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of CHD. However, it is difficult to understand from
MFPs how electrical current abnormalities {such
as abnormal current amplitude, direction, and site)
occurred in the myocardium.

However, MCG signals are converted into a
cardiac electrical image. This image is generally
obtained from a two-dimensional (2D} current-
arrow map (CAM).%** The CAM gives us a pseudo-
2D electrical current distribution consisting of 2D
arrows and contours representing the magnitude
of arrows, The current distribution parameters
(CDPs), which are calculated from the CAM, reflect
spatial and time current abnormalities in patients
with CHD and other heart diseases.’> %% However,
the criteria and scoring method of the abnormali-
ties using CDPs are still controversial.

Method
Subjects

Table I contains the details of the study pop-
ulation, which consisted of 56 patients (46 males
and 10 females} with CHD and 101 normal con-
trols (70 males and 31 females). All of the pa-
tients were confirmed to have coronary artery le-
sions by coronary angiography (CAG). We defined
the coronary heart lesions as a vessel diameter
>75%. Of the patients, 25 had single-vessel dis-
ease (SVD) (right coronary artery disease in six, left
anterior descending artery disease in 16, and left
circumflex artery disease in three}, 13 had double-
vessel disease (DVD), and 18 had triple-vessel dis-
ease (TVD). Patients who had undergone cardio-
vascular therapy (coronary artery bypass grafting

Table L.

Clinical Characteristics of Subjects

N(n = 101) CHD (n = 56)
Age (years) 63+3 6546
Gender
Female/Male 31/70 10/46
BMI 23.7 24
HR {bpm}) &3 83
Coronary status
1-vessel 25
LAD 16
LCX 3
RCA 6
2-vessel 13
3-vessel 18

N = normal controls; CHD = patients with coronary heart
disease (stenosis > 75%); BMI = body mass index; HR = heart
rate; LAD = left anterior descending coronary artery; LCX = left
circumiiex coronary artery; RCA = right coronary ariery.
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[CABG], or percutaneous coronary intervention
[PCI]) were not included in this study. The nor-
mal controls consisted of healthy volunteers with
no history of cardiovascular disease and who had
a normal ECG at rest (see previous paper'®). In-
formed consent was obtained from all subjects.

The members of the control group were se-
lected on the basis of only the ECG results. There-
fore, cardiac hypertrophy, dilation, and high blood
pressure (HBP), which are measured with other
heart functional tests, cannot be excluded in this
study. Despite that some cardiac diseases were not
completely excluded, we defined a normal control
group from the ECG results because an electro-
physiological test is used as a first step to diag-
nose cardiac disease. The CHD group was com-
posed of persons who had coronary artery lesions
confirmed by CAG.

MCG System and Data Acquisition

We used a Low-Tc superconducting quantum
interference device (SQUID]) system with 64 coax-
ial gradiometers (50-mm baseline and 18-mm di-
ameter) to measure the axial component of the
magnetic field (Hitachi High-Technologies Corpo-
ration, Tokyo, Japan}. The gradiometers were in an
8 x 8 matrix with a pitch of 25 mm, and the mea-
surement area was 175 x 175 mm. Figure 1 illus-
trates the configuration for the MCG measurement.
To adjust the position of the measurement areas
for each subject, one gradiomster (position 51)
was placed above the position of the xiphoid pro-
cess. The measured MCG signals at this position

Figure 1. Configuration for measurement of magneto-
cardiography (MCG) system (Hitachi High-Technologies
Corporation). The 64 SQUID sensors are laid out in an
8 x 8 matrix; the sensor pitch is 25 mm. Channel no.
51 (black square) is placed above the position of the
xiphoid process. The MCG system measures the normal
component (z-component} of the magnetic field gener-
ated by the current in the myocardium.
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were acquired at a sampling rate of 1 kHz and
passed through a bandpass (0.1 to 100 Hz) and
power line noise filters, The maximum measure-
ment period was 120 seconds, and the MCG sig-
nals for all pulses over this period were averaged.
A lead II ECG was simultaneously measured as
reference signals for MCG averaging.

Spatial and Time Identification of Current
Distribution Using MCG

The amplitude and direction of cardiac elec-
trical current vary with the electrical potential
difference between normal and ischemic my-
ocardium. To detect these current changes in the
myocardium, we calculated CDPs based on max-
imum current vector (MCV), total current vec-
tor (TCV), current integral map (CIM), and cur-
rent rotation (CR). With the MCV, it is possible
to detect local changes in amplitude and direc-
tion of the cardiac current.’® TGV reflects the av-
eraged change in the primary current of the whole
heart.'5:16:1% CIM represents the amount of cardiac
current during the ventricular depolarization and
repolarization phase.”'® Furthermore, with the
CR, changes in the current distribution pattern can
be detected.?!

Maximum Current Vector

Averaged MCG signals are converted to a
CAM. CAM is the method for reconstructing 2D
pseudocardiac electrical current vectors at the
same number of measurement points. Pseudo cur-
rent vectors (I, = (Ix, Iy,n)) are calculated by tak-
ing the derivatives of the normal component (B, 5}
of the MCG signals at n'® sensor as

Lin = aBz.n/dy (1)
and
Iyn = —dB/dx. (2)

CAM can also be calculated by using the tan-
gential components (B, , and By ;) of the magnetic
field instead of dB,/ ci, and dB,,/x in equations
(1) and {2). CAM gives us a spatial electrical ac-
tivity consisting of 2D arrows (Iy, and Iy ;) and
contours represonting the magnitude of the arrows
{In — {I 2 +I )1/2) 14

To evaluate the spatial current distribution
and time variance of current distribution, we
calculated the “amplitude ratio {Ipgy),” “angle
{Omcy),” and “angle of difference current vector
{onicv)” of a current arrow with MCV at four time
instants (Tq, Ty, Tp, and Te). The MCV (Igax =
(Ixmax> Iymax)) indicates a vector with a maximal
magnitude of arrows (I;) at each time instant.
Figure 2 schematically shows four time instants
(T4, T2, Tp, and T¢). Here, T; (T7 = QRSen +
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Figure 2. Schematic representation of fourtime instants
(Ty, T2, Ty, and T, ) during ventricular repolarization.

¢

0.18/J{RR}) and Ty (Ty = QRSon + OZO/V/(RR)}
are time instants during the 8T-T segment. QRS
is the time instant at the beginning of the QRS com-
plex, and RR indicates an averaged R-R interval.
The term Ty, is the T-wave peak time, and T, (T, =
Tp + (Tp ~—Tg}/ 2) indicates time instants during the
T-wave peak and the ending of the T wave.

Using CAM at the four time instants, MCV
parameters (Ingv, Omev, and pumcv) are calculated
from the following equations

(1) Ivcv: amplitude ratio

Ivev(T2, T1) = (Inax(T2) = Inax(T1)) /Imax(T1)
Lvcv(Tp, T2) = (Tmax{Tp) = Tnax(T2))/Imax (T2}, (3)
Te) = nax(Tp) — Imax(Te)) /Timax(Te)
(2) Opmcv: angle

oy (Ty) = tan™ (Ty.max(T1)/L max(T1))
umev(T2) = tan™ (Iy max{T2)/ Ty yax(T2))
Oncv(Tp) = tan™ (Ty.max(Tmax) /Ty max (Tp))
ey (Te) = tan™ (I max(Te) /Iy max(Te))

(3) ¢Mmov: angle of difference current vector

omcv(Tz, Tq) = tan—l(uy,max(Tz) - Iy,max(Tl 3
/xmax(T2) — Ix max(T1))
(pMCV(Tp’ T;) = tanwl((Iy‘max(Tp) - y.max(Tz)}
/(Ix,max(Tp3 - Ix,max(Tz 3) '
Te) = tanml{ﬂy,max(Tp) - I}nmax(Te})
/ (Ix.max{Tp) - Ix‘max(TZ)}

where the angles (Oypey and gmev) are defined as
in Figure 3A and B. Amplitude ratio (Ingy) and
angle of difference current vector (¢pcv) were cal-

culated from nearby time points (T, and Ty, T}

and T, Tp and T,). Current amplitude and curzent
angle during the ventmcular repolarization phase
slowly and continuously change for healthy sub-

jects.?* Therefore, we consider that such changes
at nearby time points are proper parameters for
detecting abnormalities in the ventricular repolar-
ization phase.

Invev(Typ.

(4)

(5)

emev(Tp,
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Figure 3. Definition of current angle (range: +0 to +180 degrees and —0 to — 180 degrees). (A) Def-
inition of angle of maximal current vector (MCV). L,y indicates maximal current vectors. (B) Def-
inition of angle of difference current vector. Imeyx (A} and Inex (B) indicate maximal current vectors
at time instants A and B, respectively. Iax (A} — Inax (B) show the difference current vector.

Total Current Vector

The TCV based on the CAM is reflected simply
to the electrical axis of the heart.!>® TCV (Iyev =
(I, Iy)) is calculated as a vector value by using
current vector (I,) at each sensor,

64
Icv =Y L(T),  (6)

n=1

where T indicates the calculated time. We calcu-
lated the “amplitude ratio {(Itgy),” “angle (Brev),”
and “angle of difference current vector (grcy)” of
TCV at four time instants (T4, T2, Tp, and Te) as a
spatial-time current parameter. Then, TCV param-
eters (Irgy, fcv, and grev) are calculated in order
to substitute TCV vectors (I, Iy, and Ircy) for cur-
rent vectors (Ix max, Iymax, and Ipge) in Equations
(3)~(5). The definitions of frcy and ey are the
same as that for the MCV angle (Fig. 2).

Current Integral Map

The CIM is a method of heart disease analy-
sis based on CAM.'"'% This map represents the
amount of current during ventricular depolariza-

tion and repolarization. CIM is obtained through-

the summation of amplitude of current arrows
(I) during ventricular depolarization and repo-
larization phases. CIM consists of two parameters
(JT1/QRSimax and JTiI/QRSisum). The JT1/QRSimax
parameter is the ratio of the maximum integral val-
ues during ventricular depolarization and repolar-
ization phases, and JTi/QRSisun is the ratio of the
summed current integral values for all channels
during ventricular depolarization and repolariza-
tion phases.

Current Rotation

CR represents the degree of rotation of the 2D
current vector.?! This value can quantify change in
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a current distribution patiern. The CR value (1)
at the n'® measurement point is calculated from
the following equation (see Fig. 4)

Iy,n+1 - Ix,rz»S - Iy,n~‘é + Ix.n—%ﬁ (7}

Irol, =

i

II}.II'EBX

where I max denotes the maximal amplitude of
CAM for all sensors. CR parameters consist of max-
imal (Irot.,) and minimal (Trot,,,) values of Trot,
at time instant T, and the difference value (dIrot}
between maximal (Irotga) and minimal (Trotgy)
values of Irot,,.

Statistical Analysis of MCG Parameters

To verify whether it was possible to discrimi-
nate between patients with CHD from normal con-
trols using the 25 MCG parameters (MCV, TCV,

]x, 8

ly, n~1 B Iy.ml

Ix, n+8

Figure 4. Rotation direction for summation (Irot, =
Iy,mal - Ix‘n——a - Iy’nmz + Ix,nﬂa}v
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CIR, and CR)}, we calculated the area under the
receiver operating characteristic (ROC) curve (A,
value).?® The ROC curve is an index of diagnostic
accuracy, and a ROC graph is a plot of all of the
sensitivity/specificity pairs resulting from contin-
uously varying the decision threshold for MCG pa-
rameters. Here, we use four MCG paramsters with
a high A, value (A, > 0.75) to detect patients with
CHD.

Detection Criterion for CHD Using MGG
Parameters

In the MCG test to detect CHD patients, nor-
mal ranges of four MCG parameters were deter-
mined by an optimal decision threshold that gave
the maximum value of the sum of sensitivity and
specificity. Furthermore, each MCG parameter was
assigned a score of “0” or “1” based on the nor-
mal range for an individual subject. Then, the to-
tal score of four MCG parameters was calculated.
This total score was in the range from “0” to “4.”
Based on the assumption that a subject with a to-
tal score over “1” was strongly suspected of having
CHD, we were able to distinguish electrical current
abnormalities in CHD patients. We call this total
score the repolarization abnormal score. To evalu-
ate the effectiveness of this criterion, the sensitiv-
ity and specificity of the MCG test were calculated.

Results

Evaluation of MCG Parameters Based on Current
Distributions

Table 1 lists the A, values of all MCG param-
eters, MCG parameters with a high A, value (A, >
0.75) are marked with an asterisk (*). As indicated
in the table, seven MCG parameters had a high A,
value.

Maximum Current Vector

MCV angles had high A; values. In particular,
the MCV angle at the T-wave peak (6 mcv (Tp)) had
the maximum A; value (0.808) of all MCV param-
eters. The angle of difference current vector {(pmcy
(Tp, T2) and gmev (Tp, Te)) also had high A, values
(0.755 and 0.780). On the contrary, the A, values
of MCV amplitude were low (0.572~0.704).

Total Current Vector

The A, value of the TCV angle at the T-wave
peak (Orcv (Tp)) was 0.832, the maximum A, value
of all MGG parameters. Furthermore, the angle of
difference current vector {¢rcy (Tp, T2} and 1oy
(Tp, Te)) also had high A, values (0.801 and 0.792).
These A, values of TCV angle and angular differ-
ence were notably higher than those of MCV. How-
ever, as in the case of MCV, the A, values of the
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Table il.

MCG Parameters and Their A, Values. The 25 MCG
Parameters Are Categorized as MCV, TCV, CIM, and CR

Parameter Group Name Unit A,
MCV
Amplitude ey (T2, Tq) - 0.572
Icv (Tp, T2) - 0.704
ey (Tp, Te) - 0.594
Angle Aoy {T1) degree 0.613
Omcy (Tz) degree 0.643
Bucv {Tp) degree 0.808*
Aoy (Te) degree 0.743
Angle of difference  pucv (T2, T1) degree 0.689
current vector omey (Tp, T2)  degree  0.755%
omoy (Tp, Te) degree 0.780*
TCV
Amp!itude ITCV (Tg, T1) - 0.644
brev (Tp, Ta) - 0.697
rov (Tp, Te) - 0.534
Angle frov (T1) degree 0.689
Brov (T2} degree 0.681
froy (Tp) degree 0.832%
ey (Te) degree 0.760*

degree 0.708
degree 0.801*
degree 0.792*

Angle of difference  grov (T2, T1)
current vector prev (Tp, Ta)
PTCV (Tp» Te)

CiM JTimax/QRSimax - 0.641
JTisum/QRSisum - 0-646
CR rotmex - 0.607
irotmin - 0.673
dlor — 0.661
*A, > 0.75

A = area under the ROC curve; ROC curve = receiver
operating characteristic curve; MCV = maximal current vector;
TCV = total current vecior; CIM = current integral map; CR =
current rotation

amplitude during the ventricular depolarization
phase were low (0.534-0.697).

Current Integral Map and Current Rotation

The A, values of maximum and summa-
tion integral values (JTina/QRSimax and JTigym/
(QRSigym) were higher than 0.60, and there was
not much difference between JTimax/QRSimax
and JTigum/QRSisym. In conirast, CR parameters
(Irotmax (Tp), Irotmin (Tp), and dlIrot (T,)), had low
A, values (0.607-0.673).

These results indicate that current angles
{(MCV and TCV angles) at the T-wave peak were
most effective for distinguishing electrical current
abnormalities in CHD patients. Furthermore, an-
gle of difference current vector (MCV and TCV)
during the ST-T segment also had high detection
accuracy for patients with CHD.
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Table il

Normal Ranges of Four MCG parameters (ucv {Tp): frov
(To), b1y (Tp-Tz), and trey (Tp-Te))

Parameter Name Unit Normal Range

bumcv (Tp)
Brov (Tp)
grov (Tp > To)
wtov (Tp > Te)

degree 8° < Omcv {Tp) < 88°
degree  16° < frov (Tp) < 69°
degree  27° < gprov {Tp, T2) < 59°
degree 27 < prov (Tp, Te) < 827

Detection of Electrical Current Abnormalities in
CHD Patients Using MCG Parameters

Criteria

To detect the electrical current abnormalities
in CHD patients, we used four MCG parameters
(Bmcv (Tp), O1ey (Tp), (@rev (Tp, T2), and (grev (Tp,
T.)) with high A, values. Table IIl presents the nor-
mal ranges of four MCG parameters, which were
determined by an optimal decision threshold. This
threshold gave the maximum values of the sum of
sensitivity and specificity obtained from the ROC
curve (see Fig. 5). The ROC curve of ¢y (Tp) is
plotted in Figure 5.

Scoring

Figure 6 illustrates the percentage distribu-
tions of subjects—both normal controls (left) and
CHD patients (right}—with each repolarization ab-
normal score {“0” to “4”) of the four MCG param-
eters. We see from Figure 5 that the percentage
of normal subjects with a repolarization abnormal
score of “0” was 74.3%. In contrast, the percentage
of CHD patients with a repolarization abnormal
score of “0” was about 15%. Therefore, based on
the assumption that a subject with a repolarization
abnormal score over “1” is strongly suspected of
having CHD, the sensitivity and specificity of the
MCG test were 85.7% and 74.3%, respectively.

Figure 7 shows the averaged repolarization ab-
normal score for normal controls and for patients
with SVD, DVD, and TVD. The averaged repolar-
ization abnormal score for normal controls was the
lowest (“0.53”). On the other hand, the averaged
repolarization abnormal score for patients with
TVD was “2.67.” This score was high compared
to the averaged repolarization abnormal score for
patients with SVD and DVD.

Discussion

High Accuracy for Detection of CHD Using MCV
and TCV

MCV and TCV angles during the ST-T seg-
ment had high A, values. In myocardial ischemia
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Figure 5. Receiver operating characteristic curve of to-
tal current vector (TCV) ungle (6 rev (Ty)). The black cir-
cle shows the maximum point of the sum of sensitivity
and specificity.

and infarction, the action potential at the site of a
lesion changes significantly. For example, it may
disappear or exhibit prolonged ventricular repo-
larization and prolonged discharge intervals.?%%7
These abnormal action potentials in the ischemic
myocardium change the direction of cardiac elec-
trical current. Therefore, it is highly possible that
MCV and TCV angles could be used to detect spa-
tial current abnormalities in myocardial ischemia
and infarction.

However, angle of difference current vector
(MCV and TCV) during ventricular repolarization
also resulted in high detection accuracy for CHD
patients. In ECG studies, abnormal T waves (tall,
flattened, inverted, and biphasic) are caused by
myocardial ischemia and infarction influences.”
These abnormal T waves indicate that the di-
rection of electrical current in the ischemic my-
ocardium changes temporally. Therefore, it is con-
ceivable that the angle of difference current vector
reflect time-sequential changes due to current di-
rection dispersion in ischemic myocardium.

In the statistical analysis of CDPs (see
Table II), each A, value of TGV angle and angle
of difference current vector were notably higher
than that of MCV. In a previous study, the TCV
angle during the ventricular repolarization phase
was stable with low standard deviation in the case
of all age groups that were evaluated.?? Further-
more, it is noted that with TCV it is possible to
detect very low electrical current in a fetal heart.®
It can, therefore, be concluded that TCV is a useful
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Figure 6. Percentage distributions of the number of subjects with each repolarization abnormal
score (white bars: normal controls, black bars: coronary heart disease patients).

parameter that is less affected by individual vari-
ables such as age and amplitude of cardiac current.

As can be seen, TCV angle and angle of dif-
ference current vector difference could accurately
detect patients with coronary heart lesions with a
vessel diameter over 75%. Therefors, it might be
able to detect coronary stenoses of less than 50%
diameter, which are clinically significant, in the
same way.

Comparison between CDPs and MFPs

Some clinical studies based on MFPs for de-
tection of CHD have been done. Table IV lists the
sensitivities and specificities of three MCG tests
using MFPs and CDPs.

Park et al. examined four MFPs {method 1)
taken from the MCG signals during the ventricu-
lar repolarization phase for 185 patients with is-
chemic syndrome.? In their study, sensitivity and

Table V.
Sensitivity and Specificity of MCG Test for Detection of
CHD
Sensitivity Specificity
Current distribution parameters (CDPs)
Cur result 85.7% 74.3%
Method 11130 73.3% 70.1%
Magnetic field parameters {MFPs)
Method 112 86.4% (85.7%*) 82.5% (64.4%%)
Method 1113 76.4% 74.3%

*Sensitivity and specificity of Method | were applied for our data
listed in Table {.
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specificity for the patients were 86.4% and 82.5%
using automatic diagnosis. We applied method I
for our data listed in Table I. Consequently, sensi-
tivity had a similar value (85.7%), but specificity
had a lower value (64.4%]). Tolstrup et al. investi-
gated seven MFPs (method II) during ventricular
repolarization obtained from 125 patients experi-
encing chest pain.?® The sensitivity and specificity
of sevenn MFPs were 76.4% and 74.3%. Hailer et al.
examined the semiautomated classification sys-
tem (method III), which is based on the dipolar
structure of current density vector (CDV) map and
the direction of the main CDVs, for patients with
coronary artery disease patients.?®* The calcula-
tion of 2D CDV map is based on the inverse prob-
lem solution. Sensitivity and specificity for the pa-
tients were 73.3% and 70.1%. On the other hand,
sensitivity and specificity of the MCG test done
using our CDPs were 85.7% and 74.3%. Although
each study used different criteria and subjects,
these results indicate that the CDPs and MFPs
had a similar sensitivity and specificity range from
70% to 85%.

Using the normal ranges of four CDPs estab-
lished from normal MCG, we obtained a high sen-
sitivity (85.7%}) in the CHD patients. Furthermore,
the average repolarization abnormal score of four
CDPs in the CHD group with severe TVD was
higher (2.67) than in the other groups (normal
control: 0.53). There is a strong possibility that
the repolarization abnormal score correlated with
the number of major stenotic vessels. This result
indicates the scoring method using four CDPs re-
flected the electrical activation dispersion due to
ischemia and ischemic (infarct) area. It was con-
cluded that CDPs may help to diagnose spatial-
time current abnormalities in the myocardium
during ventricular repolarization.
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average total score

Control SVD DVD TVD

Figure 7. Averaged repolarization abnormal score of
normal controls and patients with single-vessel disease,
double-vessel disease, and triple-vessel disease TVD.

To verify that the CDPs reflect ischemic and
infarction size, we calculated the correlations be-
tween four CDPs (Owcy (Typ), Orcv (Tp), eev (Tp,
T;), and ercv (Ty, Te)) and left ventricular ejec-
tion fraction (LVEF). LVEF is an important marker
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of the left ventricular dysfunction and reflects is-
chemic and infarct size. Figure 8A-D shows the
scatter plots of LVEFs against the four CDPs (6 ey
(Tp), Brev (Tp), ¢rev (Tp, Ta), and grey (Tp, Te))
for 16 patients with CHD. Here, we normalized
each CDP by using their median value for healthy
volunteers. Figure 8A-D also shows the fitted re-
gression lines calculated for the scatter plots. Av-
erage LVEF was 55 & 14% and ranged from 34%
to 75% in the 16 patients. The correlation coeffi-
cients between the LVEF and four CDPs were less
than —0.35. In particular, ¢rev (Tp, Te) had the
highest correlation {r = —0.59). This result might
indicate that the level of repolarization current ab-
normality is associated with ischemic left ventric-
ular dysfunction due to ischemia.

Study Limitations

We should point out several limitations in
this study. First, the control group was identi-
fied from only the ECG results. Therefore, cardiac
hypertrophy, dilation, and HBP, which are de-
tected by other heart functional tests, cannot be
excluded in this study. Second, it is not enough
to compare the results gotten from the MCG pa-
rameters with other heart function parameters (BP,
ejection fraction, and ST elevation). In particular,
we need to investigate whether abnormal CDPs in
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Figure 8. Scatter plots of left ventricular ejection fractions against the four current distribution
parameters (CDPs). (A) Oy (Tpl, (B) Ovcv (Tp), (C) wrev (Tp, T2}, and (D) erey (Tp, Tell. We
normalized each CDP by using their median value for healthy volunteers.
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CHD patients result from CHD or high BP, since
half of CHD patients generally had HBP. Third,
we defined the coronary heart lesions as a vessel
diameter over 75%. Fourth, the number of patients
with CHD (56 patients) was small.

Despite these limitations, the repolarization
abnormal score and criteria using four CDPs in
CHD patients can reflect lesion size and time
changes of electrical activation dispersion due to
ischemia.

Future Work

To evaluate the improvement in cardiac func-
tion, we will compare the CDPs of CHD patients
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before and after coronary revascularization. We
also consider it important to distinguish abnor-
malities in ventricular repolarization for CHD pa-
tients with diabetes, hypertension, hypertrophy,
and rhythm conductance abnormalities by using
CDP.
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ABSTRACT Long QT syndrome (LQTS) is an 1nher1ted .
disease mvolvmg mutations in the genes encodmg a
number of cardiac ion channels and a membrane adaptor
protein. Among the genes that are respon51ble for LQTS,
KCNEI and KCNE2 are members of the KCNE family of
genes; and functron as ancrllary subumts of Kv channels.
The third KCNE gene, KCNE3, is. expressed in cardlac;,
myocytes ancl mteracts - with KCNQI to change the
channel propertres. However, KCNE3 has “never been_,.,
linked to LQTS. To mvestrgate the assocratlon between
KCNE3 and LQTS, we conducted a genetic screening of o
KCNE3 mutations and smgle nucleotrde polymorphlsms o
(SNPs) in 485 Japanese LQTS probands using DHPLC-
' WAVE system and dlrect sequencmg Consequently, we'i' ,
identified two KCNE3 missense ‘mutations, located inthe
N- and C-terminal domains. The functlonal effects of
these mutatlons were examined by heterologous expres- o
sion systems using CHO cells stably expressmg KCNQI o

series of electrophysxologlcal analyses, the KCNQ‘ Ql) ,
+KCNE3 (E3)—R997\.H channel srgmﬁcantly reduced out-
ward. current compared to Ql +E3-WT, though .

current densrty of the Q1 +E3-T4A channel displayed no -
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‘ statlstlcal srgmﬁcance. Thrs is the ﬁrst report of KCNE3

; mutatlons assocrated w1th LQTS Screenmg for variants
in the KCNE3 gene is of clmlcal 1mp0rtance for LQTS g
patients. -
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Introduction

Long QT syndrome (LQTS) is an inherited disease characterized
by a prolonged QT interval and a high risk of sudden cardiac
death due to peculiar ventricular tachycardia known as torsades de
pointes (TdP) [Moss and Kass, 2005]. Most of the LQTS-causing
genes encode ion channels, with particular regard to potassium
(K) channels. Among them, KCNEI (E1) and KCNE2 (E2) are
members of the KCNE family (E1 through KCNE5) encoding a
single-transmembrane-domain proteins. They are called MinK-
related peptides (MiRPs) that function as ancillary subunits of Kv
channels. In 1999, the third KCNE gene, KCNE3 (ONIM
*#604433) (E3), was cloned by homology to E1 [Abbott et al.,
1999]. In the functional analysis on the KCNQ1l (Ql) +E3
channel, E3 was shown to markedly change Q1 channel properties
to yield those activating nearly instantaneously and linearly on
voltage [Schroeder et al., 2000].

The expression of E3 in heart was examined and confirmed by
northern blot analysis [Schroeder et al., 2000], real-time
quantitative RT-PCR [Bendahhou et al.,, 2005; Lundquist et al,,
2005, 2006] and in situ hybridization [Lundquist et al., 2005]. E3
was expressed in all regions of the human heart including left and
right ventricles [Lundquist et al., 2005]. The expression level of E3
was larger than that of E2 in every region of the human heart,
although smaller than that of El [Bendahhou et al., 2005;
Lundquist et al., 2005, 2006]. Recently, E3 was reported to

© 2009 WILEY-LISS, INC.



establish a complex with Q1 along with E1 [Morin and Kobertz,
2007]. The Q1+E1+E3 complex generated the current with the
combined properties of homomeric Q1+E1 and Q1+E3 com-
plexes, as we previously reported the properties of Ql1+E1+E2
complexes [Toyoda et al., 2006]. Taken together, the dysfunction
of the Q1+E3 channel may reduce repolarizing K currents in the
myocardium, which thereby prolongs the QT interval, although
QI-E3 channels have not yet been demonstrated in the heart.

Abbott et al. [2001] demonstrated a missense mutation of E3
(p.R83AH) in the patients of periodic paralysis. The reduced
current densities of the E3-R83AH plus Kv3.4 complex channel in
the skeletal muscle caused periodic paralysis, though the authors
did not mention cardiac symptoms. More recently, Lundby et al.
[2008] identified an E3 mutation (p.V17AM) from an early-onset
lone atrial fibrillation (AF) patients. They performed functional
analysis of E3-V17AM in coexpression with five kinds of
potassium channels. As a result, they revealed increased activity
of KV4.3+E3-V17AM and KCNH2+E3-V17AM channels.

During the genetic screening on 485 Japanese LQTS probands,
we identified two novel E3 mutations and one reported single
nucleotide polymorphism (SNP) (rs34604640:C>G; p.P39R).
The mutations were p.T4A in the N-terminal and p.R99AH in
the C-terminal. In the present study, we describe the clinical
phenotypes of E3-related LQTS patients and the electrophysiolo-
gical effects caused by these E3 mutations, and assess the
probability of E3 as a candidate gene for LQTS.

Materials and Methods

Subjects

Study patients are comprised of 485 congenital and acquired
LQTS probands showing prolongation of the QT interval
(QTc>460ms) or documented TdP from 485 unrelated families.
They were referred consecutively to either of our laboratories for
genetic evaluation. All subjects submitted written informed
consent in accordance with the guidelines approved by each
institutional review board. Each underwent detailed clinical and
cardiovascular examinations, and were then characterized on the
basis of the QT interval in lead V5 corrected for heart rate (QTc¢)
according to Bazett’s formula and the presence of cardiac
symptoms.

Genotyping

Genomic DNA was isolated from venous blood lymphocytes as
previously described [Ohno et al, 2007]. Through PCR,
denaturing high-performance liquid chromatography (DHPLC),
and direct DNA sequencing, we performed a comprehensive open
reading frame/splice-site mutational analysis of known LQTS
genes (KCNQI, KCNH2, SCN5A, KCNEI, and KCNE2) using
previously described primers [Ohno et al, 2007]. We did not
conduct mutational analysis of ANKB, KCNJ2, CACNAIC, CAV3,
and SCN4B. The KCNE3 coding region was amplified with a
primer pair; forward primer; 5'-CTGAGCTTCTACCGAGTCTT-3'
and reverse primer; 5-TGCAGTCCACAGCAGAGTTC-3'. The
size of the PCR product was 435 base pairs. DHPLC analysis of
KCNE3 was performed at three different temperatures; 59.0, 61.2,
and 63.5°C. The cDNA sequence was based on GenBank reference
sequence NM_005472.4, and the numbering reflects cDNA
numbering with +1 corresponding to the A of the ATG
translation initiation codon in the reference sequence, according
to journal guidelines. The initiation codon is codon 1.
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Plasmid Construction

cDNA. for human KCNE3 (NM_005472.4) was cloned into a
PCR3.1 plasmid. Variant amino acid residues were constructed
using a Quick Change® II XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA), according to the manufacturer’s
instructions. Nucleotide sequence analysis was performed on each
variant construct prior to the expression study.

Construction of a CHO Cell Line Stably Expressing
Human KCNQ1

Flp-In CHO cells containing a single integrated Flp recombi-
nase target (FRT) site at a transcriptionally active locus
(Invitrogen, Carlsbad, CA) were used for the generation of a
stable KCNQ1 cell line. The full-length cDNA fragment of human
KCNQI (GenBank AF000571.1) in a pCI vector (a kind gift from
Dr. J. Barhanin, Institut de Pharmacologie Moléculaire et
Cellulaire, CNRS, Valbonne, France) was subcloned into a
pcDNAS/FRT vector (Invitrogen). This construct was cotrans-
fected into Flp-In CHO cells with pOG44, a Flp-recombinase
expression vector (Invitrogen), resulting in the targeting interac-
tion of the expression vector. Stable cell clones were selected in
hygromycin B (500 pg/ml; Invitrogen), and the expression of
KCNQ1 was tested by the whole-cell patch-clamp recording
method. One cell line exhibited uniform and homogenous
expression of KCNQI currents and was used for experiments.

Cell Culture and Transient Transfection

The stable KCNQ1-CHO cell line was maintained in Ham’s F-
12 medium supplemented with 10% fetal calf serum and
500 &mug/ml hygromycin B in a humidified incubator gassed
with 5% CO, and 95% air at 37°C. Before transfection, cells were
seeded onto 35-mm plastic culture dishes with seven to eight glass
coverslips (5Amm x 3Amm) and incubated for 24 to 48Ahr.
Transient transfection was performed using Lipofectamine
(Invitrogen). The amounts of each ¢DNA used for transfection
were (mug/dish): 1.0 KCNE3, and 0.5 green fluorescent protein
(GFP). At 48 to 72Ahr after transfection, only GFP-positive cells
were selected for the patch-clamp study.

Patch-Clamp Recordings and Data Analysis

Whole-cell membrane currents were recorded with an EPC-8
patch-clamp amplifier (HEKA, Lambrecht, Germany). A coverslip
with adherent CHO cells was placed on the glass bottom of a
recording chamber (0.5Aml in volume) mounted on the stage of
Nikon Diaphot inverted microscope (Tokyo, Japan). Patch
pipettes were prepared from glass capillary tube (Narishige,
Tokyo, Japan) by means of a Sutter P-97 micropipette puller
(Novato, CA), and the tips were then fire-polished with a
microforge. Pipette resistance ranged from 2 to 4 M when filled
with internal solution. Current recordings were conducted at
34+1°C. Voltage-clamp protocols and data acquisition were
controlled by PatchMaster software (version 2.03, HEKA) via an
LIH-1600 AD/DA interface (HEKA). Cell membrane capacitance
(Cm) was measured in every cell by fitting a single exponential
function to capacitive transients elicited by 20 ms voltage-clamp
steps from a holding potential of ~80 mV.

External Tyrode solution contained (mM): 140 NaCl, 0.33
NaH,PO,, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 5.4 glucose, and 5
HEPES, and pH was adjusted to 7.4 with NaOH. The internal



pipette solution contained (mM): 70 potassium aspartate, 50 KCl,
10 KH,PO,4, 1 MgCl,, 3 Na,-ATP, 0.1 Li,-GTP, 5 EGTA, and 5
HEPES, and pH was adjusted to 7.2 with KOH. Liquid junctional
potential between the test solution and the pipette solution was
measured to be around =10 mV and was corrected. HMR1556 (a
kind gift from Drs. H.J. Lang and J]. Piinter, Aventis Pharma
Deutschland GmbH) was added from 10mM stock solution in
DMSO to the external solution (final DMSO concentration did
not exceed 0.01%).

To obtain the deactivation time constant, the time course of
decaying tail current at —-50 mV were fitted to a single exponential
function:

I(t) = A+ Bexp(—t/1),

where I(#) means the tail current amplitude at time #, A and B are
constants, and T is the deactivation time constant.

All data are presented as mean+standard error of the mean
(SEM). Statistical analysis was performed by analysis of variance
(ANOVA) followed by Tukey-Kramer post hoc comparison.
Statistical significance was set at P <0.05.

Cell Preparation and Confocal Imaging

For the immunofluorescence study, we constructed a hemag-
glutinin (HA)-tagged KCNE3 plasmid (wild type [WT] and
mutant). An HA epitope (YPYDVPDYA) was introduced into the
N-terminus of KCNE3 cDNA, using an HA-tagged 5" primer with
a Kpnl restriction site at the 5" end and a 3’ primer with BsrGI at
the 3" end. The full-length cDNA fragment of human KCNQI was
subcloned into pCl-neo. COS7 cells were transfected with
1.0 &mug of HA-tagged pCR3.1-KCNE3 (WT or mutant) and
1.0 &mug of pCI-neo-KCNQI plasmid in 35-mm glass-bottom
dishes, using Fugene6 (Roche Diagnostics, Basel, Switzerland)
according to the manufacturer’s instructions. At 48Ahr later, the
cells were washed twice with phosphate buffered saline (PBS),
followed by incubation with a mouse anti-HA primary antibody
(1:500) (Covance Research Products, Inc., Berkeley, CA) for
30Aminutes at 37°C. The cells were then washed twice with PBS
and incubated with an anti-mouse antibody conjugated to the
Alexa 488 fluorophore (1:500) (Molecular Probes, Eugene, OR) as
a secondary antibody for 30Aminutes at 37°C. Finally, cells were
washed with and immersed in Opti-Mem, and confocal images
were obtained with a Zeiss LSM 510 (Carl Zeiss GmbH, Jena,
Germany).

Results

Mutation Analysis

In 485 LQTS probands, we identified two novel missense
mutations and one SNP in E3 (Figs. 1 and 2). The first mutation
was a single nucleotide alternation (c.296G>A) (Fig. 1A)
resulting in an amino acid substitution from an arginine at
residue 99 with a histidine (p.R99AH). The second mutation was a
single nucleotide change (c.10A>G) (Fig. 2A), causing an amino
acid substitution p.T4A, replacing a threonine at residue 4 with an
alanine. This T4A missense mutation was identified in two
probands. Another proband was found to have a p.P39R
polymorphism, which was reported as an SNP (rs34604640:
C>G). These three variants were absent in 200 unrelated healthy
individuals (400 alleles) from the general Japanese population.
They are located in the N-terminus (T4A and P39R) and C-
terminus (R99AH), respectively. We further searched for another

mutation in LQTS-related genes in these probands carrying E3
mutations (see Materials and Methods). In one of the KCNE3-
T4A carriers, we identified a KCNH2-p.G572S mutation and in
the proband with the P39R polymorphism a KCNH2-p.W563G
mutation. SNP ¢.198 T>C (rs2270676), which causes no amino
acid substitution (p.F66F), was identified heterozygously in
roughly 20% of both LQTS probands and healthy individuals.

Phenotypic Characterization

Patient 1

The novel mutation p.R99ALH was found in a 76-year-old female
suffering from drug-induced TdP. Her resting 12-lead electro-
cardiograph (ECG) before administration of disopyramide (Fig.
1B-a) displayed sinus rhythm with normal QTc (438 ms). Because
of repeated paroxysmal AF, she was started on 300Amg of
disopyramide per day. At 10 days after disopyramide intake, her
level of consciousness decreased and ECGs displayed frequent
premature ventricular contractions (PVCs) and TdP (Fig. 1B-b).
Her heart rate was 66 beats per minute (bpm), and her QTc time
was prolonged to 580 ms. Serum K level was within normal range
(4.0mEq/L). Disopyramide was immediately stopped, and
temporary pacing was immediately started at 90 bpm. In 3 days,
TdP attacks ceased and QTc intervals returned within normal
range. She had no family history of sudden cardiac death and
LQTS. We did not conduct genetic analyses on the relatives of this
patient, due to a lack of consent.

Patient 2

A p.T4A mutation was identified in a 16-year-old boy who had
QT prolongation discovered during his school’s annual health
checkup. He had no history of faintness or syncope and no family
history of syncope or sudden death. His resting ECG (Fig. 2B)
revealed bradycardia for age (48bpm) and QT prolongation
(QTc=525ms). Genetic analysis on other LQTS-related genes
revealed a KCNH2-G572S missense mutation which had been
previously reported [Tester et al., 2005]. His mother and sister also
remained asymptomatic but had the same heterozygous set of
genetic variants (E3-T4A and KCNH2-G572S). Their ECGs also
displayed the prolongation of QTc intervals: 520 ms and 560 ms
(data not shown).

Patient 3

A p.T4A mutation was also identified in another unrelated
proband, a 68-year-old female, who experienced hypokalemia-
induced TdP at age 60 years. After correction of serum potassium
levels, her QTc time was normalized to 430 msec (Fig. 2C). Two
years after the TdP event, she was diagnosed with cardiac
sarcoidosis and was started on steroid hormone therapy. Though
her daughter also carried the E3-T4A mutation, she was
asymptomatic with borderline QTc.

Patient 4

A p.P39R amino acid substitution was identified in a 32-year-
old female who was also identified to have a novel KCNH2
missense mutation, p.W563G. She experienced repeated episodes
of late night syncope at ages 15, 21, and 26 years. Figure 3 displays
her 12-lead ECG demonstrating marked QT prolongation
(QTc=512msec) and notched T waves, suggesting LQTS type
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2. E3-P39R was reported as an SNP (rs34604640: C > G); however,
P39R was absent in 400 control alleles from healthy Japanese
cohorts. Therefore, we conducted a functional analysis of three
mutants including P39R.

Biophysical Properties of KCNQ1 Channels Coexpressed
With KCNE3

To clarify the functional consequences of these missense
mutations (R99AH, T4A, and P39R) on E3, we assessed the
biophysical properties of the mutated E3 clone by using the stably
expressing human KCNQI1-CHO cell line. Figure 4A shows
representative examples of whole-cell currents recorded from
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CHO cells stably expressing the Q1 channel transfected with or
without E3 (WT or mutant). Insets to the right of each recording
illustrate expanded views of the tail current elicited after return to
-50mV from test potentials. The current amplitudes were
normalized by cell capacitances (current densities). Recordings
from cells expressing the Q1 channel alone (left panel of Fig. 4A)
displayed small amplitudes of time-dependent outward currents
during depolarizing test potentials, followed by slowly deactivating
tail currents on return to —50mV. In contrast, transfection of
stable Q1 cells with E3-WT (second panel in Fig. 4A) gave rise to
large amplitudes of currents composed of at least two compo-
nents: 1) a time-dependent outward current activated during
depolarizing steps; and 2) a constitutively active background



current during depolarizing and hyperpolarizing (—50 mV) steps,
as previously reported [Bendahhou et al., 2005; Schroeder et al.,
2000]. After the recordings of Q1 with or without E3 current, we
applied HMR1556 (1&muM), a selective Q1 channel blocker.
Though the sensitivity on the Q1 alone and Q1+E3 channel of
chromanol 293B, another Q1 channel blocker, was different [Bett
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Figure 3. The 12-lead ECG of Patient 4 with QT prolongation. The

patient was found to have a KCNE3-SNP, P39R, and a KCNH2-
mutation, W536G.

A mQt

N

HMR1556 (1 uM)

et al., 2006], both Q1 and Q1+E3 currents were almost totally
abolished by only 1 &muM HMRI1556 (lower panels of Fig. 4A).

HMRI1556-sensitive current densities at the end of test pulse
(Fig. 4B) were averaged from data and are plotted as the function
of test voltage of Q1 (closed square), Q1+E3-WT (closed circle),
Q1-+E3-R99AH (open triangle), Q1+E3-T4A (open circle), and
Q1+E3-P39R (closed triangle). Currents reconstituted by Ql
alone were activated at potentials greater than —40 mV, whereas
those by Q1+E3 (WT and all mutants) were active at all test
potentials and exhibited a strong outward rectification with a
reversal potential close to Ex (-84 mV as predicted by Nernst
equation). All three E3 mutants, E3-R99AH, E3-T4A, and E3-
P39R, produced membrane currents with properties qualitatively
similar to those of E3-WT. As summarized in Figure 4C, the
current densities for the QI+E3-R99AH current at +40 and
-120mV were 163.7+26.3 and —10.1+2.6 pA/pE, respectively.
These values were significantly smaller than those of the Q1+E3-
WT (301.6+33.3pA/pF at +40mV and -24.5+4.2pA/pF at
-120 mV, P<0.05). Q1+E3-T4A and Q1+E3-P39R displayed no
statistically significant difference. The deactivation time constant
for tail currents was significantly decreased by coexpression of E3
with Q1, but these three mutations in E3 had no significant effect
on deactivation kinetics (Fig. 4D).

Cellular Inmunocytochemistry of KCNE3

It was reported that no E3 could be expressed on the plasma
membrane in the absence of Q1 [Schroeder et al., 2000]. This was
reconfirmed in our experimental protocol; the two left columns in
Figure 5 show that HA-tagged E3 is not detected by Alexa 488
conjugated HA antibodies in nonpermeabilized COS7 cells in the
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Functional analysis of KCNE3 and its mutants in a CHO cell line stably expressing KCNQ1 channel. A: Whole-cell membrane

currents recorded from stable KCNQ1-CHO cells transfected without (Q1) or with KCNE3-wild type (Q1+E3-WT), KCNE3-R992H (Q1+E3-RIIAH),
KCNE3-T4A (Q1+E3-T4A), or KCNE3-P39R (Q1+E3-P39R). Cells were held at —-80 mV and stepped to various test potentials ranging from 120 to
+40mV in 10mV steps for 1 sec before (upper panel) and during (lower panel) exposure to HMR1556 (1 uM). Dotted line indicates zero current
level. Scale bars indicate 0.5 sec and 100 pA/pF. Insets to right of each recording illustrate expanded views of tail current elicited after return to
-50mV from test potentials. Scale bar indicates 0.1 sec. B: Current-voltage relationships for mean values of HMR1556-sensitive currents
measured at the end of test pulses in CHO cells expressing Q1 (closed square, n =5), Q1+E3-WT (closed circle, n = 14), Q1+E3-R99AH (open
triangle, n = 12), Q1+E3-T4A (open circle, n = 12), or Q1+E3-P39R (closed triangle, n = 10). C: Summary of the current density measured at +40
(black bar) and =120 mV (white bar). Columns and error bars indicate mean+ SEM. D: Deactivation time constant calculated by fitting a single
exponential function to tail current at -50 mV after depolarization to +40mV.
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QI+E3-WT

E3-WT

Q1+E3-R99H

Q1+E3-T4A Q1+E3-P39R

Figure 5.

Cell surface expression of WT and mutant KCNE3 channels in nonpermeabilized cell. Upper panels of each column indicate HA-

tagged KCNE3 (E3) (WT and three variants) with Alexa 488-conjugated antibodies with or without KCNQ1. Lower panels show merge of green
fluorescence and light transmission images. Scale bars indicate 50 &mum in E3-WT and 10 &mum in others.

absence of Q1 cotransfection. In contrast, HA-tagged E3 could be
visualized in the presence of QI1, which indicates that the QI
protein is necessary for E3 to be successfully trafficked to the cell
membrane. Q1 plus HA-tagged E3 channels generated currents
similar to those of Ql plus untagged E3 channels (data not
shown). Figure 5 illustrates representative sets of confocal images.
COS7 cells were transfected with tagged E3 (WT, T4A, and
R99AH) and QI. All QI plus HA-tagged E3 exhibited green
fluorescence in the plasma membrane indicating that these
channels were trafficked to the plasma membrane normally.

Discussion

In the present study, we report three E3 variants found in 485
LQTS probands. One of the two novel mutations, R99AH,
displayed a significant decrease in outward currents when
coexpressed with Q1. The proband with the E3-R99AH mutation
suffered from drug-induced TdP. After washout of disopyramide,
her QTc time on the ECG returned within normal range. The drug
probably induced remarkable QT prolongation and TdP in the
presence of a reduced repolarization reserve [Roden, 1998], which
was associated with the E3-R99AH mutation.

The expression of E3 was confirmed in the human heart
[Bendahhou et al., 2005; Lundquist et al., 2005, 2006]. Though
neither the presence nor potential function of Q1+E3 channels in
human cardiac myocytes have been determined, E3 conformed a
functional channel in interaction with QI, constitutively open
potassium channel [Schroeder et al., 2000]. In addition, azimilide-
sensitive Q1+E3 like currents were recorded in canine myocytes
[Dun and Boyden, 2005]. On account of these results, E3 is
assumed to have a physiological role in human heart. Mazhari
et al. [2002] studied the effects of E3 on action potential duration
(APD) in in vivo transduction of guinea pig ventricular myocytes.
APD of E3-transduced myocytes was significantly reduced
compared to that of control myocytes. Under the assumption
that E3 might interact with KCNH2, they also performed a series
of tests using an I, blocker (E-4031) to determine whether the
APD shortening was due to the interaction with E3 and KCNH2.
However, E-4031 did not affect the APD in E3-transduced
myocytes. As a result, the APD shortening appeared to be a result
of the interaction between QI and E3. Although ventricular
myocytes are repolarized mainly by QI+E1 (Igx;) and KCNH2
(Ix;) in human hearts, we believe that the mutant E3 could
prolong APD through interaction with Q1. We recently reported
the knockdown of E3 expression using RNA interference in guinea
pig ventricular myocytes [Toyoda et al., 2008]. The knockdown of
562
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E3 was found to prolong the APD, suggesting that E3 may play a
physiological role in repolarization of cardiac action potential.

The interaction between KCNH2 and E3 is not established yet.
In the experiments using Xenopus oocytes, KCNH2 currents were
suppressed by coinjection with E3 [Schroeder et al., 2000]. On the
contrary, the interaction in horse hearts could not be displayed by
means of sequential immunoprecipitation and immunoblotting
(Finley et al., 2002]. In addition, the Iy, blocker did not affect
APD in E3-transduced myocytes in guinea pigs [Mazhari et al.,
2002]. Consequently, we supposed that KCNH2 plus E3 channel
would affect very little for repolarization. We therefore did not
pursue further examination on the interaction with KCNH2 and
E3 using mammalian cell lines.

Regarding the E3-T4A mutation, we postulated that the E3-T4A
has minor effects on the QT prolongation, based on the fact that
no E3-T4A variant was found in our normal control. Though one
of the probands had a KCNH2-G572S mutation [Tester et al.,
2005] which is supposed to be the major reason for the QT
prolongation, another proband had no mutation in major LQTS-
related genes. In our biophysical assay, the mutant caused no
significant difference in Q1+E3-T4A channel currents; therefore
we could not display the association between E3-T4A mutation
and QT prolongation. In patient 3, hypokalemia triggered the
TdP, accordingly reducing extracellular potassium level may affect
the currents through Q1+E3-T4A channels. Or E3 may also
interact with another potassium channel alpha-subunit that affects
the repolarization of cardiac myocytes, and the E3-T4A mutation
may decrease the outward current to prolong QT time. We have to
take into account that E3-T4A is a rare SNP, because the
correlation between phenotype and genotype in our patients was
not common and the number of our control was smaller
compared to the studied cases.

E3-P39R may also have functional effects on repolarization.
However, our proband with E3-P39R had a compound KCNH2-
W563G mutation, as well as typical symptoms and ECG findings
(Fig. 3) compatible with type 2 LQTS. In addition, functional
analysis of the Q1+E3-P39R channel displayed smaller current
densities than those of the Q1+E3-WT channel; however there
was no statistical difference. Therefore we considered E3-P39R as a
rare normal variant in Japanese.

Concerning another o subunit which interacts with KCNE3, Kv4.3
potassium channel encoded by KCND3 produces transient outward
potassium conductance (I,,) in the heart and KCNE3 inhibits the
Kv4.3 currents [Lundby and Olesen, 2006; Radicke et al., 2006], even
in the presence of KChIP2. Hence, there is a possibility that our E3
mutants affect the Kv4.3 current and prolong QT interval.



In conclusion, we identified three E3 variants among 485
Japanese LQTS probands, and one of which significantly reduced
currents by interacting with Q1. Though the proband had
remained asymptomatic in the absence of risk predisposing to
QT prolongation, she fell into highly critical condition by taking
disopyramide for AF at age of 76. Therefore, identification of E3
mutations with possible phenotypic effects provides us with
information for our understanding of the mechanism of LQTS.
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Abstract A framework for the homogenization of nonlin-
ear problems is discussed with respect to block LU factor-
ization of the micro—macro coupled equation, and based on
the relation between the characteristic deformation and the
Schur-Complement as the homogenized tangent stiffness. In
addition, a couple of approximation methods are introduced
to reduce the computational cost, i.e., a simple scheme to
reuse the old characteristic deformation and a sophisticated
method based on the mode-superposition method developed
by our group. Note that these approximation methods sat-
isfy the equilibrium conditions in both scales. Then, using
a simplified FE model, the conventional algorithm, a rela-
tive algorithm originating from the block LU factorization,
and the above-mentioned algorithms with the approximated
Schur-Complement are compared and discussed. Finally, a
large-scale heart simulation using parallel computation is
presented, based on the proposed method.
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element analysis - Schur-Complement - Mode superpo-
sition - Parallel computation - Block LU factorization -
Heart

List of symbols

Y.y Position vector around the deformation
in the microstructure

X, x Position vector around the deformation
in the macrostructure

J. Okada (B<)) - T. Washio - T. Hisada

Graduate School of Frontier Sciences, University of Tokyo,
5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8563, Japan
e-mail: okada@sml.k.u-tokyo.ac.jp

Published online: 31 October 2009

u Macroscopic displacement vector

{u} Macroscopic structure nodal displacement
vector
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displacement vector
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1 Introduction

The door to petaflop computing has recently opened and
meaningful applications for massively parallel computers
are being sought. A multi-scale approach to biomechani-
cal problems is consequential in the post-genome era and
the homogenization method is going to play a more impor-
tant role than ever before. The homogenization method is a
mathematical modeling technique for efficiently analyzing
inhomogeneous material with a periodic microstructure. In

@ Springer
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biomaterial, the periodicity hypothesized in the homogeni-
zation method is not strictly established. However, Terada
et al. [1] have shown that an appropriate equivalent charac-
teristic is obtained in material with an irregular microstruc-
ture by assuming a periodic boundary condition. Thus, it
is possible to evaluate the effect of each component in the
microstructure on the macroscopic behavior, if microstruc-
ture modeling is appropriate. The homogenization method
for biomaterial was applied to bone by Hollister and Kikuchi
[2], while a two-dimensional analysis of engineered tissue
cells was conducted by Breuls et al. [3]. In an example using
the heart, Krassowska et al. [4] applied the method to an
excitation propagation phenomena. To investigate the effect
of intracellular structure on heartbeat, the authors have devel-
oped the necessary finite element homogenization method,
where the heart is the macrostructure and the cardiomyocyte
the microstructure. Thus the problem inevitably becomes a
large-scale one.

In the homogenization method two scales are introduced,
namely, a scale for the unit period, and a scale for the whole
material. By solving the governing equations for both scales
with coupling, we can obtain the macroscopic characteristic
as an equivalent homogeneous body and variable distribu-
tion from the microstructure. In the conventional nonlinear
homogenization method [5,6], it is first necessary to calculate
microscopic equilibrium and then the macroscopic tangen-
tial homogenization updates all quadrature points at every
Newton—Raphson iteration, resulting in huge computational
cost. Even with a high performance computer, the cost is
prohibitive for practical large-scale problems. To reduce this
computational cost, various techniques have been devised.
These include, for example, the construction of a database
with the homogenized properties [7], sensitivity analysis [8],
Fast Fourier Transforms [9], and so on. In a previous work,
we proposed a homogenization method using characteristic
deformation mode superposition [10,11]. This is, however,
an approximation method and the accuracy depends on the
problem. We subsequently proposed a new algorithm that
solves the microscopic equilibrium equation alternately with
the solution of the mode superposition-based micro—macro
coupled equation. In this algorithm, the equilibrium condi-
tions for both the micro and macro structures are satisfied
with far less computational cost. This method is applicable
to microstructures composed of slightly incompressible and
viscoelastic materials [12-15].

Looking at this method from the block LU factorization
of the micro—macro coupled equation, we recognize that the
Schur-Complement as the homogenized tangent stiffness, is
ingeniously approximated with the aid of mode superposi-
tion. It is further beneficial to generalize this view, that is,
to interpret the framework of the homogenization method
with regard to the block LU factorization and investigate how
the Schur-Complement can be approximated to reduce the

@ Springer
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Fig. 1 Homogenization method for large deformation problems.
a Macro structure. b Micro structure

computational cost whilst preserving the accuracy. Accord-
ingly, a couple of approximation methods, i.e., a simple
scheme to reuse the old characteristic deformation and the
above-mentioned mode-superposition based method, are
introduced in this paper. Then a simplified numerical exam-
ple is solved using both the conventional homogenization
algorithm and the algorithm originating from the block LU
factorization, and the performance of each is discussed.
Finally, a large-scale heart simulation using parallel com-
putation is presented based on the proposed method.

2 Homogenization method for finite deformation
problem

2.1 Problem statement and geometric prospect

‘We assume that the material in the body (£2) reveals heteroge-
neity on a very fine scale and is characterized by the periodic
distribution of a basic structural element (¥Yy) as shown in
Fig.1. To measure the changes in the spatial domains, we
introduce two scales: a macro-scale X € €2 and a micro-scale
Y e Yp. Thus the actual domain can be regarded as the prod-
uct space (£2 x Yp). In the subsequent development, the mac-
roscopic quantity corresponding to the microscopic one is
expressed with a bar symbol over the microscopic symbol.
The following assumptions of homogenization are applied in
the formulation of the homogenization method.

— A macrostructure that consists of a periodic microstruc-
ture can be considered to be an approximately equivalent
homogeneous substance.

— A microstructure is infinitely fine compared with a
macrostructure; the variable defined at each point of the
macrostructure corresponds to the volume average of the
variables in the microstructure.
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It is assumed that the deformation of the microstructure is
linked to the local values of the macro continuum via

y =FY +w, ey

where y and Y are position vectors defined on the micro-
structure [16].

The deformation consists of a homogeneous part FY and
a non-homogeneous superposed field w. Consequently, the
following relationships exist between the microscopic and
macroscopic deformation gradients.

Iy = =
F Yy 7Y F+7Z, (2)
— 0x
F=Vyx=— 3
XX =% (3)
~ ow
YW=y 4)

Thus increment and variation of the deformation gradients
are represented, respectively, as

AF = AF + AZ = AF + VyAw, 5)
SF = 8F + 8Z = 8F + Vysw. (6)

For the assumptions mentioned above, the macroscopic
gradients are related via the volume averages

ZdY,
Vi,

— 1 / 1 /— ~ — 1

F=— | FdY = — [ (F+Z)dY =F+ —
Vi V]

Yo Yo Yo

)

where V is the volume of the microstructure Yy. Then, the
fluctuation field w must satisfy the constraint

- " ow
/ZdY:/a—Yde/N@)wdS_O, (8)

Yo Yo aYo

where N is an outward normal vector on the boundary 4Yp.
This constraint is satisfied when w is periodic.

2.2 Formulation of homogenization method and finite
element discretization

We now consider the equilibrium of material with a peri-
odic microstructure, modeled by hyperelastic material. Using
the principle of stationary potential energy, the equilibrium
condition becomes a functional stationary problem. Under
the homogenization assumptions, the macroscopic potential
energy is related via the volume averages of the microscopic
ones and the entire potential energy is defined by

@:/—]—/WdeX-/t.udS, )
Vi

Q Yo [:291

where W is the strain energy function of the microstruc-
ture defined by the deformation gradient F, and assuming

conservative tractions. The stationary condition becomes

1
5D :/ I—VT/SF - TIdYdX — Fypr(Su) =0, (10)
Q Yo
ow
M= IF (11)
Fops(Su) = / t.sudS. (12)
aQ

A similar equation has been reported by Terada and Kikuchi
[5] using two-scale convergence theory [17]. We have also
shown a formulation based on the mixed variational princi-
ple with a perturbed Lagrange-multiplier [14]. By inserting
Eq. (6) into Eq. (10), macro and micro equilibrium equations
can be derived based on the defined space of the variation.

—_— 1 —
G = / m/(SF :dYdX — Fexr(Su) =0, (13)
Q Yo

G:/SZ:HdY:O, (14)

Yo

which achieves equilibrium under the given boundary
condition in the macrostructure and self-equilibrium under a
periodic boundary condition, Eq. (8), of the microscopic dis-
placement in the microstructure. Thus the homogenization
method simultaneously satisfies the two equilibrium condi-
tions as described above. To solve the nonlinear equation,
the Newton—Raphson method is employed. Then the stan-
dard linearization process in nonlinear finite element method
provides the following linearized equations

/ﬁ%/SF:A:AFdeX
Q Yo

1
= ext(5u)“/|—‘—/—!/5F2HdeX, (15)
Q Yo
oIl
A= —. 16
9F (16)

Substituting Egs. (5) and (6) into the above equation yields

/]Tl/—!/s(sﬁjusZ):A (AF + AZ)dYdX
Q Yo

1 - =
= Fox(Su) —/m/(8F+SZ) :MdYdX. a7
Q Yo
By finite element discretization using
AF = [Be){Au°}, (18)
AZ = [B°]{ AW}, (19)
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where [ B¢] is a shape function matrix, the left-hand side of
Eq. (17) becomes

{&vQ}l—{l,—l f [BEIT[A][B41dY {AWZ)
Yo

+{8wQ}|—‘17| / [B1T[AldY[Be){ Auf)
Y
+{8ue}[79?ﬂl~§,-l- / [ALBIdY [AwC)
Yy

+ {au‘f}[ﬁfl—lv—I / [A1dY[BEl{Au)
Yo

= (sw2IKZ, (Aw?) + (sw2IKZ, (Au)

wi

+ {(uIKZ, (Aw?} + {su’}KE (Au),

ww (20)
while the second term of the right-hand side of Eq. (17)
becomes

_ e _“g‘T_I_/ . Qo _1_/ eyT
{ou®}[B¢] v [M]dY — {éw }IVS [B°] [M1]dY,
Yo Yo

(21)

at each quadrature point of the macrostructure. Symbol Q
denotes the quantity that is evaluated at a macroscopic quad-
rature point, while symbol e denotes the quantity evaluated in
the macroscopic element. By assembling these appropriately
on the macro continuum, and considering the facultative vari-
ations, the following semi-positive definite symmetric matrix
is obtained

Kyw Kyu Aw | |y

[Kuw Kuu] { Au } B [ ry ] ’ 22)

where

Kyw =/ T“I/—!-/[BE]T[A][Be]dY dx (23)
Q Yo

Koy = / l_1171 / [(B1T[AldY | [BeldX (24)
Q Yo

Kiyw =/[ﬁ]T I—%/-{/[A][B"]dY ax (25)
Q Yo

(26)

Ky = / [Be1” I_‘l'/-l / [A1dY | [B€ldX
Q Yo
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1
- — [ Bl [mydy | dx
/ IV!/[ 17 [IT]
Yo

Q

{ru} = Fexs —/['B?]T %/[H]dY ax. (28)
Q Yo

The nonlinear homogenization method solves Eq. (22) for
Au and Aw under the given boundary condition for the mac-
rostructure and the periodic boundary condition (Eq. 8) for
microscopic displacement. The number of degrees of free-
dom (NDOF) of this matrix is (NDOF of macrostructure +
quadrature point of macrostructure x NDOF of microstruc-
ture). An enormous computational cost is, however, required
to solve a small-scale problem. Moreover, it is difficult to
solve the form given in Eq. (8) due to memory limitations, and
generally, a transformation into the weak form takes place as
described below.

2.3 Characteristic deformation

In a nonlinear problem, to evaluate the response of a micro-
structure to macroscopic deformation in a similar way to that
in a linear problem [18], we obtain the following equation
by taking the derivative of Eq. (14) at each quadrature point
and substituting Egs. (5) and (16).

/SZ:A:dZde—/BZ:A:dFdY

Yo Yo
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Since the macroscopic deformation gradient is independent
of the microscopic integration,

/SZ:A:a—_Z:de——/SZ:A:IdY,
oF

Yo Yo

(30)

where I is a fourth order identity tensor, and the micro-
structural response of the macroscopic deformation gradient
becomes

9Z ow
P Y (BF) YX (31)
ow
= ——, 32
o (32)

where a third order tensor x is the derivative of the
microscopic displacement with respect to the macroscopic
deformation gradient. This is referred to as the characteristic
deformation for nonlinear problems. The equation above can
be substituted into Eq. (30) yielding
/SZ:A:Vyde:/SZ:A:IdY. (33)
Yo Yo
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By finite element discretization, the gradient of x becomes
Vyx = [B°1lx“], (34)

in a microscopic finite element. [x €] is the derivative of the
microscopic displacement for each component of F; in other
words, it 1s the matrix given below with nine kinds of char-
acteristic deformation.

Xin Xz - Xi3
X311 Xdia - Xd33

(x1= . . . . ) (35)
Xl Xn12 oo Xn33

where 7 is the NDOF of one finite element of the microstruc-
ture. The matrix equation becomes

K, [x% =I[r,], (36)

Kx = /[BE]T[A][Be]dY, 37
Yo

[r,] = / (BeV [AILT1dY. (38)
Yo

from Eq. (33) about one microstructure. [y €] denotes that
the quantity is evaluated at the macroscopic quadrature point.
The value of [x €], which is a (NDOF of the microstructure)
row x 9 column matrix, can be obtained by assembling [ x ©].
[I]is aninth order identity matrix, consisting of nine column
vectors {;}(i = 1...9). Thus nine solutions can be obtained
for the right-hand side of Eq. (38), one for each {/;} corre-
sponding to a component of the deformation gradient. [x Q7
can then be obtained by solving each different version of the
right-hand side of the above equation.

Multiplying by [B¢] and dividing by |V| on both sides,
Eq. (36) yields

1 — 1 —
— o €] — — e
IVIKX[X 11B¢] ]Vl[rX][B 1. (39)

Now, by using Eq. (20)

1

l—‘-/—[KX =K9,, (40)
1 w7 0

—I.‘-}—I‘[rX][B ] =Kwu’ (41)

and thus,

K2 [x%1B 1 =KZ,. (42)

The total is obtained at all macroscopic quadrature points in
respect of the above equation

wa[X][-E] = Kuus (43)
[B]= > [B], (44)
[xI1= > [x9, 45)

where [ x]is a matrix consisting of (quadrature points of mac-
rostructure x NDOF of microstructure) rows x 9 columns.

The characteristic deformations are the deformation incre-
ments for unit macroscopic deformation gradients at a par-
ticular instant and these describe the material properties and
strain distribution of the microstructure. Equation (29) can
also be considered a linear approximation of the microscopic
deformation. Therefore, the update of the microscopic
deformation by

Aw = —x : AF, (46)

corresponds to the Forward Euler method for microscopic
deformation from Eq. (32).

2.4 Homogenization method using characteristic
deformation mode superposition

In the mode superposition homogenization method, the
microscopic displacement increment is approximately
obtained by the linear combination of the previously cal-
culated characteristic deformation ¢y and the scaling factor
from Eq. (46) as in [10]

Awg = —0Xkpo A0, 47)

where « is the scaling factor for each mode. Inserting Eq. (47)
into Eq. (22) yields the matrix

[OX]T 0 Kyw Kuy lox] O Aa

R | ol | ] P B
_ [OX]T 0 Iy

| Iilr,

lox 1" Kuwlox] Tox1"Kuu | [ A ] _ [lox1'ru
Kuwlox] K. Au |, ’

(49)

where [gx] is the same kind of matrix as [x]. The above
equation can be represented as

Koo Kou Ao | |y
[Kuot Kuuj] [ Au ] - | ry ] ’ 0)
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