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Figure 4  Channel topology of NaV1.5's pore-forming al-
pha subunit encoded by SCNSA and location of putative
BrS1-causing mutations. Missense mutations are indicated by
white circles, whereas mutations other than missense (ie.,
frameshift, deletions, splice-site, etc.) are depicted as gray
circles. In addition, 4 different circle sizes are used, with the
smallest circle indicating a mutation seen only once; a medi-
um-sized circle for mutations observed in 2, 3, or 4 unrelated
patients; a large circle for mutations observed in 5. 6,7,8, or
9 patients; and the largest circle indicating those mutations
observed in at least 10 unrelated patienis.

respectively, were implicated in nearly 11% of BrS cases. >
Other minor causes of BrS include mutations in the sodium
channel beta 1 subunit encoded by SCNIB and in a putative
beta subunit of the transient outward potassium channel ()
encoded by KCNE3.>* The most recent gene associated with
BrS is the SCN3B-encoded beta-3 subunit of the cardiac so-
dium chane] ¥’

A number of these minor BrS-susceptibility genes function
in part as sodium channel interacting proteins (ChIPs). The
cardiac sodium channel is now understood to be a partof a
macromolecular complex, with numerous ChIPs regulating its
expression, - localization, * and - function. As exemplified by
GPDIL, SCN1B, and SCN3B, other genes, which encode other
sodium ChIPs whose disruption would portend a loss of func-
tion sodium channel phenotype, would warrant examination
as candidate BrS disease or disease-modifying genes. These
6 minor BrS-susceptibility  genes. (GPDIL; CACNA] C,
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Figure 5  Yield of missense mutations/rare variants in cases and control

subjects by location. A comparison of the yield of rare, missense case
mutations/control variants in 2,111 cases versus 1,300 control subjects by
protein location. * = p<(.05.
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CACNB2B, SCNIB, SCN3B, and KCNE3) have not been
examined among the remaining 1,673 SCN5A-negative un-
related cases represented in this compendium, but it is
predicted that these minor genes will explain <10% of this
cohort. Thus, the majority of BrS stil] remains genetically
elusive,

Study limitations

For the purpose of this compendium of identified mutations,
only minimal demographic information from each center’s
cohort was made available because the focus was on the
prevalence, spectrum, and localization of SCNSA mutations
among suspected cases of BrS rather than an attempt to estab-
lish any particular genotype~phenotype correlates. Neverthe-
less, there is significant clinical value due to the data in aggre-
gate. For example, the rare missense mutations seen numerous
times among these cases referred for BrS genetic testing, and
still not among the control subjects, indicate high-probability
BrS-associated mutations.

Furthermore, despite the lack of clinical information, the
physical distribution of mutations/variants among cases and
control subjects is very telling, whereby the power in numbers
can come from the series of mutations/variants clustering in a
region, even if the individual mutations/variants have only
been observed rarely. For example, even without cosegrega-
tion data or in vitro function analyses, the next rare, non-
missense mutation as well as the next transmembrane-localiz-
ing missense mutation represent high-probability ‘pathogenic
substrates. Conversely, those rare single amino acid substitu-
tions localizing to the domain I-II and II-ITT linkers should be
buttressed with either clinical cosegregation data or in vitro
functional data before being upgraded from this list of possible
deleterious mutations to highly probable deleterious mutations.

Additionally, this analysis focused on only identifying cod-
ing and splicing region single-nucleotide mutations and small
insertion/deletion mutations by molecular techniques that often
do not detect larger rearrangements, insertions, and deletions.
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SCN5A promoter region mutations, deep intronic mutations,
epigenetic methylation mutations, and large genomic rear-
rangements, all of which could predictably produce a loss-of-
function phenotype, would have escaped detection by the mu-
tational analyses performed herein. However, such alterations
are quite uncommon when: compared with changes in the
known coding sequences of the genes.

Despite these limitations, this compendium of nearly: 300
distinct BrS-associated mutations provides key observations
that may assist in the further interrogation of the cardiac so-
dium channel biology and serve as a foundation for the devel-
opment of algorithms to assist in distinguishing pathogenic
mutations from similarly rare but otherwise innocuous ones.

Conclusion

Since the séntinel discovery of BrS as a cardlac channelopathy
in 1998, our genomic understanding of this potentially lethal
disorder has matured from a phase of discovery to one of
translational medicine. This international consortium of BrS
genetic testing centers has tripled the catalog of possible BrS1-
associated mutations with the addition of 200 new mutations to
the public domain and has provided a template to draw upon
for further genetic testing interpretation and biological inquiry.
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KCNE2 modulation of Kv4.3 current and its potential role in

fatal rhythm disorders
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BACKGROUND - The transient outward: current I, is of critical im-
portance in regulating myocardial electrical properties’ during the
very early phase of the action potential. The auxiliary’ B subunit
KCNEZ recently was shown to modulate I, ..

OBJECTIVE : The purpose of this study was to examine the contribu-
- tions of KCNEZ and its two published variants (M54T, I577) to L.

METHODS The functional interaction between Kv4.3 (o subunit of
human 1.} and wild-type (WT), M54T, and I57T KCNE2, expressed in
a heterologous cell line, was studied using patch-clamp techniques.

RESULTS  Compared to expression of Kv4.3 alone, co-expression of
WT KCNEZ significantly reduced peak current density, slowed the rate
of inactivation, and caused a positive shift of voltage dependence of
steady-state inactivation curve. These modifications rendered Kv4.3
channels more similar to native. cardiac I, Both M54T and I57T

variants_ significantly increased I, current density and slowed the
inactivation rate compared with WT KCNE2. Moreover, both varants
accelerated the recovery from inactivation.

CONCLUSION The study results suggest that KCNE2 plays a critical
role in the normal function of the native I,, channel complex in
human heart and that M54T and 1577 v lead to a gain of
function of I, which may contribute to ge g potential arthyth-
mogeneity and pathogenesis for inherited fatal rhythm disorders.
KEYWORDS Cardiac arrhythmia; M54T variation; I57T variation:
KCNEZ; Kv4.3; Sudden cardiac death

ABBREVIATIONS: CHO = Chinese hamster ovary: HERG = human
ether-a-go-go related gene; WT = wild type

(Heart Rhythm 2010;7:199-205) © 2010 Heart Rhythm Society.
Published by Elsevier-Inc. All rights reserved.
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Introduction

Classic voltage-gated K* channels consist of four pore-
forming (o) subunits that contain the voltage sensor and
ion selectivity filter'? and accessory regulating (83) sub-
units.> KCNE family genes encode several kinds of B
subunits ~consisting of  single transmembrane-domain
peptides: that co-assemble with « subunits to modulate
ion selectivity, gating kinetics, second messenger regu-
lation, and the pharmacology of K* channels. Associa-
tion ‘of the KCNE] product minK with the o subunit
Kv7.1 encoding KCNQJ forms the slowly activating de-
layed rectifier K* current I, in the heart.** In contrast,
association of the KCNE2 product MiRP1 with the hu-
man ether-a-go-go related gene (HERG) forms the car-
diac rapid delayed rectifier K* current I.,.°

doi:10.1016/j.hrthm.2009.10.012
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Figure 1 - KCNE2 co-expression with Kv4.3 produces smaller I,,-like currents with slower activation/inactivation kinetics, A: Representative current traces

recorded from Chinese hamster ovary (CHO) cells expressing Kv4.3 (left) and Kv4.3 + KCNE2 (right). As shown in the inset in panel A, depolarizing step
pulses of 1-second duration were introduced from a holding potential of =80 mV to potentials ranging from —40 to +50 mV in 10-mV increments. B:
Current-voltage relationship curve showing peak current densities in the absence and presence of co-transfected KCNE2 (*P <.05 vs Kv4.3). C: Bar graphs
showing the kinetic properties of reconstitnted channel currents: time to peak of activation course'(left) and inactivation time constants (right) measured using
test potential to +20 mV (*P <.05 vs Kv4.3). Numbers in parentheses indicate numbers of experiments. D: Normalized conductance-voltage relationship

for peak outward current of Kv4.3 and Kv4.3 4+ KCNE2 channels.

Abbott et al reported that three KCNE2 variants (QOE,
MS54T, I57T) caused a’'loss of function in Iy, and thereby
were associated with the congenital or drug-induced long
QT syndrome.®” However, the reported QTc values in two
index patients with M54T and I57T variants, both located iri
the transmembrane segment of MiRP1; were only mildly
prolonged (390--500 ms and 470 ms).® We recently identi-
fied the same missense KCNE2 variant, I57T, in which
isoletcine was replaced by threonine at codon 57, in thrée
unrelated probands showing a Brugada type 1'ECG. These
findings are difficult to explain on' the basis of a loss of
function in Iy, thus leading us to explore other mechanisms.

Recent - studies have. demonstrated that interaction be-
tween o and B subunits (KCNEs) of voltage-gated K*
channel is more promiscuous; for example, MiRP1 has been
shown to interact with Kv7.1,2-1® HCN1,!! Kv2.1,"2 and
Kv4.2.'* These studies suggest that MiRP1 may. also co-
associate with Kv4.3 and contribute to the function of tran-
sient outward current (I,,) channels.'* Indeed, a recent study
reported that I, is diminished in kcne2 (~/=) mice.®

In the human heart, I, currents are of critical importance
in regulating myocardial electrical properties during the
very early phase of the action potential and are thought to be
central to the pathogenesis of Brugada-type ECG manifes-
tations.'® Antzelevitch et al demonstrated that a gain of
function in I;; secondary to a mutation in KCNE3 contrib-
utes to a Brugada phienotype by interacting with Kv4.3 and
thereby promoting arrhythmogenicity. ¢

We hypothesized that mutations in KCNE2 may have
similar actions and characterize the functional consequences
of interaction of wild-type (WT) and two mutant (IS7T,
M54T) MiRP1 with Kv4.3'7'® using heterologous co-ex-
pression of these o and 3 subunits in Chinese hamster ovary
(CHO) cells.

Methods

Heterologous expression of hKv4.3 and B
subunits in CHO cells

Full-length cDNA fragment of KCNE2 in pCR3.1 vector'?
was subcloned into pIRES-CD8 vector. This expression
vector is useful in cell selection for later electrophysiologic
study (sce below). Two KCNE2 mutants (M54T, I57T) were
constructed using a Quick Change II XL site-directed mu-
tagenesis kit according to the manufacturer’s instructions
(Stratagene, La Jolla, CA, USA) and subcloned to the same
vector. Two KCNE2 mutants were fully sequenced
(ABI3100x, Applied Biosystems, Foster City, CA, USA) to
ensure fidelity. Full-length ¢DNA encoding the short iso-
form  of human: Kv4.3 subclonéd into the pIRES-GFP
(Clontech, Palo Alto, CA, USA) expression vector was
kindly provided by Dr. G.F. Tomaselli (Johns Hopkins
University). Full-length cDNA encoding Kv channel-inter-
acting protein (KCNIP2) subcloned into the PCMV-IRS
expression vector was a kind gift from Dr; G-N. Tseng
(Virginia Commonwealth University). KCND3 was tran-
siently transfected into CHO cells together with KCNE2 (or
MS54T or I57T) cDNA at equimolar ratic (KCND3 1.5 ug,
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Table 1. Effects of KCNE2 on Kv4.3 and Kv4.3 + KChIP2b .
Kv4.3
Kvé.3 Kv4.3 KChIP2b
Parameter Kvé.3 KCNE2 KChirzhb KCNEZ
Current density at +20 mV (pA/pF) 142.0 * 16.0 66.0 = 6.6* 191.5 + 33,8 77.8 + 5.9%
(n = 12) (n=12) (n = 15) (n'=20)
Steady-state ‘activation (V, 5 in mV) —6.5* 2.1 —5.5 + 1.7 —-7.5 * 1.7 =74 * 1.4
: (ni=19) {n=11) (n = 8) (n=8)
Steady-state inactivation (V,5 in mV) —46.0 £ 1.3 —40.8 £ 1.7* —49.8 = 1.4 —44,5 + 1.9t
{n = 10} (n = 8) (n=7) (n=7)
7 of inactivation at +20 mV (7,5 in ms) 47320 87,2 £ 6.2* 475 +.2.2 66.6 * 3.5¢
(n'=15) (n = 15) (n = 15) (n =15)
Time to peak at +50 mV (TtP in ms) 4,5 +0.2 14.4 = 1.4* 4,1+ 0.2 6.1 * 0.5t
(n =20) (n = 16) {n = 15) (n = 21)
7 of recovery from inactivation (ms) 419.6 = 18.8 485.6 = 74.8 89.2 + 53 60.2 * 6.91
(n = 6) (n =6) (n =6) (n=6)

*Significantly different from Kvé.3.
{Significantly different from Kv4.3 -+ KChIP2b.

KCNEZ2 1.5 ug) using Lipofectamine (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA) according tothe manufac-
turer’s instructions. In one set of experiments, we -also
co-transfected ‘equimolar levels of KChIP2b (KCND3 1.5
ng, KCNE2 1.5 jug; KCNIP2 1.5 g). The transfected cells
were then cultured in Ham’s F-12 medium (Nakalai Tesque,
Inc., Kyoto, Japan) supplemented with 10% fetal bovine
serum (JRH Biosciences, Inc.; Lenexa, KS, USA) and an-
tibiotics (100 international units per milliliter penicillin and
100 pg/mL streptomycin) in a humidified incubator gassed
with 5% CO, and 95% air at 37°C. The cultures were
passaged every. 4 to 5 days using a brief trypsin-EDTA
treatment. The trypsin-EDTA treated cells were seeded onto
glass coverslips in a Petri dish for later patch-clamp exper-
iments. i

Electrophysiologic recordings and data analysis

After 48 hours of transfection, a coverslip with cells was
transferred to a 0.5-mL bath chamber at 25°C on an inverted
microscope stage and perfused at 1:to 2 ml/min with
extracellular solution containing the following (in mM): 140
NaCl, 5.4 KCJ; 1.8 CaCl,; 0.5 MgCl,; 033 NaH,PO,; 5.5
glucose, and 5.0 HEPES; pH 7.4 with NaOH. Cells that
emitted: green fluorescence were chosen for patch-clamp
experiments. If co-expressed with KCNEZ (or its mutants),
the cells were incubated with polystyrene microbeads pre-
coated with anti-CD8 antibody (Dynabeads M450, Dynal,
Norway) for. 15 minutes. In these cases, cells that emitted
green fluorescence and had attached beads were chosen for
electrophysiologic  recording.. Whole-cell ' membrane  cur-
rents were recorded with an EPC-§ patch-clamp amplifier
(HEKA, Lambrecht,. Germany), and data were low-pass
filtered at 1 kHz, acquired at 5 kHz through an LIH-1600
analog-to-digital converter (HEKA), and stored on hard
disk using PulseFit software (HEKA). Patch pipettes were
fabricated from borosilicate glass capillaries (Narishige, To-
kyo, Japan) using a horizontal microelectrode puller (P-97,
Sutter Instruments, Novato, CA, USA) and the pipette tips
fire-polished using a microforge. Patch pipettes had a resis-

tance of 2.5 to 5.0 M) when filled with the following
pipette solution {in mM): 70 potassium aspartate, 50 KCl,
10 KH,PO,, 1 MgS0Oy, 3 Na,-ATP (Sigma, Japan, Tokyo),
0.1 Li,-GTP (Roche Diagnostics GmbH, Mannheim, Ger-
many), 5 EGTA, and 5 HEPES (pH 7.2).

Cell membrane capacitance (C,,) was calculated from
5 mV-hyperpolarizing ‘and" depolarizing steps (20 ms)
applied from a holding potential of —80 mV: according to
Equation 1'%

C, = 1I/AV. (1 = L/, (1)

where 7. = time constant of capacitance current relaxation,
I; = initial peak current amplitude, AV, = amplitude of
voltage step, and I, = steady-state current value. Whole-
cell currents were elicited by a family of depolarizing volt-
age steps from a holding potential of —80 mV. The differ-
ence between the peak current amplitude and the current at
the end of a test pulse (1-second duration) was referred to as
the transient outward current. To control for cell size vari-

ability, currents were expressed as densities (pA/pF).

Steady-state activation curves were obtained by plotting
the normalized conductance as a function of peak outward
potentials. Steady-state inactivation curves were generated
by a standard two-pulse protocol with a conditioning pulse
of 500-ms duration and obtained by plotting the normalized
current as a function of the test potential. Steady-state in-
activation/activation kinetics were fitted to the following
Boltzmann equation (Eq. 2):

Y(V) = 1/(1 + exp[(Vip, — V)KI), (2

where Y = normalized conductance or current, Vi, =
potential for half-maximal inactivation or activation, re-
spectively, and k' = slope factor.

Data relative to inactivation time constants, time to peak,
and mean current levels were obtained by using current data
recorded at +50 mV or +20 mV. Recovery from inactiva-
tion was assessed by a standard paired-pulse protocol: a
400-ms test pulse to +50 mV (P1) followed by a variable
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Figure 2 = KCNE2 co-expression with Kv4.3 causes a positive shift of

voltage dependence of steady-state inactivation. A: Representative Kv4.3
and Kv4.3 + KCNEZ current traces induced by 500-ms pulses (P1) from
=90 to +50 mV applied from the holding potential ~80 mV in 10-mV steps
followed by a second pulse (P2) to +40 mV., B: Steady-state inactivation
curves for Kv4.3 (open circles) and Kv4.3 + KCNE2 (closed circles)
channels.

recovery interval at ~-80 mV and then a second test pulse
to +50 mV: (P2). Both the inactivation time constants and
the time -constant for recovery from inactivation were de-
termined by fitting the data to a single exponential (Eq. 3):

I(t) (or P2/P1) = A + B, (—t/7), 3

where I(t) = current  amplitude at time t, A and B =
constants, and 7 = inactivation time constant or time con-
stant for recovery from inactivation. For measurement of
recovery from inactivation, the plot of P2/P1 instead of I(t)
was used. :

All data were given as mean * SEM. Statistical com-
parisons between two groups were analyzed using Student’s
unpaired t-test. Comparisons among multiple groups were
analyzed using analysis of variance followed by Dunnett
test. P <.05 was considered significant,

Results :
Effects of KCNE2 on Kv4.3 currents and its gating
kinetics y

WT KCNE2 initially was co-expressed with KCND3, the
gene encoding Kv4.3, the a subunit of the I,; channel,!”>'
in CHO cells, Figure 1A shows representative whole-cell
current traces recorded from cells transfected with KCND3
and. co-transfected with (right) or without (left) KCNE2.

-

Cells expressing Kv4.3 channels alone showed rapidly ac-
tivating and inactivating currents. Co-expression of KCNE2
significantly reduced peak current densities as summarized
in the current-voltage relationship curve shown in Figure
1B and slowed both activation and inactivation kinetics
(Table 1). Figure 1C (left) shows mean time intervals from
the onset of the pulse to maximum current (time to.peak);
whereas the right panel shows time constants of inactivation
(at +20 mV) obtained using Equation 3. Thus, co-transfec-
tion of KCNE?2 significantly increased both the time to peak
and the time constant, L

In contrast, KCNE2 did not affect the voltage dependerice
of steady-state activation as assessed by plotting the normal:
ized conductance as a function of test potential (Figute 1D).
Fitting to the Boltzmann equation (Eq. 2) yielded half-maximal
activation potentials of -6.5 * 2.1 mV for Kv4.3 alone (open
circles) and 5.5 = 1.7 mV for Kv4.3 + KCNE2 channels
(filled circles, P = NS; Table 1). These findings are consistent
with those previously reported for studies using Xenopus 00-
cytes, CHO cells, and HEK293 cells. 22!

A P1 P2

P2/P1

0 500 1000 1500 2000
Time (ms)

Kv4.3+KChIP2b+KCNE2

P2/P1

l L3 (] 1 . T ¥ ¥ ! + ¥ L l
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Figure 3 Effects of KCNE2 co-expression on recovery from inactivation
of Kv4.3 (A) and Kv4.3 + KChIP2b (B) currents. Recovery from inacti-
vation was assessed by a two-pulse protocol (A, inset): a 400-ms test pulse

to -+50 mV (P1) followed by a variable interval at ~=80 mV then by a
second test pulse to +50 mV (P2). Data were fit to a single exponential.

IO — v m ~.,.
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Figure 4 Two KCNEZ transmembrane variants, I57T and M54T, increase the reconstituted Kv4.3 -+ KChIP2b channel current and slow its inactivation.

A Three sets of current traces elicited by depolarizing pulses for 500 ms from a holding potential of 80 mV to potentials ranging between ~40 and +50
mV in 10-mV increments (same protocol as in experiments of Figure 1A), B: Superimposition of three original current traces recorded upon depolarization
showing variant-related increase in peak outward current density. C: Current~voltage relationship curve showing average peak outward current densities

(*P <.05 vs Kv4.3 + KChiP2b + WT). WT = wild type.

KCNE2 co-expression also caused a positive shift (ap-
proximately +5 mV) of voltage dependence of steady-state
inactivation. Steady-state inactivation was assessed using a
double-step pulse method (Figure 2A, inset). Peak outward
currents recorded at various levels of prepulse (Figure 2A)
were normalized by that measured after a 500-ms prepulse
at =90 mV. and are plotted as a function of prepulse test
potentials (Figure - 2B). Half-inactivation  potentials "of

~ steady-state inactivation, determined by fitting data to the
Bolizmann equation (Eq. 2), were —46.0- % 1.3 mV for

Kv4.3 (open circles) and —~40.8 *+ 1.7 mV for Kv4.3 +°

KCNE2 (filled circles; P.<.01), consistent with the obser-
vation of Tseng’s group,'?

A double-pulse protocol (Figure 3A, inset) was used to
test the effect of KCNE2 co-expression on the time
course for recovery from inactivation. Figure 3A shows
the time course of recovery of Kv4.3 alone (open circles)
and Kv4.3 + KCNE2 (filled circles). Mean time constants
for recovery from inactivation were not significantly differ-
ent, indicating that co-transfection of KCNEZ2 did not affect
the time course of recovery from inactivation.

Effects of KCNE2 on Kv4.3 4+ KChIP2b current and
its gating kinetics

For human native cardiac I;, XChIP2 has been shown to
serve as a principal 8 subunit.?*2> Accordingly, in another
series of experiments, we examined the effect of WT and
mutant KCNE2 on Kv4.3 + KChiP2b current. Consistent
with previous reports, in the presence of KChIP2, Kv4.3
currents showed a significantly faster recovery from inacti-
vation (Figure 3B and Table 1).%?7 Co-expression of WT

KCNE? produced similar. changes on. Kv4.3 + KChIP2b
current as-on Kv4.3 current (Table 1). Kv4.3 + KChIP2b
current recovery from inactivation was further accelerated:
average time constant was 89.2 *= 6.5 ms for Kv4.3 +
KChIP2b alone (open circles) and 60.2 = 8.4 ms for
Kv4.3 + KChIP2b + KCNE2 (filled circles, P. <.05): In
16 of 21 cells transfected with KCNE2; we observed an
“overshoot” phenomenon, which is commonly seen during
recording of native I; in human ventricular myocytes.2®

KCNE2 variants increase Kv4.3 + KChIP2b current
and alter its gating kinetics

The 57T variant was first identified in an asymptomatic
middle-aged woman with very mild QT prolongation.® In
addition to this variant; the authors reported another KCNE2
variant of the transmembrane segment (M54T) that was
associated with ventricular fibrillation during exercise in a
middle-aged woman. This patient appeared to show a wide
range of QTc interval (390500 ms). Therefore, we tested
the functional effects of these two transmembrane KCNE2
variants on Kv4.3. + KChIP2b currents.

The three panels of Figure 4A show three sets of current
traces elicited by depolarizing pulses from a holding potential
of —80 mV in cells co-transfected with WT (a), I57T (b), or
MO34T (c) KCNE2. Neither variant caused a significant shift of
half-maximal activation voltage: 7.4 * 14 mV (n = 8) for
co-expression of WT KCNE2, -6.1 * 1.5 mV-(n = 8) for
I57T, and =6.6 *+ 1.6 mV. {n = 8) for M54T. Both variants
significantly increased I, density: 125.0 * 10.6 pA/pF in
WT KCNE2 (n = 21), 178.1 +.12.1 pA/pF with I57T (n =
9), and 184.3 * 27.9 pA/pF with M54T (n = 9, Figure 4C).
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Figure 5 Two KCNEZ2 variants slow inactivation kinetics and accelerate recovery from inactivation. A, a: Three current traces obtained from Chinese hamster
ovary (CHO) cells transfected with wild-type (WT), I57T, and M54T KCNE2 variant co-expressed with Kv4.3 and KChIP2b. Traces, which are normalized and
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‘WT). Numbers in parentheses indicate numbers of observations. B: Time constants of recovery from inactivation recorded using a double-pulse protocol (*£ <.05
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Figure 5A shows the three traces depicted in Figure 4B
normalized to their peak current level. This representation
shows that the time course of inactivation of the two variant
currents is slowed. The cuirent decay was fitted by Equation
3 and the time constants (at +20 mV) summarized in Figure
5A, panel b. Finally, Figure 5B shows that the time con-
stants of recovery of the two mutant channels from inacti-
vation were significantly reduced. Thus, compared to WT
KCNE2, recovery of reconstituted Kv4.3 -+ KChIP2b chan-
nels from inactivation was' significantly accelerated with
both IS7T and M54T mutants.

Discussion

Kv4.3/KChIP2/MiRP1 complex can recapitulate
the native I,

In the present study, co-expression of WT KCNE2 produced
changes in kinetic properties (Figures 1-3 and Table 1) that
led to close recapitulation of native cardiac I,,.25*° Notably,
in addition to causing a positive shift of steady-state inac-
tivation (Figure 2), KCNE2 co-expression hastened the re-
covery of Kv4.3 + KChiIP2b channels from inactivation
(Figure 3). These modifications rendered Kv4.3 + KChIP2b
channels more similar to native cardiac I,,, suggesting that
KCNE2 may be an important component” of the native L,
chanriel complex. In contrast to a previous observation in
HEK293 cells,>! KCNE2 co-expression decreased the current

vs ' Kv4.3 + KChIP2b + WT). Numbers in parentheses indicate numbers of observations.

density of Kv4.3 and Kv4.3 + KChIP2b channel current in the
present study, which seems to be a more reasonable result as
the native I, density reportedly was smaller in isolated human
heart.”® KCNE2 co-expression has also been shown to reduce
the density of Kv7.1%° and HERG®’ channels.

Similar to the result of Deschenes and Tomaselli,?! we
failed to observe an overshoot during recovery from inactiva-
tion when KCNE2 was co-expressed with Kv4.3 (Figure 3A),
which is in contrast to the report of another group.'? However,
co-expression of KCNE2 with: Kv4.3 + KChIP2 channels
produced an overshoot (Figure 3B), consistent with the report
of Wettwer’s group.”> Wettwer et al also found that other
KCNE subunits either were ineffective or induced only a small
overshoot in CHO cells. Therefore, both MiRP1 and KChIP2
subunits are sufficient and necessary to recapitulate native I, in
the heart. Considering that the overshoot phenomenon has
been described only in human ventricular I, channels of the
epicardial but not endocardial region,28 these results may fur-
ther implicate participation of MiRP1 and KChIP2 in the I,
channel complex in epicardium.

KCNE2 variants may alter the arrhythmogenic
substrate by modulating I,,

Heterologous ‘expression in CHO cells’ was conducted to
examine the functional effects of IS7T and M54T variants
on Kv4.3 -+ KChIP2 channels.” Both IS7T and M54T
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KCNE?2 variants significantly (1) increased peak transient
outward current density (Figure 4), (2) slowed the decay of
the reconstituted I, (Figure 5A), and (3) accelerated its
recovery from inactivation (Figure 5B). Both variants thus
caused an important gain of function in human I,,. These
sequence changes may play a role in modulating I, and
thereby predispose to some inherited fatal rthythm disorders.

Functional effects on I, induced by I57T and MS54T
resemble each other, increasing I, density and accelerating
its recovery from inactivation. The gain of function in I,
opposes the fast inward Na™ currents during phase 0 of the
action potential, leading to all or none repolarization at the
end of phase 1 and loss of the epicardial action potential
dome, thus promoting phase 2 reentry and fatal ventricular
arthythmias.>

Another KCNE2 variant {(M54T) associated with fatal
arrhythmias was first identified in a woman who had a
history of ventricular fibrillation and varied QT intervals.® It
is possible that her arrhythmia was also related to a gain of
function in I, secondary to this variation in KCNEZ. Inter-
estingly, the I57T variant has been reported to produce a
loss of function of HERG or Kv7.1 channels, thereby pre-
disposing to long QT syndrome,®® indicating that the same
KCNE?2 variant could cause two different cardiac rhythm
disorders, similar to long QT syndrome and Brugada syn-
drome caused by SCN5A mutations.>'?
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Comparison of Antiarrhythmics Used in Patients
With Paroxysmal Atrial Fibrillation:

Subanalysis of J-RHYTHM Study
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Shiro Kamakura, MD'; Masayuki Sakurai, MD't; Haruaki Nakaya, MD?;
Masahiko Fukatani, MD#; Hideo Mitamura, MD¥; Tsutomu Yamazaki, MD*;
Takeshi Yamashita, MD#%; Satoshi Ogawa, MD;
J-RHYTHM Investigators

Background: The J-RHYTHM (Japanese Rhythm Management Trial for Atrial Fibrillation) study demonstrated
the benefit of rhythm-control compared with rate-control in Japanese patients with paroxysmal atrial fibrillation
(AF), according to AF-specific quality of life scores. However, detailed information on prescribed antiarthythmic
agents remains unclear.

Methods and Results: Data for 419 patients enrolled in the rhythm-control arm of J-RHYTHM were analyzed.
The primary endpoint was defined as a composite of total mortality, cerebral infarction, embolism, bleeding, heart
failure, and physical/psychological disability. The secondary endpoint was recurrence of AF. The clinical outcome
according to choice of initial antiarrhythmic agent (AA) was assessed by Kaplan-Meier survival curve, and further
adjusted by Cox-regression hazard model. The primary endpoint occurred in 16.9%, 6.7%, 15.8% and 23.3% of
patients assigned to class la, Ib, Ic and lll agents (P=0.359). The rate of AF recurrence was significantly higher in
patients taking a class Ill drug (la, Ib, l¢, 11l=20.3, 23.3, 29.1, 560.0%; P=0.002). However, after adjustment for
other clinical variables, the choice of AA was not associated with recurrence of AF (class | vs lll, P=0.15).

Conclusions: The incidence of each endpoint did not differ according to the choice of AA. The class Il drugs
seemed to lower the sinus rhythm maintenance rate, which might be confounded by other comorbid conditions.

(Circ J 2010; 74: 71-76)

Key Words: Antiarrhythmic drugs; Atrial fibrillation; Rhythm control

cardiac arrhythmia, and is associated with incrcased

mortality and morbidity."* Large clinical trials,
such as the PIAF (Pharmacological Intervention in Atrial
Fibrillation),> AFFIRM (Atrial Fibrillation Follow-up
Investigation of Rhythm Management), RACE (Rate
Control versus Electrical Cardioversion for Persistent Atrial
Fibrillation)” and STAF (Strategies of Treatment of Atrial
Fibrillation)® trials, have been conducted to investigate
whether rate control or rhythm control improves the outcome
of AF, but none of them demonstrated the superiority in the
long term of the rhythm control group compared with the
rate control group.5-?

!. trial fibrillation (AF) is the most common sustained

Recently, the J-RHYTHM (Japanese Rhythm Management
Trial for Atrial Fibrillation), the first randomized comparison
ever conducted in Japan, demonstrated that compared with
the rate-control strategy the rhythm-control strategy was
associated with fewer primary endpoints when it included
patients’ tolerability.!® Moreaver, the AF specific quality of
life score was significantly higher in the rhythm-control
group. Notably, the study population in the J-RHYTHM
study comprised relatively young and predominantly symp-
tomatic patients with PAF rather than persistent AF, when
compared with the previous clinical trials.

However, detailed information about each antiarrhythmic
agent (AA) has not been provided. In the -RHYTHM study,
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Table1. Antiarrhythmic Agents Used in the J-RHYTHM
Study According to the VW Classification

Class la Cibenzoline
Disopyramide
Pirmenol

Class Ib Aprindine

Class lc Pilsicainide
Propafenone
Flecainide

Class Il Bepridil
Amiodarone

J-RHYTHM, Japanese Rhythm Management Trial for Atrial Fibril-
lation; VW, Vaughan Williams.

AAs were selected by the attending physicians principally
based on recommendations from the Japanese Circulation
Society (JCS) Guideline for Atrial Fibrillation Management
to safely and effectively maintain sinus rhythm in assigned
patients.!-12 This substudy was conducted to examine
detailed information about each of the AAs used in the J-
RHYTHM study.

Methods

Database of the J-RHYTHM Study

The J-RHYTHM study was a randomized multicenter
comparative study of patients with PAF treated by either rate
or thythm control.!%1? PAF was defined as AF expected to
convert spontaneously to sinus rhythm within 48h of onset.
Patients were randomly assigned to either control strategy
group and the 419 patients assigned to the rhythm-control
group were analyzed in this substudy. The AAs were sclected
by the attending physicians according to the “JCS Guideline
for Atrial Fibrillation Management”.'! In this guideline, a
class I drug was the drug of choice for PAF, whereas the
ACC/AHA/ESC Guidelines for the Management of Patients
With Atrial Fibrillation recommend flecainide, propafenone,
or sotalol as the initial drug for recurrent PAF without heart
disease.!?

Oral antithrombotic therapy was applied in the rhythm-
control arm according to the protocol modified from the
AFFIRM study.6* Briefly, in patients with 1 or more risk
factors for stroke, warfarin was prescribed to maintain the
prothrombin time—international normalized ratio (PT-INR)
between 1.6 and 3.0. Anticoagulant therapy was continued

throughout the study, even if sinus rhythm appeared to be
maintained by the AAs.'%12 A total of 38 patients dropped
out (6.9%) during the study, we excluded 8 patients with no
medication on entry to the study (6 of them were given no
drugs during the follow-up period) and I patient was being
treated by 2-drug combinations on entry to the study.

Classification of Antiarrhythmic Agents

We classified the AAs according to the Vaughan Williams
system to compare the incidence of various endpoints in the
rhythm-control group of the J-RHYTHM study (Table 1).

Endpoints

We defined the primary endpoint as a combination of hard
and soft endpoints. The hard endpoint was a composite of
total mortality, symptomatic cerebral infarction, systemic
embolism, major bleeding and hospitalization for heart
failure requiring intravenous administration of diuretics. The
soft endpoint was physical/psychological disabilily requir-
ing alteration of the assigned treatment strategy.

The secondary endpoint was recurrence of AF during the
follow-up period. The maintenance of sinus rhythm was
confirmed by snapshot ECG recorded at the outpatient clinic
every 3 months.

Statistical Analysis

Baseline clinical characteristics of patients were compared
with chi-square lests and 1-way ANOVA. Rates for all time-
to-event analyses were estimated by the Kaplan-Meier
method® and were compared by the log-rank test. Secondary
analyses were conducted to evaluate results within subgroups
according to prescribed AAs. Unadjusted hazard ratios for
the secondary endpoint were estimated by logistic regression
analysis. Known clinical predictors, such as age, sex, pres-
ence or absence of congestive heart failure, coronary artery
disease, valvular heart disease, cardiomyopathy, history of
previous medication for AF and Vaughan Williams classifi-
cation (class 1 vs class 1II), were used to construct a multi-
variable Cox-proportional hazard model by a stepwise
procedure. A 2-tailed P value <0.05 was considered statisti-
cally significant.

Results

Baseline Patient Characteristics
For the 419 patients with PAF assigned to rhythm control,
the median follow-up period was 1.7 years (interquartile

Table 2. Baseline Characteristics of Patients
Class of AA

Overall la Ib Ic m P value

(n=381) (n=118) (n=30) (n=203) (n=30)
Age (years) 65.1+10.1 65.3+10.3 64.7+9.3 65.2+10.0 64.4+11.7 0.96
Male (%) 267 (70.0) 76 (64.4) 21 (70.0) 144 (70.9) 26 (86.7) 0.12
CHF (%) 13 (3.4) 3(2.5) 1(3.3) 8 (3.9) 1(3.3) 0.93
CAD (%) 28 (7.3) 8 (6.8) 3 (10) 15 (7.4) 2(6.7) 0.94
Valvular disease (%) 20 (5.2) 7 (5.9) 1(3.3) 10 (4.9) 2(6.7) 0.91
Cardiomyopathy (%) 6 (1.6) 0 (0) 0 (0) 6 (3.0) 0(0) 0.14
Duration of PAF (days) 2,642+7,367 1,585+4,974 2,472+6,955 3,362+8,893 2,097+1,911 0.20
History of Rx (%) 135 (35.4) 44 (37.2) 10 (33.3) 65 (32.0) 16 (53.3) 0.14

Data are mean+SD or n (%).

AA, antiarrhythmic agent; CHF, congestive heart failure; CAD, coronary artery disease; PAF, paroxysmal atrial fibril-

lation; Rx, treatment.
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Figure 1. Initial drugs used inthe rhythm-control groups in the J-RHYTHM study.
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Table 3. Adverse Events
Class of AA
Overall la Ib lc 1] P value
(n=3861) (n=118) (n=30) (n=203) (n=30)
Primary endpoint 61 (16.0) 20 (16.9) 2(6.7) 32 (15.8) 7 (23.3) 0.35
Hard endpoint 18 (4.7) 6 (5.0) 1(3.9) 9 (4.4) 2(6.7) 0.92
Total mortality 4(1.0) 1(0.8) 0(0) 2(1.0) 1(3.3) 0.59
Symptomatic stroke 9 (2.4) 2(1.7) 1(3.3) 6 (3.0) 0(0) 0,70
Systemic embolism 1(0.3) 1(0.8) 0(0) 0(0) 0 (0) 0.52
Major bleeding 2(0.5) 1(0.8) 0 (0) 0(0) 1(3.3) 0.11
Heart failure 2(0.5) 1(0.8) 0(0) 1(0.5) 0 (0) 0.90
Soft endpoint
QOL decrease 43 (11.3) 14 (11.2) 1(3.3) 23 (11.3) 5(16.7) 0.42

Data are n (%). AA, antiarrhythmic agent,

range: 0.85-2.4 years), the mean age was 65.1+10.1 years,
70.0% were men, 3.4% had a history of congestive heart
failure, 7.3% had coronary artery disease, 5.2% had valvular
heart disease, 1.6% had cardiomyopathy, the mean duration
after onset of PAF was 7.2420 ycars, and 35.4% had a history
of prior medical treatment for PAF (Table 2). These patients’
clinical characteristics were not different among users of
each AA classified by the Vaughan Williams classification.

Treatment

AAs prescribed at the beginning of study are outlined in
Figure 1. The AAs used in the rhythm-control group were
different from those used in previous clinical trials.53
Approximately 80% of patients were started on class la or Ic
drugs in accordance with the “The JCS Guideline for Atrial
Fibrillation Management”.'' In addition, bepridil was the

class I drug used in 7.3% of cases, and amiodarone was
prescribed in only 0.5% of the patients as an initial therapy.
Anticoagulation with warfarin was performed in 60% of the
patients appropriately, according to CHADS?2 risk assess-
ment. !

Primary Endpoint

The primary endpoint occurred in 20 (16.9), 2 (6.7), 32
(15.8) and 7 (23.3) patients (%) assigned to class Ia, Ib, Ic or
I drugs, respectively. Details of events defined as the
primary endpoint are outlined in Table 3. The total mortality
was 4 (1%) and did not differ significantly among the AA
groups. Kaplan-Meier estimates of the first occurrence of the
primary endpoint over time are shown in Figure 2A. The
occurrence of the primary endpoint was not significantly
different among the drug groups. A similar trend was seen

Circulation Journal Vol.74, January 2010
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A Primary endpoint

Event-free survival

No. at risk Day
la 118 113 95 76 40 1 0
Ib 30 29 25 1 6 2 0
le 203 183 136 90 60 24 0
n 30 24 22 16 10 5 0
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log-rank test p=0.960
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log-rank tesl p=0.002
No. at risk Day

la 118 a8 68 52 22 6 0
Ib 30 7 1 4 4 1 0
lc 203 119 72 44 24 4 0
1 30 13 10 5 2 1 0

Figure 2. (A) Kaplan-Meier curve for event-free survival (primary endpoint=hard and soft endpoints). (B) Event-free survival
curves for hard endpoints: total mortality, symptomatic cerebral infarction, systemic emholism, major bleeding and hospitaliza-
tion for heart failure requiring intravenous administration of diuretics. (C) Event-free survival curves for soft endpoint (physical/

psychological disability requiring alteration of the assigned treatment strategy). (D) Kaplan-Meier curve for event-free survival
(secondary endpoint).
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when hard and soft endpoints were analyzed separately
(Figures 2B,C).

Secondary Endpoint

Sinus Rhythm Maintenance AF documented by snapshot
ECG during follow-up occurred in 20.3, 23.3, 29.1, 50.0%
of the patients assigned to class Ia, Ib, Ic or Ill drugs, respec-
tively, Kaplan-Meier estimates of the first occurrence of the
secondary endpoint over time are shown in Figure 2D, The
recurrence of AF was significantly higher in patients treated
with class Tl drugs (P=0.002).

Hazard Ratios in Subgroups We created a multivariable
Cox proportional hazard model by stepwise procedure to
exclude confounding factors. After adjustment for other
clinical variables, the choice of AA was no longer associated
with recurrence of AF (class 1 vs I, P=0.15). Hazard ratios
for the secondary endpoint in the subgroups are shown in
Table 4. Presence of cardiomyopathy and history of previ-
ous rhythm control therapy were associated with the occur-
rence of the secondary endpoint, but the difference between
class I and class Il drugs was not associated with the differ-
ence in AF-free survival rate. Additionally, this trend did not
alter when we excluded 6 patients with cardiomyopathy.

Discussion

Main Results

The incidence of the primary endpoint did not differ signifi-
cantly between each group of AAs classified by the Vaughan
Williams classification, The rhythm maintenance rate seemed
to be lower with class III agents, but this effect was not inde-
pendent after adjustment for other comorbidities of the
patients.

The patients in the J-RHYTHM study were characterized
by PAF, young age, less structural heart disease, and less
previous history of congestive heart failure, predicting good
prognosis. Only ~20% of patients were at high risk for
stroke. Thus, the total mortality and cardiovascular morbid-
ity rates were low compared with previous studies, in which
most or all of the patients had persistent AF and were treated
by amiodarone.>® The AAs used in the present rhythm-
control group were also different from those used in previous
studies,5-810.12 in which physicians selected the drugs princi-
pally according to the “The Japanese Guideline for Atfrial
Fibrillation Management™."" In the present study, a total of
30.2% patients were started on class Ia drugs, 7.7% on Ib
drugs, 52.0% on Ic drugs, and 7.7% on Il drugs (7.3% of
bepridil and 0.5% of amiodarone). Bepridil, a multichannel
blocker, is a reverse remodeling agent that has had its effi-
cacy established by several studies conducted in Japan.!6-2!

The present study shows that in the rhythm-control group,
the hard and soft endpoints were not affected by the selec-
tion of AA. Regarding the long-term safety of class Il agents,
there was 1 dcath during the follow-up period. Because our
analysis did not have a control group for reference, we were
unable to draw a definite conclusion about the use of bepri-
dil. The recently published J-BAF study also demonstrated
drug-related adverse effects that suggest caution about using
bepridil.2®

The maintenance of sinus rhythm was significantly
decreased with class Il drugs. However, the multivariate
Cox proportional hazards survival model revealed that main-
tenance of sinus thythm was influenced by several factors,
such as presence of cardiomyopathy and prior medical treat-
ment for AF, which seems reasonable because rhythm-

75
Table 4. Cox Proportional Hazard Model
H;zﬁaord 95%Cl P value

Age 0.988 0.32-1.65 0.21
Sex 1.207 0.77-1.64 0.38
CHF 1.542 0.54-2.55 0.38
CAD 0.995 0.20-1.79 0.99
Valvular disease 0.972 0.11-1.84 0.94
Cardiomyopathy 3.954 3.00-4.91 0.004
History of Rx 1.628 1.24-2.01 0.012
VW classification (I vs I11) 1.214 0.98-1.45 0.15

Cl, confidence of interval. Other abbreviations see in Tables 1,2.

control therapy is known to be difficult in patients with
structural heart discase such as hypertrophic cardiomyopa-
thy. Although these independent factors werc not associated
with the patients taking class IIl drugs, involvement of some
unidentified underlying factors can not be denied because of
the relatively small number of patients in this group of AAs.

Although amiodarone is considered the final choice for
PAF patients in Japan, because of its serious side-effect, there
is certain evidence that amiodarone prevents AF recurrence
in patients with structural heart disease.>62223 Therefore,
further analysis should be performed to confirm the effect of
amiodarone vs bepridil in Japanese patients with PAF.

Another insight gained from this subanalysis regards
aprindine, a class Ib drug that was eliminated from the list of
first-choice drugs for lone AF in the new “Guidelines of
Pharmacotherapy of Atrial Fibrillation (JCS 2008)”. However,
our analysis shows that oral aprindine has similar efficacy to
class Ta and Ic drugs, which could not be presented before
publication of the guideline. The elimination of the drug from
the new guideline was primarily based on a discussion among
members about the frequency of aprindine usage in the J-
RHYTHM study and a previous randomized trial demonstrat-
ing no beneficial cffect of the drug over digoxin.2*

Study Limitations
We initially tried to compare each AA, but because the
number of patients in each AA group was limited, we classi-
fied the drugs by the Vaughan Williams classification, which
is not based on their activity against cardiac ion channels or
arrthythmogenic mechanisms. The Sicilian Gambil classifica-
tion2s would be more suitable for addressing the issue, but is
difficult for actual analysis. Furthermore, the choice of the
AAs used in the J-RHYTHM study was not blinded to physi-
cians and patients, which could lead to biases in the occur-
rence of endpoints and AF recurrence. Although we attempted
to adjust for known clinical varieties, unidentified confound-
ers could have affected the outcome.

Second, although it is a standard method of assessing
maintenance of sinus rhythm,5-816-192223 spapshot ECGs
may underestimate the recurrence of asymptomatic AF.

Conclusion

Our subanalysis of the J-JRHYTHM study demonstrated that
the incidence of a primary endpoint did not differ between
each group of drugs classified by the Vaughan Williams clas-
sification. However, the recurrence of AF was high in patients
given class IIl drugs, which may have resulted from some
unknown confounding factors.
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RADIAL ARTERY HEMODYNAMIC CHANGES RELATED TO ACUPUNCTURE

Shin Takayama, MD,! Takashi Seki, MD, PhD,'* Norihiro Sugita, Deng,” Satoshi Konno, MD, PhD,?
Hiroyuki Arai, MD, PhD,? Yoshifumi Saijo, MD, PhD,* Tomoyuki Yambe, MD, PhD,’ Nobuo Yaegashi, MD, PhD,’

Makoto Yoshizawa, Deng,’

and Shin-ichi Nitta, MD, PhD?

Background: Assessment of the radial pulse by palpation (pulse
diagnosis) is an important diagnostic technique in Traditional Chi-
nese Medicine (TCM), but the changes of blood flow volume in the
radial artery during and after acupuncture are unknown.

Objective: The aim of this study was to explore the changes of
radial artery blood flow volume during and after acupuncture in
healthy subjects.

Design: This study was conducted as a pilot study utilizing a
one-group intervention design.

Setting: The study was conducted at a TCM outpatient clinic of
Tohoku University Hospital.

Participants: Twenty-six healthy volunteers participated in the
study.

Intervention: Acupuncture was performed at LR-3 bilaterally
with manual rotation of the needles.

Outcome Measures: Blood pressure was measured at rest and
180 seconds after acupuncture. Radial artery hemodynamics

were monitored continuously with a high-resolution ultrasound
echo-tracking system. The vessel diameter and blood flow vol-
ume of the right radial artery and heart rate were measured at
rest, before acupuncture, during acupuncture, and 30, 60, and
180 seconds after acupuncture.

Results: The systolic and diastolic diameter of the radial artery
did not significantly change. Radial artery blood flow volume
decreased significantly during acupuncture (mean *= SD, 0.16 £
0.11 mL/sec per m%; P < .01) compared with baseline (0.43 =
0.27 mL/sec per m?), but was increased at 180 seconds after
acupuncture (0.54 = 0.28 mL/sec per m%; P < .01).

Conclusions: The present study showed that radial artery blood
flow volume decreased immediately during acupuncture at the
LR-3 acupoint, but was increased at 180 seconds after acupunc-
ture.

Key words: Acupuncture, radial artery, blood flow volume, ul-
trasound

(Explore 2010; 6:100-105. © Elsevier Inc. 2010)

INTRODUCTION

Acupuncture is widely used to treat several conditions in Asia
and Western countries,” and it has also been found to be effec-
tive for a growing number of other conditions in randomized
trials.3”7 There have been some reports about the hemodynamic
effects of acupuncture at a single acupoint,”'® but its influence
on the changes of blood flow volume in the radial artery has not
been discussed.
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Acupuncture therapy is adjusted on the traditional diagnos-
tics: looking, listening, smelling, asking, and palpation. Pulse
diagnosis at the radial pulse is an important diagnostic technique
in Traditional Chinese Medicine (TCM). Although acupuncture
has already been shown to influence hemodynamics in the radial
artery,'! no study using a single acupoint has been reported.

In TCM, LR-3 is an acupoint on the Liver meridian, which has
the functions of “soothing the Liver” and “regulating the Blood.”
This point is used in combination with other acupoints for the
treatment of hypertension, headache, vertigo, and insomnia.'?

Recently, some noninvasive methods for measuring periph-
eral blood flow have been introduced. We employed a new
high-resolution echo-tracking system to quantify the continuous
changes of radial artery diameter and blood flow volume during
acupuncture therapy.

The aim of this study was to clarify the changes of radial artery
blood flow volume related to acupuncture.

MATERIALS AND METHODS

Subjects

Twenty-six healthy volunteers who had neither a history of hy-
pertension or hypotension (mean age: 31.7 + 5.5 years; 21 males
and five females) were enrolled. Among them, 11 subjects had
previously received acupuncture therapy and 15 had not. This

100 © 2010 by Elsevier Inc. Printed in the United States. All Rights Reserved
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Figure 1. Outline of the test. Acupuncture contains needle insertion and stimulation. Min, minutes; s, seconds.

study protocol was approved by the Ethics Committee of To-
hoku University Graduate School of Medicine and written in-
formed consent to participation was provided by all subjects.
After seven subjects were excluded because forearm movements
affected the data, 19 were included in the final analysis.

Study Protocol
We performed acupuncture on LR-3 bilaterally and measured
the hemodynamics of the radial artery with ultrasound from rest
to 180 seconds after acupuncture. The time course of the study
is shown in Figure 1.

All investigations were performed under fasting conditions in
a quiet, air-conditioned room (constant temperature of 25°C-
26°C). Each subject rested in the supine position, and three
monitoring electrocardiography electrodes were attached to the
chest. Blood pressure was measured with an oscillometer (HEM-
9000AI, Omron Healthcare Co Ltd, Kyoto, Japan) on the left
arm, and radial artery hemodynamics were assessed with an ul-
trasound system (Prosounda10, Aloka Co Ltd, Tokyo, Japan).
This system had a high-resolution linear array transducer (13
MHz), and computer-assisted analysis software (e-Tracking sys-
tem, Aloka Co Ltd) that detected the vessel edge automatically
and could measure the vessel diameter and blood flow volume
continuously.'? The right arm was fixed and the right radial
artery was scanned longitudinally at 1 to 2 cm above the radial
styloid process where the vessel diameter and Doppler wave
readings were stable. At the site where the clearest B-mode image
of the anterior and posterior intimal interfaces between the lu-

Figure 2. Ultrasound monitoring of radial artery by using a special
probe holder.

men and vessel wall was obtained, the transducer was fixed in a
special probe holder (MP-PH0001, Aloka Co Ltd; Figure 2), and
compression of the artery was carefully avoided. When the track-
ing gate was placed on the intima, the radial artery diameter was
monitored automatically and a waveform of the changes of ves-
sel diameter over the cardiac cycle was displayed in real time by
using the e-Tracking system (Figure 3). To obtain accurate mea-
surements, a Doppler angle of 60 degrees or less was main-
tained.'*!'® Blood flow volume was calculated automatically as
the Doppler flow velocity (corrected for the angle) multiplied by
the heart rate and the vessel cross-sectional area.'*"!®

After 10 minutes of rest in the supine position, measurement
of blood pressure and right radial artery hemodynamics was
started.'”"'® Acupuncture was performed by a licensed acupunc-
turist. A disposable fine stainless steel needle (diameter: 0.16
mm; length: 40 mm; Seirin Co Ltd, Shizuoka, Japan) was in-
serted at LR-3 bilaterally and maintained at a depth of 10 mm
during the test session. LR-3 is located on the foot at 1.5- to
2-finger units above the web between the first and second toes.'”
After the needle was inserted, stimulation (rotating the needles
manually bidirectional within an angle of 90 degrees) was per-
formed for 18 seconds.

We measured radial artery hemodynamics after 10 minutes of
rest, before acupuncture (=baseline), during acupuncture, and
30 seconds, 60 seconds, and 180 seconds after acupuncture (Fig-
ure 1). The hemodynamic parameters, including the radial artery
diameter and blood flow volume, and the heart rate, were re-
corded continuously. To minimize the influence of respiration
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Tracking gate

/ Flow veloeity curve
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Figure 3. Vessel image and position of the tracking gate (lefd).
Changes of radial artery diameter, Doppler flow, and flow velocity

(righty determined with an automated edge detection device and
computer analysis software.
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Table 1. Summary of Hemodynamic Parameters. Values are the mean = SD. AP indicates acupuncture; Syt D, systolic radial artery diameter;

Dia D, diastolic radial artery diameter; BFV, radial artery blood flow

rest before AP during AP 30 s after AP 60 s after AP 180 s after AP
Syst D (mm) 2.87 + 0.46 2.88 = 0.46 2.84 = 0.45 2.83 = 0.45 2.84 = 0.45 2.88 * 0.42
Dia D (mm) 2.82 = 0.46 2.82 *= 0.46 2.79 = 0.45 2.78 + 0.44 2.80 = 0.45 2.84 = 0.42
BFV (ml/s/m?) 0.45 = 0.29 0.43 = 0.27 0.16 = 0.11* 0.45 = 0.30 0.53 = 0.34* 0.54 = 0.28**
HR (beats/min) 66.5 + 9.7 66.6 = 9.3 60.9 = 9.1* 64.6 = 8.4* 64.9 = 8.0" 65.4 = 9.0
Syst BP (mmHg) 118.9 = 124 116.9 = 12.9*
Dia BP (mmHg) 69.8 = 10.1 70.5 £ 10.0
on the hemodynamic data, the subjects were asked to breathe ~ Heart Rate

every six seconds during the test, and the values of the hemody-
namic parameters were averaged for each six-second period.
Blood pressure was measured under resting conditions and at
180 seconds after acupuncture.

Statistical Methods

Statistical analysis was performed with SPSS software (version
16.0, SPSS Japan Inc, Tokyo, Japan). Repeated measure analysis
of variance, followed by Dunnett’s post hoc test, was used for
statistical comparison between the measure points. Results are
presented as the mean = SD, and P < .05 was taken to indicate
significance for all analysis.

RESULTS
We excluded subjects in whom the diameter of the radial artery
varied by more than 0.2 mm due to movement of the right
forearm during the test from statistical analysis.

Hemodynamic changes, including the radial artery diameter
and blood flow volume, the heart rate, and the blood pressure,
are summarized in Table 1.

Radial Artery Diameter

The radial artery diameter was measured in millimeters and the
percentage of change at each time was calculated in relation to
the baseline value. Figure 4A shows the percentage changes of
systolic radial artery diameter and Figure 4B shows the percent-
age changes of diastolic diameter. Both the systolic and diastolic
radial artery diameter did not change significantly during the
test.

Radial Artery Blood Flow Volume

The blood flow volume was determined as milliliters per second
per square meterand then percentage changes were calculated in
relation to the baseline value. Figure 4C illustrates the profile of
changes in radial artery blood flow volume. There was no signif-
icant difference of blood flow volume between that measured
after 10 minutes of rest and the baseline value, demonstrating
that blood flow volume was stable under resting conditions. The
blood flow volume decreased significantly during acupuncture
(P < .01), but showed a significant increase at both 60 seconds
after acupuncture (P < .05) and 180 seconds after acupuncture
(P < .01).

Heart rate was significantly decreased relative to baseline during
acupuncture (P < .05), as well as at 30 seconds (P <.05) and 60
seconds (P < .05) after acupuncture. Heart rate returned to base-
line by 180 seconds after acupuncture.

Blood Pressure

Systolic blood pressure showed a significant decrease from the
resting value to 180 seconds after acupuncture (P < .05), but
there was no significant change of diastolic blood pressure.

Side Effects of Acupuncture
No local complications (such as bleeding, hematoma, or infec-
tion) occurred.

DISCUSSION

Major Findings

Tn this study, we used a high-resolution ultrasound echo-tracking
system to demonstrate the immediate (during acupuncture) and
late (at 180 seconds after acupuncture) changes of radial artery
blood flow volume associated with acupuncture at LR-3.

Interpretations

Immediate changes of radial artery blood flow volume. The
systolic and diastolic diameter of the radial artery did not signif-
icantly change during the test. Thus, an immediate decrease of
blood flow volume was observed during acupuncture. The effect
of acupuncture on radial artery hemodynamics was presumably
due to an increase of sympathetic tone when pain was caused by
needle insertion because of extremely rapid response. Elie and
Guiheneuc'? reported that pain stimulation evokes a cutaneous
sympathetic response, which appears within 1 to 3 seconds after
the stimulus and is of short duration.”*?* In contrast to other
parts of the body, vasomotor regulation and blood flow changes
in the hand are entirely regulated by sympathetic nerves.”*”'
Blood flow velocity is mainly influenced by distal resistance, so
the marked variability of blood flow patterns is assumed to be
related to changes of vasomotor activity. It has been reported
that lumbar sympathectomy leads to an increase of forward flow
and the disappearance of reverse flow in the femoral artery.”*
Therefore, the immediate response of radial artery blood flow
volume to needle insertion was presumably related to an in-
crease of peripheral resistance caused by the vasoconstrictor re-
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Figure 4. (A) Percentage change of systolic radial artery diameter.
(B) Percentage change of diastolic radial artery diameter. (C) Percent-
age change of radial artery blood flow volume. The percentages of
change for each variable are refative to the six-second period before
acupuncture. *P. < .05, ®P < .01 vs six-second period before
acupuncture. AP, acupuncture; s, second.

sponse to an instantaneous increase of sympathetic tone. If the
decrease of blood flow volume was due to increased sympathetic
vascular tone, why did the heart rate also decrease during acu-
puncture? It has been reported that acupuncturelike stimulation
of the lower extremity can induce bradycardia viaa supraspinal
reflex.?* Thus, it is possible that needle insertion causes a sudden
increase of sympathetic tone, after which the supraspinal reflex
evoked bradycardia during needle stimulation.

Late changes of radial artery blood flow volume, A late in-
crease of blood flow volume was also observed, along with an

increase of the time velocity integral (which is the sum of the
velocities), although there was no significant change of vessel
diameter. The e-Tracking system cannot simultaneously assess
the pulsatility index or resistive index, which are measures of
distal vascular resistance. However, continuous recording with
this system revealed that the blood flow velocity: pattern
changed gradually from 60 seconds after acupuncture (data not
shown). Diastolic flow velocity incressed and the duration of
forward flow was longer than before. These changes of the blood
flow pattern suggested that the increase of diastolic flow was due
to a decrease of distal vascular resistance, which presumably
decreased along with peripheral vasodilation secondary to a de-
crease of vascular tone. Therefore, the late increase of blood flow
volume was speculated to indicate a decrease of peripheral vas-
cular tone, There are several reasons why acupuncture might
affect peripheral vascular tone. Mechanisms. that lead to the
inhibition of sympathetic vasoconstriction by acupuncture have
been reported.” Tsuru and Kawakita® have suggested that acu-
puncture causes vasodilation and increases blood flow in various
organs by modulating the central circulatory system and axon
reflexes, with the effect depending on the site of stimulation.

Ultrasound measurement. Pulse Doppler sonography isanon-
invasive method for assessing blood flow velocity. Blood flow
changes rapidly in the arteries of the extremities; especially in the
peripheral vessels.2® Therefore, we meastured hemodynamic pa-
rameters for 30 seconds after 10 minutes of rest and after obtain-
ing a baseline value to evaluate the stability of resting conditions.
It is known that changes of venous return due to respiration
cause oscillation of the stroke volume and blood pressure.?” It
can also be inferred from changes of cardiac output that the
systemic blood pressure has a similar respiration-related cycle, so
the arterial pulse should be modified by breathing:2® To mini-
mize the influence of respiration on hemodynamics, our sub-
jects were asked to breathe every six seconds during testing-and
hemodynamic parameters were calculated as average values for
each six-second period.

The probe was maintained at the same point throughout the
test by using a special holder to ensure that consistent images
were obtained. The e-Tracking system automatically measures
changes of vessel diameter with a precision of 0,01 mm. Use of
this system avoids operator bias, increases reproducibility, and
improves accuracy. It was developed for measurement of flow-
mediated vasodilatation, which is usually measured at the bra-
chial artery.'”~'® Compared with the brachial artery, the radial
artery fequires a more sensitive echo-tracking device, although
the vessel can be visualized more easily without compression or
mechanical distortion. Because the diameter of the radial artery
is far smaller than that of the brachial artery, correct assessment
of hemodynamics is more difficult and requires some skill. Fix-
ing the probe at the optimal position and avoiding movement of
the forearm are both important for obtaining useful data.

Blood pressure. We also demonstrated a decrease of the sys-
temic systolic blood pressure after acupuncture. The mechanism
by which acupuncture lowers the blood pressure remains un-
clear2?3° Cardiovascular depression by electroacupuncture in
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an animal model has been revealed to be-due to stimulation: of
afferent nerves that triggered an autonomic reflex,'? whereas an
effect on renin secretion has also been reported.?! In the present
study, the systolic blood pressure decreased after acupuncture,
but the diastolic blood pressure and heart rate were not signifi-
cantly changed at 180 seconds after acupuncture. However, the
actual changes of these parameters were small, so we would need
to investigate more subjects to clarify their significance.

Strengths

We selected the LR-3 acupoint for stimulation in'the present
study because it is one of the primary acupoints and:is used to
treat cardiovascular disease in TCM.!'2 To the best of our knowl-
edge, the present study is the first to provide physiological evi:
dence that acupuncture at a single acupoint has an effect on
radial artery hemodynamics. No previous study using scientific
methods has demonstrated such an obvious effect of stimulation
at ‘one “acupoint. Our findings suggest that acupuncture at a
single point can affect sympathetic tone and increase peripheral
blood flow, suggesting the need for future studies into the mech-
anisms underlying such effects.

Limitations

The duration of the test was less than. 15 minutes, which:may
seem insufficient to evaluate the effects of acupuncture. We
attempted longer examinations in a preliminary study, but com-
plete immobilization ‘of the right forearm: for more than 15
minutes was found to be difficult because of muscle strain and
cramps.

There were 26 subjects enrolled in this study, but seven (26,9
%) did not yield reliable measurements of radial artery diameter
during acupuncture due to the influence of forearm movements.
Strict exclusion criteria were employed so that accurate data
could be obtained: Because of this, however, it was difficult to
perform the test repeatedly in the same subject, so we could not
obtain data from a control intervention. Therefore; we only
compared hemodynamics before and after acupuncture. In the
future, we hope to compare the changes of radial artery blood
flow volume with those after stimulation at another acupoint or
after nonspecific stimulation.

Although we should view these results cautiously because this
was a pilot study with a small sample size and no control inter-
venition, the present findings suggest that acupuncture atasingle
acupoint can alter both radial ‘artery hemodynamics and sys-
temic hemodynamics in healthy subjects.

CONCLUSIONS

In coriclusion, the present study showed that radial artery blood
flow volume decreased immediately during acupuncture at the
LR:=3 acupoint, but increased by 180 seconds after acupuncture.
We could assess quantitative changes of peripheral vessel hemo-
dynamics accurately by using the present high-resolution ultra:
sound system with automated echo-tracking.
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