that was
hypoechoic or isoechoic relative to the
subcutaneous fat [except for echogenic
halo] on B-mode images) and in the sur-
rounding breast tissue. On the hasis of
the overall pattern, we assigned each
image an elasticity score on a five-point
scale (Fig 1). A score of 1 indicated even
strain for the entire hypoechoic lesion
(ie, the entire lesion was evenly shaded
in green) (Fig 2). A score of 2 indicated
strain in most of the hypoechoic lesion,
with some areas of no strain (ie, the
hypoechoic lesion had a mosaic pattern
of green and blue) (Fig 3). A score of 3
indicated strain at the periphery of the
hypoechoic lesion, with sparing of the
center of the lesion (ie, the peripheral

Figure 4:

Lobular carcinoma in situ with elasticity score of 3 in 46-year-old woman. US images were ob-

fained intransverse plane. Left: On conventional B-mode image, lesion was classified as BI-RADS category 3.
Right: On elasticity image, the central part of the hypoechoic lesion was blue, and the peripheral part of the

lesion was green.

US images were abtained in transverse plane. Left: On conventional B-mode image, lesion was classified as
BI-RADS category 5. Middle: On elasticity image, the entire hypoechoic lesion was blue. Right: Pathologic
section of lesion is shown. (Hematoxylin-eosin stain; original magnification, %1.)

Figure 6:

Scirrthous type invasive ductal carcinoma with elasticity scare of 5 in 55-year-old woman. US
images were obtained in sagittal plane. Left: On conventional B-mode image, lesion was classified as Bl-
RADS category 5. Middle: On elasticity image, both the entire hypoechoic lesion and its surrounding area
were blue. Right: Pathologic section of lesion is shown. (Hematoxylin-eosin stain; original magnification,
x1.)

part of lesion was green, and the central
part was blue) (Fig 4). A score of 4
indicated no strain in the entire hypo-
echoic lesion (ie, the entire lesion was

blue, but its surrounding area was not
included) (Fig 5). A score of 5 indicated
no strain in the entire hypoechoic lesion
or in the surrounding area (ie, both the
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entire hypoechoic lesion and its sur-
rounding area were blue) (Fig 6).
Scoring was performed by a surgeon
(A.L) who had 5 years of experience in
evaluating breast US results according
to the imaging patterns described (Fig
1). In the first stage of the study (from
March 2002 to March 2003), scoring

was performed in 57 lesions, with

Tahle 2

Final Pathologic Diagnosis in 111
‘Breast Lesions

Pathologic Diagnosis No. of Lesions

Malignant lesions

52 (46.8)
Invasive ductal carcinoma
Nonscirrhous 32(28.8)
Scirrhous* 10 (8.0)
Ductal carcinoma in situ 9(8.9)
Mucinous carcinoma 1(0.9)
Benign lesions 59 (53.2)
ANDIY 24 (21.6)
Fibroadenoma 16 (14.4)
Intraductal papilloma 13(11.7)
Complex cyst 2(1.8)
Benign phyllodes tumor® 2(1.8)
Lobular carcinomain situ 1 (0.9)
Granuloma 1(0.9)

Note.—Numbers in parentheses are percentages:

* Defined as ‘carcinoma that had a hard: consistency
because of excessive production of dense connective
tisstie.. .

Tindicates ANDI without fibroadencma.

*Excisional biopsy was_performed In-both phyllodes
tumors; turmors were proven with histologic analysis.

BMucinous

r
P
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Number of Lasions
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Elasticity Score

Figure 7.  Bar graph demonstrates distribution
of elasticity scores for malignant lesions. Numbers
on barsindicate the number of lesions. /0C =
invasive ductal carcinoma, Mucinous = muci-
nous carcinoma.

knowledge of the results of conventional
US examination and the final pathologic
diagnosis. In the second stage of the
study (from April 2003 to September
2003), scoring was performed in 54 le-
sions, with knowledge of the results of
physical examination and mammogra-
phy but without knowledge of the re-
sults of conventional US examination
and the final pathologic diagnosis.

Statistical Analysis

We first compared malignant and he-
nign lesions by (a) comparing the mean
elasticity scoves for real-time US elastic-
ity images between malignant and be-
nign lesions to determine the score for
differentiating hetween these lesions
and (b) comparing the elasticity scores
hetween the three groups within each
lesion size category (ie, 4-10 mm,
11-20 mm, and 21-30 mm) to assess
the usefulness of this modality for vari-
ous lesion sizes. All comparisons were
made by using the Student ¢ test.

Furthermore, we compared elastic-
ity scores among the histologic sub-
groups of lesions by using an analysis of
variance (Tukey-type multiple compari-
son) to assess the correspondence be-
tween the elasticity score and the com-
pressibility of each histologic type, with
pathologic diagnoses as a reference
standard.

[Qothers |
OPhyllodes
1DP i

Elasticity Score

Figure 8:  Bar graph demonstrates distribution
of elasticity scores for benign lesions. Numbers on
bars indicate the number of lesions. For the cate-
gorytermed ofhers, lesions included complex
cysts, lobular carcinoma in situ, and granulomas.
FA = fibroadenoma, /DP = intraductal papilloma,
Phyllodes = benign phyllodes tumor.

Finally, we evaluated the ability of
the two imaging modalities to allow dif-
ferentiation of malignant and henign le-
sions by using a receiver operating char-
acteristic analysis to compare the area
under the curve, sensitivity, specificity,
and accuracy. Here, the standard pro-
portion test was conducted for sensitiv-
ity, specificity, and accuracy. For the
indices that did not show a statistically
significant  difference, examined
equivalence or noninferiority by using
the A-ecpuivalent test (10).

In addition, we used the x* test to
assess the presence of a significant dif-
ference between lesions scored in the
first stage of the study and those scored
in the second stage of the study; as pre-
viously noted, the conditions under
which scoring was performed were
somewhat different.

All statistical tests were performed
hy using commercially availahle soft-
ware (Stat Mate 2000, version 3.01,
ATMS, Tokyo, Japan and PASS 2002,
NCSS, Kaysville, Utah). For all tests, a
P value of less than .05 was considered
to indicate a statistically significant dif-
ference.

we

Pathologic Diagnoses

Final pathologic diagnoses are shown in
Table 2. All breast cancers were diag-
nosed histologically by means of radical
surgery, excisional hiopsy, or needle bi-
opsy. Of the 59 benign lesions, 18 were
diagnosed at excisional biopsy, 19 at
US-guided needle biopsy, and 22 at fine-
needle aspiration cytology. Further-
more, all benign lesions remained un-
changed during the follow-up period,
which spanned more than 1 year.

Elasticity Scores

The distributions of elasticity scores for
malignant lesions and benign lesions are
shown in Figures 7 and 8, respectively.
The mean elasticity score was signifi-
cantly higher for malignant lesions
(4.2 = 0.9) than for benign lesions
(2.1 = 1.0) (P < .001).

Of the 52 malignant lesions, 45
(86%) lesions, including invasive ductal
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carcinoma, had a score of 4 or 5. None
of the lesions in this group had a score
of 1. Of the 59 benign lesions, 40 (68%)
lesions, including fibroadenomas and
ANDI without fibroadenoma, had a
score of 1 or 2 (score of 1, 21 lesions;
score of 2, 19 lesions).

One (4%) of the 26 lesions with a
score of 5 and five (20%) of the 25 le-
sions with a score of 4 were benign.
Two {13%) of 15 lesions with a score of
3 and five (21%) of 24 lesions with a
score of 2 were malignant. Of note,
three of the malignant lesions with a
score of 2 oceurred in the first stage of
our study.

The mean elasticity scores accord-
ing to lesion size on B-mode images are
shown in Table 3. For each lesion size
category, the rmean score was signifi-
cantly higher for malignant lesions than
for benign lesions (P < .001).

The distribution of elasticity scores
for breast cancers according to their
histologic subclassification is shown in
Figure 9. The mean score was 3.7 *
1.0 for DCIS, 4.2 %= 0.9 for invasive
ductal carcinoma of nonscirrhous
type, and 4.9 = 0.3 for invasive ductal
carcinoma of scirrhous type. There
were no significant differences be-
tween the mean scores for invasive
ductal carcinomas of scirrhous type
and those for invasive ductal carcino-
mas ol nonscirrhous type. The mean
scores for nonscirrhous carcinoma
and those for DCIS did not differ sig-
nificantly. Mean scores for scirrhous
carcinoma and those for DCIS, how-
ever, did differ significantly (P < .03).
Of the five malignant lesions with a
score of 2, two were DCIS and three
were invasive ductal carcinomas of
nonscirrhous type.

The distribution of elasticity scores
for benign lesions according to their his-
tologic characteristics is shown in Fig-
ure 10. The mean score was 1.9 = 0.9
for fibroadenoma, 1.7 = 0.9 for ANDI,
and 2.9 = 1.0 for intraductal papilloma.
The mean scores for intraductal papil-
loma and those for ANDI differed signif-
icantly (P < .01). In contrast, there was
no significant difference between the
mean scores for fibroadenoma and
those for ANDI or hetween the mean

Mean Elasticity Score according to Lesion Diameter

Diameter

(mm)* Malignant Benign PValugt
4-10 3.9+ 179 1.9+ 0.9(28) <.001

11-20 44 %087 2.3+ 1.2(26) <.001

21-30 42+ 1.0 (16) 2.4 = 0.6 {5) <.001

Note.—Elasticity scores are presented as the mean = standard deviation, Numbers in parentheses indicate the total number

of lesians for each size category.

“ Lesion diameter was determined at B-mode US and was measured to the nearest millimeter.
¥ Within each size category, the difference between elasticity scores for malignant and benign lesions-was determined to be

significant by using the Student ¢ test.
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Figure 9:  Bar graph demonstrates distribution
of elasticity scores for breast cancers according to
histologic subclassification, Numbers on bars
indicate the number of lesions. Nonsci = invasive
ductal carcinoma of nonscirrhous typs, Sef=
invasive ductal carcinoma of scirrhous type.

scores for intraductal papilloma and
those for fibroadenoma.

There was no significant difference
between the mean elasticity scores for
intraductal papilloma and those for
DCIS. However, the mean scores for
other benign lesions (fibroadenoma and
ANDI) and those for all subclasses of
carcinomas differed significantly (P <
.001 for each comparison).

Diagnostic Performance

Figure 11 shows the receiver operating
characteristic curves for elastography
and conventional US in differentiating
malignant from henign legions. This bar
graph shows that the maximum value of
the sum ol sensitivity and specificity for
elastography is higher than that for con-
ventional US. The area under the curve

#Score §

{dScore 4"
B Score 3
“10Score 2
{8 8core 1

Number of Lesions

FA ANDI
Figure 10:  Bar graph demonsirates distribu-
tion of elasticity scores for benign lesions accord-
inglo histologic subclassification. Numbers on
bars indicate the number of lesions. FA = fibroad-
enoma, /0P = intraductal papilloma.
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Figure 11:  Receiver operating characteristic
curves for elastography and conventional US. The
area under the curve was almost the same for both
elastography and conventional US (0.9185 and
0.9153, respectively). Statistical comparison was
not possible because the number of lesions was
insufficient.
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for elastography was 0.9185, which is
slightly higher than that for conven-
tional US (0.9153).

The diagnostic performance of con-
ventional US and of elastography at var-
ious cutoff points for the entire study
period (stage one and stage two) is
shown in Table 4. For elastography,
sensitivity (86.5% [45 of 52]; 95% con-
fidence interval: 77.3%), 83.5%), speci-
ficity (89.8% [53 of 59]; 95% confidence
interval: 82.1%, 97.5%), and accuracy
(88.3% [98 of 111]; 95% confidence in-
terval: 82.3%, 94.3%) are shown, with
the best cutoff point between elasticity
scores of 3 and 4. According to the con-
ventional method, a cutoff point is de-
fined as best if it attains the maximum of
value of sum of sensitivity and specific-
ity. The sensitivity (71.2% [37 of 52]|;
95% conlidence interval: 58.8%, 83.5%),
specificity (96.6% [57 of 59]; 95% confi-
dence interval: 92.0%, 100.0%), and ac-
curacy (84.7% [94 of 111]; 95% confi-
dence interval: 78.0%), 91.4%) of conven-
tional US are also shown in Table 4, with
the best cutolf point between BI-RADS
category 4 and 5. If another cutoff point
is applied between BI-RADS category 3
and 4, then sensitivity moves to 96.2%
(50 of 52), specificity to 62.7% (37 of
59), and accuracy to 78.4% (87 of 111).

By applying the best cutoff point for
each image, we found that elastography
had a higher sensitivity than conven-

tional US (P < .05). Elastography had

Sensitivity, Spec

lower specificity and lower accuracy
than conventional US, but these differ-
ences were not significant. Therefore,
when we considered the equivalence
band, the specificity of elastography was
not inferior to (ie, not more than 15%
different than) (P < .05) and accuracy
was equivalent to (ie, within 13% of)
(P < .05) that of conventional US.

When the conventional US cutoff
point was set between BI-RADS cate-
gory 3 and 4, only two lesions had false-
negative results, but 22 lesions had
false-positive results. More than half of
the false-positive lesions (14 [64%)] of
22 lesions) had elasticity scores of 1 or 2
(score of 1, nine lesions; score of 2, five
lesions). When the conventional US cut-
off point was set between BI-RADS cat-
egory 4 and 5, only two lesions had
false-positive results, but 13 lesions had
false-negative results. More than half of
the false-negative lesions (11 [73%] of
15 lesions) had elasticity scores of 4 or 5
(score of 4, eight lesions; score of 5,
three lesions).

In contrast, when the cutoff point
for elastography was set between scores
of 3 and 4, the majority of the false-
negative results at elastography (six
[86%] of seven lesions) were for lesions
with a BI-RADS category of 4 or 3 (cat-
egory 4, three lesions; category 5, three
lesions); the one remaining lesion was
classified as BI-RADS category 3. Of the
six false-positive findings at elastogra-

ficity, and Accuracy of Elastography and Conventional US at Various
Gutoff Points for the Diagnosis of Benign and Malignant Lesions ‘
Cutoff Point* : Sensitiv‘ity (%) Spedficity (%) - Accuracy (%)
Flasticity score ) : . c
Between 1 and 2 100 (52/52) 35.6 (21/59) 65.8 (73/111)
Between 2 and 3 90.4 (47/52) 67.8 (40/59) C78.4(87/111)
Between 3 and 4 86.5 (45/52) 89.8 (53/59) 88.3 (98/111)
Betweeh 4and 5 48.1(25/52) 98.3 (58/59) " 74.81(83A11)
Conventional US category®
Between 1°and 2 100 (52/52) 0 (0/59) 46.8 (52/111)
Between 2 and 3 100 (52/52) 23.7 (14/59) 59.5 (66/111)
Between 3 and 4 96.2.(50/52) 62.7 (37/59) 784 (87/111).
Between 4 and § 71.2 (37/52)

96.6 (57/59) 84.7 (941111)

: NQte.—Numpers in paterithéses Werve;used 1o-calculate pekrce‘ntégyes.

«Cutoff points are p‘res“entedlfor‘mé entire study ﬁeriod (ie; for stage one and stage two).
. T Conventional US category wis defined according to the BI-RADS classification for US. :

phy, three were for BI-RADS category 4
lesions, one was for a BI-RADS category
3 lesion, and two were for BI-RADS cat-
egory 2 lesions.

In the first stage of the study, the
sensitivity, specificity, and accuracy of
elastography were 89.3% (23 of 28),
93.1% (27 0of 29), and 91.2% (52 of 57),
respectively, with a cutoff point of he-
tween 3 and 4. Also in the first stage of
the study, the sensitivity, specificity,
and accuracy of conventional US were
78.6% (22 of 28), 93.1% (27 of 29), and
86.0% (49 of 57), respectively, with a
cutoff point of hetween 4 and 5.

In the second stage of the study, the
sensitivity, specificity, and accuracy of
elastography were 83.3% (20 of 24),
86.7% (26 of 30), and 85.2% (46 of 54},
respectively, with a cutoff point of he-
tween 3 and 4. For conventional US, the
sensitivity, specificity, and accuracy
were 62.5% (15 of 24), 100% (30 of
30), and 83.3% (45 of 54), respectively,
with a cutoff point of between 4 and 5.
There was no significant difference be-
tween the first and second stage of the
study with respect to the sensitivity,
specificity, and accuracy of elastography
and conventional US (P > .05). There-
fore, we combined results for the two
stages of subsequent analyses.

Investigators have performed freehand
US elastography in patients with breast
lesions by using off-line assessment and
have compared the traced outlines of
tumors on B-mode images with those on

grayscale elastograms (11,12). Al-
though our method is similar to theirs,
we were able to make an elasticity as-
sessment instantly because our scoring
system was simple; as a result, we he-
lieve our system is more practical for
clinical use. A freehand US elastography
system that permits real-time assess-
ment has been developed and clinically
tested. The freehand system uses spa-
tial correlation and has rapid signal pro-
cessing (12); however, the CAM pro-
vides a higher frame rate while main-
taining high image quality. The other
system uses a one-dimensional search;
as a result, the performance of this sys-
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tem can he compromised by lateral
movement. of the prohe (11).

Brom a diagnostic point of view, our
findings concur with those of other stud-
ies—unamely, that elastography is useful
for characterizing breast lesions in gen-
eral and has the potential to allow dif-
ferentiation between malignant and be-
nign lesions (1,11-13). In the clinical
setting, grayscale US elastography dur-
ing which patients are imaged in a
seated position has been performed for
those with breast lesions, and motor-
driven compression plates have heen
used (1). Investigators have reported
that elastography allowed differentia-
tion of cancers from fibroadenomas,
and that the width of the cancers was
greater on elasticity images than on B-
mode images. Ouwr results, which are
derived with the more clinically practi-
cal freehand approach, correspond with
theirs. In addition, we believe that our
system is more rapid for demonstrating
longitudinal displacement and more ro-
bust for lateral movement of the probe.
With our system, lesions can he easily
found because translucent color-scale
elasticity images are superimposed on
the corresponding B-mode images.

Clinical Implications

Although we are not vet able to pre-
cisely quantitate elasticity, we have ar-
rived at a point where semicuantitative
assessment in the clinical setting is pos-
sible.

Our finding of a significant differ-
ence between mean elasticity scores for
malignant and benign lesions in patients
suggests that elastography may be use-
ful in diagnosing breast lesions in the
clinical setting. Moreover, this discrimi-
natory capability did not depend on le-
sion size when lesions were smaller
than 30 mm in diameter. The mean
elasticity score for scirrhous carcinoma
was significantly higher than that for
DCIS, and the mean scores for fibroad-
enoma and ANDI were lower than those
for carcinomas. These results agree
with experimental results for elastic
moduli, as measured in vitro (14).

We believe that an elasticity score
of 5, which shows no strain in the entire
hypoechoic lesion and the surrounding

area at B-mode US, indicates infiltration
of cancer cells into the interstitial tis-
sues (eg, in scirrhous carcinomas) or
into an intraductal component (eg, in
DCIS), both of which are characteristics
of carcinoma.

An elasticity score of 4, which indi-
cates no strain in the entire hypoechoic
lesion, seems to he characteristic of tu-
mors such as solid tubular carcinomas
that are circumscribed and homoge-
neously harder than the adjacent nor-
mal hreast tissue.

in our study, an elasticity score of 3,
which indicates strain at the periphery
of the hypoechoic lesion, was mainly
found in benign lesions, including intra-
ductal papillomas. The importance of
strain at the periphery is unclear at
present and requires further investiga-
tion. We recommend that all lesions
with elasticity scores of 3 or higher be
examined by means of aspiration cytol-
ogy or needle biopsy because two (13%)
of the 15 lesions with a score of 3 were
malignant.

We believe that elasticity scores of
2, for which parts of the hypoechoic
lesion did not show strain at B-mode
US, indicate lesions that are soft yet
somewhat harder than normal breast
tissue. This is often characteristic of le-
sions such as fibroadenoma or ANDIL. Of
the five malignant lesions with scores of
2, two were DCIS and three were inva-
sive ductal carcinomas at histologic
analysis. Investigators have noted that
DCIS is softer than invasive ductal carci-
noma (14). The finding of a lower elas-
ticity score in lesions suspicious for
DCIS is therefore plausible and suggests
that correct diagnosis of these lesions
will require the use of other imaging
modalities in addition to elastography.

Three patients with invasive ductal
carcinoma had lesions with a score of 2,
but we found no specific histologic fea-
tures to explain the lower elasticity
score in these patients. These [alse-neg-
ative results may have resulted from an
artifact that was created by applying the
probe with too much pressure during
elastography. Two of these lesions were
examined in the first stage of our study,
and the examiner did not grasp the
probe with an appropriate level of pres-

sure. All of the invasive ductal carcino-
mas with a score of 2 (three lesions)
were classified as BI-RADS category 4
or 5, a finding that supports the com-
hined use of elastography and conven-
tional US to avoid misdiagnosing an in-
vasive carcinoma as a benign lesion.

We helieve that an elasticity score
of 1, which shows even strain in the
entire hypoechoic lesion at B-mode
US, indicates that lesions have almost
the same compressibility as the sur-
rounding breast tissue. In our study,
no malignant lesions had a score of 1.
Although our findings will require con-
firmation, this result suggests that in-
vasive diagnostic procedures, such as
histologic examination, may be omit-
ted for patients who have lesions with
a score of 1.

The result of our receiver operating
characteristic curve analysis suggests
that elastography may have a diagnostic
performance that is better than, or at
least equal to, that of conventional US,
with the best cutoff point in the means
of high sensitivity. Both accuracies coin-
cide with each other within a 13% dif-
ference, and the specificity of elastogra-
phy was not inferior to (ie, not more
than 15% different than) that of conven-
tional US. These results show that, com-
pared with conventional US, elastogra-
phy has higher sensitivity, a noninferior
specificity of no more than 15%, and an
equivalent accuracy of within 13%,
which encourages us to believe that the
results were obtained with elastography
only. Because classifying elasticity im-
ages with our scoring system is simpler
than classifying images with a scoring
system based on the BI-RADS criteria
for conventional US, we believe that
even an examiner with limited training
may be able to obtain the same diagnos-
tic performance as an experienced ex-
aminer with elastography.

Of particular note, 14 (64%) of 22
patients who had false-positive results
and a conventional US cutoff point of
between BI-RADS category 3 and 4 had
elasticity scores of 1 or 2; at minimum,
the nine patients with a score of I could
have conceivably been spared further
procedures. In addition, we helieve
that, with concomitant use of elastogra-
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phy and conventional US, it may be pos-
sible to downgrade some BI-RADS cate-
gory 3 and 4 lesions to BI-RADS cate-
gory 2 lesions. As a result, this
approach may reduce the number of
false-positive results and unnecessary
invasive diagnostic procedures.

Limitations

Our study has some limitations. Pa-
tients with cancer were overrepre-
sented because our hospital serves as a
referral center for general clinics.
Therefore, the findings cannot neces-
sarily be extended to the general popu-
lation. In addition, the lesions that were
assessed were predominantly larger le-
sions. Although elastography lacilitated
the differentiation of malignant lesions
from benign lesions (even among le-
sions smaller than 10 mm), few lesions
in this study were smaller than 5 mm.
Therefore, further studies on the use of
elastography for the characterization of
small lesions will he necessary.
Elastography itself, like all imaging
modalities, has certain limitations. The
main pitfall of this modality is that the
extent of tissue compression influences
both the elasticity image and, conse-
quently, the elasticity score. When elas-
ticity scores are used for diagnosis, im-
ages obtained with the application of
strong pressure may lead to misdiagno-
sis. Images with minimal perturhation
of strain relationships can be obtained
by lightly pressing the probe to the
breast. It takes some practice to be able
to exert light pressure on the same
cross-sectional surface of the breast. Of
note, three (60%) of five false-negative
results obtained by using an elasticity
score cutoff point of between 3 and 4
occurred during the first stage of our
study when the examiner was just get-
ting used to the probe operation. We
cannot, however, deternine if the pres-
sure was inappropriate because there is
currently no pressure indicator avail-
able. Until a pressure gauge becomes
available, examiners must attempt to

apply the probe with light pressure by
monitoring the real-time image to ob-
tain images that are appropriate for
elasticity analysis. Another shortcoming
is that, although most images clearly re-
semble one of the five distinct patterns
used for classification, the selection is
currently made by the examiner and is
not yet automated.

In conclusion, we helieve that elas-
tography can complement conventional
US, thereby making it easier to diagnose
hreast lesions. Our experience suggests
that the skill needed to acquire ade-
quate Images is similar for conventional
US and elastography; the skill needed to
interpret images, however, is somewhat
less for elastography when our classifi-
cation system is used. Elastography is
promising, and we expect that with fu-
ture improvements in the technology
(eg, the development of a pressure indi-
cator and approaches for quantitative
assessment), this imaging modality will
hecome an invaluable tool for the diag-
nosis of breast diseases in the clinical
setting.
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Mechanical load to the blood vessel wall, such as shear stress and pressure, which occurs in blood flow dynamics, contribute
greatly to plaque rupture in arteriosclerosis and to biochemical activation of endothelial cells. Therefore, noninvasive
estimations of these mechanical loads are able to provide useful information for the prevention of vascular diseases. Although
the pressure is the dominant component of mechanical load, for practical purposes, the pressure gradient is also often
important. So far, we have investigated the estimation of the kinematic viscosity coefficient using a combination of the
Navier-Stokes equations and ultrasonic velocity measurement. In this paper, a method for pressure gradient estimation using
the estimated kinematic viscosity coefficient is proposed. The validity of the proposed method was investigated on the basis of
the analysis with the data obtained by computer simulation and a flow phantom experiment. These results revealed that the

proposed method can provide a valid estimation of the pressure gradient.

[DOL: 10.1143/1JAP.45.4740]
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1. Introduction

Mechanical load to the blood vessel wall, such as shear
stress and pressure, which occurs in blood flow dynamics,
contribute greatly to plaque rupture in arteriosclerosis and to
biochemical activation of endothelial cells.""” Therefore,
noninvasive estimations of these mechanical loads are able
to provide useful information for the prevention of vascular
diseases.

Mechanical load to the blood vessel wall as a result of
blood flow is roughly classified by the tangential force and
the force normal to the vessel wall. Here, the tangential and
normal forces correspond to shear stress and pressure,
respectively. Pressure is the dominant component in me-
chanical load because its magnitude is much larger than that
of shear stress. On the other hand, for practical purposes, the
pressure gradient is often more important than the pressure
itself. For example, the pressure loss produced at the
stenosed part due to arteriosclerosis plaque is frequently
calculated using the Doppler velocity measurement and the
simplified Bernoulli equation. Since the pressure loss is
defined by the differential pressure between two points, the
pressure loss corresponds to the pressure gradient, which is
the spatial gradient of the pressure distribution. Therefore,
the pressure gradient calculation of the blood flow is
important and useful when analyzing the blood flow
dynamics.

We have investigated a method for estimating the kine-
matic viscosity coefficient of fluid using a combination of
the Navier-Stokes equations and ultrasonic velocity vector
measurement.®) Moreover, a method for assessing the
intravascular shear stress has also been investigated on the
basis of the estimated kinematic viscosity coefficient under
the assumption of a known density.” In addition, an
assessment with respect to pressure is necessary for
completing the hemodynamics analysis.

The conventional method for estimating the pressure
gradient is based on the Stokes equation, assuming unidirec-
tional flow, and the application of the least-squares method

*E-mail address: n.nitta@aist.go.jp

to all velocity data within the flow field.'® Therefore, it is
difficult to obtain the intravascular distribution of the
pressure gradient.

In this study, by extending the previous method for
estimating the kinematic viscosity coefficient, a method for
estimating the pressure gradient and its distribution is
developed, without the assumption of unidirectional flow,
on the basis of a combination of the Navier-Stokes equations
and the ultrasonic velocity vector field. The validity of this
method is investigated by using analyzing data obtained by
computer simulation and a flow phantom experiment.

This paper is structed as follows. In §2, a method for
estimating the pressure gradient on the basis of the kinematic
viscosity coefficient estimation is proposed. In §3 and §4, the
analysis results of the data obtained by simulation and
experiment are presented. In §5, we discuss the conclusions.

2. Principle of Pressure Gradient Estimation

It is assumed that blood is an isotropic and incompressible
viscous fluid and that the velocity vector distribution has
already been obtained in the palmic phase in which
Newtonian properties can be assumed.

Here, in view of practicality, a two-dimensional (2D) flow
state is treated. More detailed theory of the three-dimen-
sional (3D) flow state is discussed in the appendix. In the 2D
flow state, the pressure gradient components in the Cartesian
coordinate system can be described, on the basis of the
Navier-Stokes equations, as follows:

ap

= = pX ~ V) 0
X

0

5‘—’ = p(vY — V), @
y

where p and v are the density and the kinematic viscosity
coefficient, respectively. U, V, X, and Y are defned only by
velocity vector components, (i, v), as

_8u du ou
U——-a"{"u‘a;‘f‘v-a‘;, (3)
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On the other hand, the kinematic viscosity coefficient v
can be derived, by eliminating the pressure terms in egs. (1)
and (2), as®
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Since we assume an incompressible fluid, there is no
spatial gradient of the density, and the density is constant in
the flow field. Therefore, by assuming a known density, the
pressure gradients can be obtained by substituting the
kinematic viscosity coefficient of eq. (7) into egs. (1) and
(2). This means that the pressure gradients can be obtained
from only the velocity vector distribution.

Although a 2D velocity vector distribution is necessary for
obtaining the pressure gradients, only one velocity compo-
nent along the beam axis can be measured by the present
ultrasonic Doppler method. In order to obtain the component
orthogonal (lateral) to the beam axis, the incompressible
condition can be adopted.® Therefore, a 2D velocity vector
distribution can be composed by the measurement of the
beam axis component by the ultrasonic Doppler method and
the estimation of the lateral component under the incom-
pressible condition.

On the other hand, Vp = (3p/ax, dp/dy) means a vector in
the Cartesian coordinate system because the pressure p is a
scalar. This means that the pressure gradients vary according
to the assignment of the Cartesian coordinate. In the
ultrasonic measurement, the beam direction could be
adopted as one axis in the Cartesian coordinate system. In
other words, the pressure gradients vary according to the
positioning of the ultrasonic probe. Therefore, for the
independent assessment of probe positioning, it is promising
to calculate the pressure gradient along the tangential
direction of the streamline, which is the curve whose
tangential vector corresponds to the velocity vector. There-
fore, by transforming the coordinate system so that one of
the directional vectors along the original Cartesian coordi-
nate axes determined by probe positioning agrees with the
velocity vector direction, the tangential pressure gradient of
the streamline can be obtained. Since Vp is a vector, the
coordinate transformation due to rotation can be applied to
obtain the tangential pressure gradient.

In the Cartesian coordinate system shown in Fig. 1, the
pressure gradient vector (dp/dx, dp/dy) in the O-xy system
determined by probe positioning can be transformed to the
vector (8p/0x’,dp/dy’) in the O'—x’y’ system, as follows:

Ultrasonic probe

Velocity vector direction

Fig. 1. Cartesian coordinate system determined by the position of the
ultrasonic probe and its coordinate transformation by rotation.

ap ap
9% cos¢ sing\| bx
ap —sing cos¢ o
ay' ay

In Fig. 1, since the coordinate system is transformed such
that the x' axis agrees with the tangential direction of the
streamline, the tangential pressure gradient can be obtained
as

gp dp

ap .
—Ccos ¢+ —sin ¢.
dy

- 10
ox'  ox (19

The rotation angle ¢ is obtained from the velocity vector.
In Fig. 1, when the x’ axis agrees with the velocity vector
direction, the v' component along the ' axis becomes zero in
the transformed O’'—x’y’ system. Using this relationship, each
component of the transformation matrix in eq. (9) can be
denoted, with the velocity vector components, as

cos¢ =

; an

sing = —, (12)

<le <=

where V is the absolute value of the velocity vector and is
defined by V = +/u2 + v2. Finally, by substituting egs. (11)
and (12) into eq. (10), the tangential pressure gradient of the
streamline can be derived as

dp dpu

ap v
' AV

. 13
ay Vv (13)

This means that the tangential pressure gradient can be
derived by using the pressure gradient vector and the
velocity vector in the original coordinate system determined
by the probe position, without cumbersome calculation
concerning the rotation angle ¢.

3. Simulation Analysis

The validity of the proposed method for estimating the
pressure gradients was investigated by simulation analysis.
As shown in Fig. 2, a 3D flow model with a step imitating
the arteriosclerosis plaque structure, where the vorticity
required for estimating the kinematic viscosity coefficient
was arisen, was considered. The principle described in §2
involves a method based on the 2D velocity vector
distribution from the viewpoint of practicality and this
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Fig. 2. Flow model for simulation. (a) Overall view of the model and
(b) short-axis cross section of the tube on the y~z plane.

corresponds to the z component of the 3D velocity vector
being neglected around the x—y cross section on the central
tube axis shown in Fig. 2. Therefore, if the z component of
the velocity vector on the x—y cross section is much smaller
than the other components, it is expected that the actual
pressure gradient on the same cross section can be estimated
more accurately even if that estimation is based only on the
2D velocity vector.

In order to evaluate the magnitude of the z component on
the x—y cross section, a 3D finite element method (FEM) was
applied to the 3D flow model shown in Fig. 2. Although this
model has a configuration similar to that of the previously
investigated model,® the boundary conditions are different
from the previous conditions. That is, the fixed boundary
conditions at which the velocity vectors become 0 on the
wall with the step, and the natural boundary conditions under
which the velocity vectors are perpendicular to the faces at
the inlet and the outlet of the model, are imposed. Navier—
Stokes equations with a realistic kinematic viscosity coef-
ficient (around 3.0mm?/s) and density (10%kg/m3) were
solved by iterative FEM calculation, and the distributions of
3D velocity vector components on the cross section were
obtained. A small initial value of the velocity component
along the x axis was provided so that the iterative calculation
would converge stably. The results are shown in Fig. 3 for
(a) x, (b) y, and (c) z components of the velocity vector
distribution on the cross section, where these components
are indicated as u, v, and w, respectively. Figure 3(d) also
shows the vector component profiles of u, v, and w on the

4.6

mm/s

(a) u

-1.1
mm/s
byv

0.05

-0.05
mm/s

©)w

Velocity (mm/s)

0 25 5 75 10 125 15

17.5 20
X direction (nmm)

(d)

Fig. 3. Three-dimensional velocity vector components on the central cross
section obtained by 3D finite element method. (a) x, (b) y, and (c) z
components of the velocity vector distribution on the ceutral cross section
are shown, which are indicated as u, v, and w, respectively. (d) Vector
component profiles of u, v and w on the central tube axis.

central tube axis. As shown in Fig. 3, the total magnitude of
w is much smaller than that of the other u and v distributions
and is close to 0. The w distribution also exhibits an almost
uniform pattern. This indicates that, for achieving more
accurate estimation based on the 2D velocity vector alone, it
is appropriate to use the 2D velocity vector distribution
obtained on the central cross section in this tube structure. In
order to avoid the huge computation time of the 3D FEM, in
the following analysis, the 2D flow field analysis, in which
the z component of the velocity vector is neglected, can be
effectively performed by the finite difference method, based
on the above findings of the 3D analysis. The 2D flow field
analysis was performed on the x—y cross section, as shown in
the dark area of Fig. 2, and the 2D velocity vector
distributions were obtained. Here, the same boundary
conditions as in the above 3D analysis were also used. In
the following simulation, assuming that the 2D velocity
vector distributions have already been obtained by ultrasonic
measurements, the pressure gradients were estimated using
the 2D velacity vector distributions obtained by this finite
difference method.

Figure 4 shows the analysis results obtained with the
kinematic viscosity coefficient of 3.0mm?/s, where (a) and
(b) display the streamline and the vorticity distributions,
respectively. In the streamline, a valid distribution can be
attained along the boundary configurations. In the vorticity
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Fig. 4. (a) Streamline and (b) vorticity distributions obtained by the finite
difference method.
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Fig. 5. Velocity vector distributions corresponding to the kinematic
viscosity changes and the estimated result of the kinematic viscosity
coefficient. In (a) to (c), left panels indicate the x-component distributions
of the velocity vector (), and right panels indicate the y-component
distributions of the velocity vector (v). Each component of the velocity
vector was obtained on the basis of the original Cartesian coordinate
system. (d) True and the estimated values of the kinematic viscosity
coefficients. Horizontal axis indicates the true values and the vertical axis
indicates the estimated values.

distribution, it can be observed that the vorticity rises around
the step.

Figure 5 shows the velocity vector distributions with the
kinematic viscosity coefficients changed from 0.5 to
5.0mm?/s, and the results of the kinematic viscosity
coefficients estimated using the velocity vector distributions.
The broken line indicates the estimated result when the ideal
velocity vector distributions without noise were utilized, and

s 2.2

Pa/mm Pa/mm
(2) 0.5 mm¥s
22 s 0.9
0 ol
Pa/mm Pa/mm

(b) 3.0 mm¥s

22

<> Pa/mm
Smm

Pa/mm
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U,

Fig. 6. Ideal pressure gradient distributions obtained using the velocity
vector distributions without noise, corresponding to kinematic viscosity
changes. In () to (c), left panels indicate the x-component distributions of
the pressure gradient (3p/8x), and right panels indicate the y-component
distributions of the pressure gradient (3p/dy). Bach component of the
pressure gradient was obtained on the basis of the original Cartesian
coordinate system.

the solid line indicates the estimated result when the velocity
vector distributions with white noise, which simulate those
obtained by ultrasonic measurement, were utilized. Here, the
amplitude of white noise was set to 40dB lower than the
maximum absolute value of the ideal velocity vector, and
this white noise was added to each ideal velocity vector
component. Similarly to the previous results,® valid kine-
matic viscosity estimations could be obtained.

Figure 6 shows the ideal pressure gradient distributions
obtained using the velocity vector distributions without noise
when the kinematic viscosity coefficients were changed from
0.5 to 5.0mm?/s. Since the velocity vector data were
obtained on the square grids in this simulation, the difference
width was set to 0.2mm along both x and y directions in
calculating egs. (3) to (6) by the central difference method,
and the pressure gradient distribution was attained. Each
component of the pressure gradient obtained on the basis of
the original Cartesian coordinate system is displayed. In this
case, the pressure gradients become larger according to the
kinematic viscosity increase. Also, it can be observed that
the pressure gradients around the step are larger than those in
other regions.

Figure 7 shows the tangential pressure gradient dp/ox’
distributions estimated using the velocity vector distributions
and the pressure gradients, dp/dx and dp/dy, when the
kinematic viscosity coefficients were changed from 0.5 to
5.0mm?/s. These results show the pressure gradient acting
along the streamlines shown in Fig. 4(a). Left panels
indicate the ideal tangential pressure gradient obtained using
the ideal velocity vector distributions without noise and the
true kinematic viscosity coefficient, and right panels indicate
the estimated tangential pressure gradient obtained using the
velocity vector distributions with the same white noise as
that in the case of Fig. 5 and the estimated kinematic
viscosity coefficient. Dynamic ranges in all images are
standardized. Estimated distributions coincide well with the
ideal distributions. Figure 7(d) shows the comparison be-
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