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lating inflammatory cytokines in HF has been reported.? On
the other hand, it is possible that low cholesterol is a marker
only for cachexia, a state associated with poor HF mortality,
and has no pathophysiologic role. However, in our study low
cholesterol was a predictor of early VAD necessity, indepen-
dent of body mass index or serum albumin, which are also
variables associated with poor nutritional condition (data not
shown). Therefore, cardiac cachexia may not only be the cause
of low serum total cholesterol in our study.

Anemia is common in patients with HF, and patients with
both HF and anemia have a lower functional capacity, worse
quality of life, and higher rates of hospitalization and death than
those without anemia.*>* There are several potential causes
of anemia in HF: malnutrition; hemodilution; renal dysfunction
and impaired erythropoietin production; usage of ACEIs/ARB;
elevated levels of proinflammatory cytokines; and others.* We
found that anemia in the early-VAD group was normocytic
and none had undergone blood transfusion prior to referral (data
not shown). Renal function was comparable between the early-
VAD and late/no-VAD groups (Table 2). We did not have
enough data about iron metabolism. Right atrial pressure and
pulmonary capillary wedge pressure by cardiac catheterization
were significantly higher in the early-VAD group (Table S1).
We speculate that hemodilution because of systemic congestion
at least partially caused the anemia in the early-VAD group.

Pitfalls of Previous Risk Scores

This study revealed that the INTERMACS profile 3 or greater
on admission was another good predictor of early VAD neces-
sity, and the results were consistent with previous recommen-
dations for VAD implantation.* However, stratification by
these profiles is largely dependent on the physician’s decision.
In fact, we often suggest that physicians in non-VAD insti-
tutes start inotropes before transfer of their patients in order to
avoid end-organ dysfunction. Two patients in our study became
‘profile 3” just before transfer because of this suggestion. We
consider that a scoring system composed of factors that are
independent of the decision or intervention by physicians is
preferable. In this regard, the scoring system that we newly
created is valuable because we selected objective parameters
that can be obtained noninvasively.

Is the Current Referral Timing Appropriate?

In Japan, implantable LVADs are available only as a bridge to
transplantation, so being listed for heart transplantation is re-
quired before implantable LVAD therapy can be performed.
Evaluation of eligibility for heart transplant usually takes more
than 1 month, and we consider that the current timing of refer-
ral is still too late for implantable LVAD therapy. The delay in
referral, at least in part, caused the need for life-saving para-
corporeal VAD in 7 patients as well as 1 death during evalua-
tion. Although all-cause mortality was not significantly differ-
ent between the groups stratified by the new scoring system or
by INTERMACS profile (data not shown), it is not true that
patients are best referred after they have accumulated a high
score. We have not yet established the best timing of referral
to VAD implant centers, but we would like to emphasize that
the referral timing of the patients in early-VAD group was not
soon enough for implantable LVAD therapy.

Study Limitations

‘We acknowledge that our study has several limitations. First,
this study was conducted in a single center, and consequently
included a limited number of patients. The timing of the deci-
sion for VAD implantation may be different in different insti-

tutes. Second, we cannot yet propose appropriate timing of
referral for implantable VAD therapy, including preoperative
listing for transplant. Because the timing of referral is always
a matter of debate, especially for physicians in non-VAD in-
stitutes, further investigations such as prospective studies or
large-scale surveys are anticipated to establish the best timing
of referral. Finally, in this study advanced HF with an ischemic
etiology was found in only 4 patients (8.7%), which is a re-
markable feature specific to the Japanese population requiring
VAD for advanced HF. Other factors may be found in other
populations.

Conclusions

Low BP, low serum total cholesterol level and anemia on ad-
mission were factors that predicted the early necessity for VAD
in advanced HF patients referred from non-VAD institutes. Such
patients should be promptly referred for VAD implantation.
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Aortic Insufficiency in Patients With Sustained Left
Ventricular Systolic Dysfunction After Axial
Flow Assist Device Implantation
Teruhiko Imamura, MD, PhD; Koichiro Kinugawa, MD, PhD; Takeo Fujino, MD, PhD;

Toshiro Inaba, MD, PhD; Hisataka Maki, MD, PhD; Masaru Hatano, MD; Osamu Kinoshita, MD, PhD;

Kan Nawata, MD, PhD; Shunei Kyo, MD, PhD; Minoru Ono, MD, PhD

Background: Predicting the occurrence of aortic insufficiency (Al) during left ventricular assist device (LVAD) sup-
port has remained unsolved.

Methods and Results: We enrolled 52 patients who had received continuous flow LVAD (14 axial and 38 centrifu-
gal pumps) and who been followed for 26 months between Jun 2006 and Dec 2013. Native aortic valve (AV) open-
ing was observed in 18 patients (35%) with improved LV systolic function, and none of them had Al. On multivariate
logistic regression analysis preoperative shorter heart failure duration was the only independent predictor of postop-
erative native AV opening (P=0.042; odds ratio [OR], 0.999). Of the remaining 34 patients (65%) with closed AV, 11
had Al with enlargement of the aortic root and narrow pulse pressure. Among those with closed AV, axial pump use
(n=13) was the only significant predictor of the development of Al (P=0.042; OR, 4.950). Patients with Al had lower
exercise capacity and a higher readmission rate than those without Al during 2-year LVAD support (55% vs. 8%,
P<0.001).

Conclusions: Native AV opening during LVAD support is profoundly associated with reversal of LV systolic function,
especially in patients with preoperative shorter heart failure duration. Among those in whom the native AV remains
closed, low pulsatility of axial flow pump may facilitate aortic root remodeling and post-LVAD Al development that

results in worse clinical outcome.

Key Words: Centrifugal; EVAHEART; HeartMate II; Ventricular assist device

(LVAD) treatment has been improving thanks to the
development of the continuous flow (CF) pump, pa-
tient selection, and perioperative management, ¥ aortic insuf-
ficiency (AI) remains an unsolved problem during LVAD sup-
port.® Al leads to reduced forward cardiac output and end-organ
hypoperfusion,” which eventually results in poor outcome.??

! Ithough the outcome of left ventricular assist device

Editorial p????

There have been no established treatments for Al thus far.
Although some authors recently reported successful replace-
ment or plasty of aortic valve (AV) for progressed Al, such
procedures are invasive and still have various fatal complica-
tions. ' Preoperative risk stratification and successful prevention
of Al is an inevitable concern for successful long-term LVAD
treatment. '

Al is a multifactorial phenomenon, but continuous closure
of native AV would be a key for the development of ALY
Although several studies proposed higher age, usage of CF
pump, or preoperative lower left ventricular ejection fraction
(LVEF) as risk factors for AL*!-3 the precise mechanism has
remained unknown. Therefore, the aim of the present study was
to identify the perioperative factors affecting Al during CF
LVAD support.

Methods

Patients

We retrospectively enrolled 52 patients with stage D heart
failure (HF) who had received CF LVAD (14 axial pumps:
HeartMate II, n=11; Jarvik 2000, n=3; 38 centrifugal pumps:
EVAHEART, n=24; DuraHeart, n=14) as a bridge to heart
transplantation and who had been followed at the University
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AV opening (+) opening (-)
Al (+) 0(0) 11 (21) (2)
Al (=) 18 (35) (X) 23 (44) (V)

Data given as n (%). *P<0.02 (chi-squared test). Al, aortic insuf-
ficiency; AV, aortic valve; X, native AV opening; Y, no Al during
continuous AV closure; Z, Al during continuous AV closure.

of Tokyo Hospital for at least 6 months between 2006 and
2013. Those with concomitant AV replacement were excluded.
No patients had received concomitant right VAD implantation.

All patients were treated preoperatively with guideline-direct-
ed medical therapy consisting of B-blocker, angiotensin-convert-
ing enzyme inhibitor, and aldosterone antagonist unless con-
traindicated and doses of these drugs were titrated considering
patient hemodynamics.

The rotation speed of LVAD was optimized as low as pos-
sible considering patient hemodynamics and interventricular
septum shift observed in regular echocardiography. Written
informed consent was obtained before LVAD implantation from
all patients. The study protocol was approved by the Ethics
Committee of the Graduate School of Medicine, University of
Tokyo [application number 779 (1)].

Preoperative Variables

Preoperative baseline data including patient demographics and
laboratory parameters were obtained within 24 h before surgery.
Hemodynamic and echocardiographic parameters were obtained
within 1 week before operation or before initiation of intra-
aortic balloon pump. LVEF was calculated using the biplane
Simpson method. Valvular regurgitation was classified into 5
grades: 0, none; 1, trace; 2, mild; 3, moderate; 4, severe. Valsalva
sinus and aortic root diameters were measured in all patients
on long axis view. HF duration was defined as the time be-
tween HF diagnosis and LVAD implantation.

Postoperative Variahles

Hemodynamic examination was carried out in all patients at 5
weeks after operation. VAD flow was estimated using algo-
rithms of each device. Transthoracic echocardiography was
performed regularly, and AT was defined as aortic regurgita-
tion 2grade 2 at 6 months. To determine the frequency of the
native AV opening, we counted the number of native AV open-
ings per native heart rate over at least 1 min. We defined native
AV opening for <30% of the native heart rate as “remaining
closed”. Computed tomography was done in all patients, and
the height from native AV to the VAD outflow graft anasto-
mosed at the ascending aorta was measured. Peak oxygen
consumption during cardiopulmonary exercise test and 6-min
walk distance were measured at 6 months after operation.
Readmission due to cardiovascular events was counted during
2 years after the first discharge.

Statistical Analysis

All statistical analysis was done using PASW Statistics 18
(SPSS, Chicago, IL, USA). All hypothesis tests were 2-tailed,
and used P<0.05 as significant. All data are expressed as
mean®SD unless otherwise specified. Continuous variables
were compared using unpaired t-test or Mann-Whitney U-test
as appropriate. Categorical variables were compared using
chi-squared test or Fisher’s exact test as appropriate. Logistic
regression analysis was used to calculate significant predictors
for Al or native AV opening. Kaplan-Meier analysis was per-

formed to compare readmission-free rate among those with/
without AL Variables significant on univariate analysis at P<0.05
were used in multivariate analysis.

Results

Al and Native AV Opening During LVAD Support

All 18 patients (35%) who had achieved native AV opening, did
not have Al (group X; Table 1). Among those with continuous
AV closure, 23 patients (44%) had no Al (group Y), whereas
11 (21%) did have Al (group Z).

Preoperative Predictors for Postoperative Native

AV Opening

The mean age was 4113 years, and 43 patients (83%) were
male (Table 2). All patients were dependent on continuous
inotrope infusion and received elective LVAD implantation.
No patients had Al preoperatively. On multivariate logistic
regression preoperative shorter HF duration was the only sig-
nificant predictor for native AV opening (Table 2).

Postoperative Characterization of Native AV Opening
Compared with those whose native AV remained closed, wider
pulse pressure and higher systolic blood pressure were observed
in patients with native AV opening (Table 3). Improved LVEF
with smaller Valsalva sinus or aortic root was also associated
with native AV opening (Table 3). Postoperative medical treat-
ment was similar among all patients.

Predictors for Development of Al in Continuous AV Closure
In patients with continuous AV closure (n=34), univariate
logistic regression analyses indicated that use of axial pump
was the only significant predictor for AI (P=0.042; odds ratio,
4.950; Table 4). There were no significant statistical differences
in patient background except for gender and Valsalva sinus
diameter between the axial and centrifugal pumps (Table S1).
Notably, larger Valsalva sinus diameter was observed in pa-
tients with centrifugal pump.

Postoperative Characterization of Al

Among postoperative variables, narrow pulse pressure along
with enlargement of Valsalva sinus and aortic root were as-
sociated with the development of Al during LVAD support
(P<0.05 in all; Table 5).

Patients with centrifugal LVAD had significantly wider pulse
pressure than those with axial LVAD (Table S2). There were
no significant differences in estimated VAD flow between
axial and centrifugal pumps. Patients with axial pump experi-
enced more enlargement in Valsalva sinus and aortic root
during LVAD support (Table S2).

Clinical Course vs. Presence of Al

Patients with Al had lower peak oxygen consumption during
cardiopulmonary exercise test compared to those without Al
(Figure A; 11.0£3.3 vs. 14.443.5 ml- min~*-kg!, P=0.004) and
shorter 6-min walk distance (Figure B; 328484 vs. 407466 m,
P=0.001) at 6 months after LVAD implantation. Patients with
AT had a higher readmission rate due to cardiovascular events
than those without Al during the 2-year LVAD support period
(Figure C; 55% vs. 8%, P<0.001). There was no difference in
2-year survival under LVAD support regardless of Al (Figure D;
P=0.856). The prevalence of Al was 6% at 1 month (3/52),
13% at 3 months (7/52), 21% at 6 months (11/52), and 18% at
1 year (7/40). No significant Al newly developed after the first
6 months. LVAD was explanted in 2 patients (4%}, and 7 pa-
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Preoperative Total A(Z)o(%:l&n)g A(Y_)(’(?‘Zggg Univariate analysis Multivariate analysis
parameters (n=52) GroupX  GroupY+Z Pwvalue OR  95%Cl  Pvalue OR 95% Cl
Demographic
parameters
 Age(years) | 41s13 | 40s11  42+13 0584 0987 0.941-1.035
Male . 43(83) 17 (94) 26 (76) 0.088 0128 0.048-1.020
lschemic etiology ~~ 5(10) . 4(22) . 1(3) 0054 9429 0966-92.06
Body surface 1.7x0.2 1.7240.11 1.6540.17 0141 2013 0.370-1094
area (m?)

HF duration (days) 2,138+1,721 1,122+1,650 2,671,522 ~ 0024 0999 0999-1.000  0.042° 0999  0.999-1.000
Device selection
and valve plasty ‘

Axalpump - 14(27) 0 0.154 0098 0.014-1.176

Centrifugal pump 38 (73) - - -
 Mitral valve plasty ~ 20(38) 0.301- R
Tricuspid 22.(42) 0.136-1.400
annuloplasty
Hemodynamic
parameters ; ) ) )
SBP (MmHg) - 85:13 . 8612 8514 0885 1003 0.961-1.048
DBP (mmHg) 56412 0.927-1.030
- Heartrate . o 87%15 ).981-1,072 -~
~(beats/min) o S
mPAP (mmHg) 3248 0.985-1.111
PCWP (mmHg) ~  23:8 2616 . 0975-1442
Cardiac index . 2.0:0.4 2.0:0.5 0.187-2.917
(L-min-*-m-2)
 mRAP (mmHg) - 10s5 0 012240 ©:1.037-1.372 . 0274 ' 1.045. :0.956-1.654 .
RVSWI (g/m?) 7.23.4 6.8+3.3 0.795-1.127
Echocardiographic
parameters ’ .
LVDd(mm) o 75#15 - 75¢16 70.962-1.040
LVEF (%) 1918 2246 0.970-1.118
AR (grade) 0.420.6 ' - 0.072-1.010
MR (grade) 2.3+1.0 0.515-1.532
TR(grade)  15:07 . 1 05342592
Valsalva sinus 2923 0.958-1.368

diamete{ (mm) o ;
AVring diameter  20:2
(mm) i
Laboratory
parameters ,
~ Hemoglobin (g/dl)  11.542.0 114215
Platelets (x103/yl) 21,1471

Serum albumin *** 3.5

(g/d) - BTN :
Serum sodium 13425 0.842-1.043 ‘
(mEg/L) N

Serum creatinine 1105 1.04 51 01161746 o
Serum total 1.6+1.3 0.971-2.673

bilirubin (mg/dl)

Plasma BNP -~ 7 oo .999-1.001-

(pgml)c oo - ‘ : : : :
Data given as mean=SD or n (%). *P<0.05 (logistic regression). ACEI, angiotensin-converting enzyme inhibitor; AR, aortic valve regurgitation;
AV, aortic valve; BNP, B-type natriuretic peptide; Cl, confidence interval; DBP, diastolic blood pressure; HF, heart failure; LVDd, left ventricular
(LV).diastolic diameter; LVEF, LV ejection fraction; mPAP, mean pulmonary artery pressure; MR, mitral valve regurgitation; mRAP, mean right
atrial pressure; OR, odds ratio; PCWP, pulmonary capillary wedge pressure; RVSWI, right ventricular stroke work index; SBP, systolic blood
pressure; TR, tricuspid valve regurgitation.
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AV opening AV opening
Parameters (+) (n=18) () (n=34) P-value
Group X Group Y+Z
Postoperative hemodynamics
Heart rate (beats/min) ‘8419 . 82+10 0587
mPAP (mmHg) 18+7 16+5 0.364
PCWP (mmHg) 96 84 0695
Cardiac index (L-min-'.-m-2) 2.5+0.6 2.610.6 0.694
mMRAP (mmHg) B#6 o 7#4 . 0458
RVSWI (g/m?) 4121 3.9:1.9 0.738
Pulse pressure (mmHg) 24s8 57 ' ©.0.003"
SBP (mmHg) 9316 8916 0.042*
DBP (mmHg) 6017 o739 0078
Estimated VAD flow (L/min) 4.1+1.3 3.5+0.8 0.097
Height of outflow cannula (cm) 22403 28563 035
Carvedilol at 6 months (mg/day) 14.2+5.5 15.6+13.7 0.600
~ Enalapril at 6 months (mg/day) 21220 1618 0323
Postoperative echocardiography
LvDd (mm) ‘  67:13  e3:16 0378
%change in LVDd (%) -11212 -15217 0.303
LVEF (%) f 28414 77 0012
%change in LVEF (%) 34+83 2x47 0.138
MR (grade) 0.6£0.7. 06:09 0984
TR (grade) 0.6+0.6 1.1£0.9 0.067
~ Valsalva sinus diameter (mm) 20:3 314 0253
%change in Valsalva sinus diameter (%) -13 8+7 0.001*
AV ting diameter (mm) 202 2182 0225
%change in AV ring diameter (%) =25 619 0.002*

Data given as mean+SD. *P<0.05 {(unpaired t-test or Mann-Whitney test). LVAD, LV assist device; VAD, ventricular

assist device. Other abbreviations as in Table 2.

tients (13%) underwent heart transplant during the study period.

AV condition and clinical course during the study period
among the 4 devices (EVAHEART, DuraHeart, HeartMate II,
and Jarvik 2000) are summarized in Table 6.

Discussion

All patients who achieved native AV opening were free from
Al development during 6 months of CF LVAD support. On
logistic regression analysis preoperative shorter HF duration
was associated with AV opening accompanied by improved
LVEF during LVAD support. Among those with continuous
AV closure, more patients with axial LVAD had Al along
with less pulsatility, and aortic root remodeling. Patients with
Al had worse clinical course than those without AL

Definition of Al During LVAD Support

We considered that Al >grade 2 was hemodynamically sig-
nificant, because Al after LVAD implantation was typically
continuous throughout the cardiac cycle and the regurgitant
fraction was approximately twice as much as that in the pa-
tients without VAD support.t2 Patients with preoperative Al
>grade 2 received concomitant AV replacement at the time of
LVAD implantation, and such patients were excluded from
this study. As a result, all Al during LVAD support were de
novo. Considering that all Al accompanied continuous AV
closure in the present study (Table 1), Al was analyzed in a
stepwise manner, that is, continuous AV closure at first, and

then the development of Al

We evaluated Al at 6 months after LVAD implantation,
which was relatively earlier than the observation periods used
in other studies.®!1214 We chose 6 months for evaluation of
endpoints because death or explantation of LVAD occurred in
some patients soon after 6 months. Moreover, no significant
Al was newly developed after the first 6 months of LVAD
implantation in the present study. Although Al is a progressive
phenomenon, its onset may be determined within the first 6
months after LVAD implantation with closed native AV.

Prevalence of Al and Optimization of Rotation Speed
Although the prevalence of Al varied in each report, probably
because of variation in definition, timing of evaluation, device
type, patient background, or perioperative management, most
authors reported an Al prevalence of 20-50% within the first
year.831L1224 Jorde et al argued that optimization of rotation
speed as low as possible so as to accomplish native AV open-
ing eventually repressed development of AL$ We here defined
native AV opening at <30% of the native heart rate as “remain-
ing closed”, because Slaughter et al noted that AV opening at
least once per 3 native heart beats may be sufficient to avoid
development of AL We carried out such optimization in all
patients during scheduled hemodynamic examination and se-
rial transthoracic echocardiography, but still observed a prev-
alence of Al of 33% within 6 months. Lowering rotation speed
down to the level of native AV opening sometimes limited
maintenance of sufficient cardiac output. Because there has
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Cumulative dose of AC 1 (g) ' 13:;23 ‘
Device selection and valve plasty

RVSWI (@) ‘ 7.713.
Echogardiographic parameters

LVEF (%) 1646
 AR(grade) -
MR (grade)
‘TR (grade) e
Valsatva sinus dlameter (mm) 29+3

Laboratory pargmeters

been no comprehensive solution for Al optimal patient/device
selection is required in order to prevent AL

Continuous AV Closure as a Premise for Al
On early histological examination, continuous AV closure was
associated with commissural fusion of native AV, which re-
sulted in the development of ALY Al developed consistently
_only in patients with continuous AV closure (groups Y+Z;
Fable 1). Therefore, the first step to prevent Al would be to
open-native AV during LVAD support.
Opening of native AV is determined by the pressure gradi-
ent between the LV and aortic root during the systolic phase.!3
Elevated pressure in the aortic root due to'VAD outflow causes

Continuous AV closure (n=34)
Preoperative parameters Al (+) (n=11) Al (-) (n=23) Univariate analyses
Group Y Group Z P-value OR 95% Cl

Data given as meanz SD or n.(%). *P<0.05 (logistic regression). Abbreviations as in Tables 1,2.

0.413 1.018

20+10 0.124 0.916

28+3 0.608 . 1.066

0. 924—1 372

0.39-1.813

the native AV to remain closed, especially under decreased
LV systolic function. Therefore, recovery of LV systolic func-
tion is essential for the opening of native AV, especially under
already optimized VAD flow with Jower rotation speed. After
LVAD implantation, those with native: AV opening had high-
er pulse pressure. Such a pressure gradient would be largely
dependent on improved LVEF due to the aforementioned LV
reverse remodeling under LVAD support.

Considering the eariy studies, patients: with non-ischemic
etiology, less fibrosis in myocardium, less dilated LV cavity
with shorter HF duration indicating less remodeling, can expect
LV reverse remodeling under LVAD support.'*-?! Preopera-
tive shorter HF duration was consistently a significant predic-
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Continuous AV closure {n=34)

Parameters

Al (+) (n=11)

Al (-} (n=23)

Cardxac md x (L mm-f m-2) k
mRAP (mmHg)
RVSW! (g/m2)

Enatapnl at 6 months (mg/day)
Postoperative echocardlography

Aorta and AV
Valsalva sinus diameter (mm}
%change in Valsalva sinus diameter (%)
AV ring diameter (mm)
%change in AV ring diameter (%)
Height of outflow cannula {cm)

Group Y Group Z P-value
Postoperative hemodynamics
 Heart rate (beats/min) 82:10 - g2si0
mPAP (mmHg)

7628 7319
33106
1642143
1.2+1.5

32x3 304 0.096
1349 65 0.021*
2122 20+2 0.087

9+8 5+7 0.048"
22+3 23+3 0.297

Data given as mean=+S8D. *P<0.05 (unpaired t-test or Mann-Whitney test). Abbreviations as in Tables 1,2.

tor of native AV opening during LVAD support in this study.

Shorter HF duration may be associated with less remodeled -

LV as well as less preoperative exposure to medical therapy,
especially to S-blockers.?? Therefore, those with shorter HF
duration may have a greater likelihood of achieving LV reverse
remodeling accompanied by native AV opening due to increased
LVEF under hemodynamic unloading on LVAD support and
postoperative sufficient medical therapy. Other preoperative
predictors of LV reverse remodeling may be found in future
studies.

Al During Continuous AV Closure

In patients with continuous AV closure, Al developed in 33%
(group Y), whereas the remaining 67% did not have Al (group
Z). Al occurred more frequently during axial LVAD support
than centrifugal support.

Pulsatility was more reduced during axial LVAD support
than during centrifugal support, as noted in other studies.?3-*
Turbulence, which increases wall shear stress and the retro-
grade pressure in the aortic root, develops during LVAD sup-
port.72¢ Degenerative remodeling of aortic root accompanied
by thinning of aortic wall emerges, especially under reduced
pulsatility due to apoptosis of smooth muscle cells and frag-
mentation of elastic fibers.?” Remodeling of aortic root appears
to be associated with higher prevalence of Al as well as de-
generation of native AV.¥ We consistently observed that pa-

tients on axial LVAD support had more enlarged aortic root
than those with centrifugal support. There were no differences
in postoperative LVEF between patients with axial pump and
those with centrifugal pump (Table S2). Among those with
continuous AV closure, lower pulse pressure might be largely
attributable to the use of axial pump.

In other words, pulsatility was relatively preserved during
centrifugal LVAD support than axial support. Preserved pul-
satility may not only prevent remodeling of aortic root but also
reduce diastolic systemic pressure, as shown in the present
study, which may reduce diastolic phase retrograde regurgita-
tion through native AV."? An early study in which a lower

. prevalence of Al was observed during pulsatile LVAD sup-
port than CF support, also supported the hypothesis.!?

Poor Prognosis in Patients With Al

Toda et al noted worse survival in patients with AT during
mainly extracorporeal LVAD support.” AT may contribute to
poor survival during extracorporeal VAD support, because Al
impairs systemic perfusion and worsens congestion, probably
due to the low flow nature of extracorporeal VAD. In contrast,
in early studies using mainly CF LVAD,!1:38 there were no
differences in 2-year survival regardless of Al, as observed in
the present study. Systemic perfusion may not be decreased
even if Al occurs in CF LVAD support. Consistently, we did
not observe any differences in hemodynamic parameters be-
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Risk Analyses for AI During LVAD Support

30 -
g
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B. (N=41)  (N=11)
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£ 400 § *
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S
Z 200
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O .
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(N=41)  (N=11)

insufficiency (Al). *P<0.05 (unpaired t-test).

Figure. (A) Peak oxygen consumption (PVQOz2) and (B) 6-min walk distance (6MWD) at 6 months after left ventricular assist device
(LVAD) implantation, and (C) readmission-free rate and (D) survival during 2-year LVAD support among those with/without aortic

o

Al (-) (N=41)

: 92%
2
§ 0.8
T o0
8 45%
w . p-
£ o1 Al (+) (N=11)
o
g 0.2+
& .| P<0.001* by log-rank test

0 200 400 600

o

Days
o —ALL) (N=41)

osi Al (+) (N=11) L84%

0.61

0.4

Survival

0.2
P=0.856 by log-rank test
200 400 600
Days

0.0

T

k Centrifugal pump (n=38)

Axial pump (n=14)

EVAHEART (n=24)

DuraHeart (n=14)

‘Aortic valve
AV opening - < et Ciee) 6(43) 109 .. 0
Al 3(13) 3(21) 5 (45) 2 (67)
Clinical course . .
PVO2 (ml- min-1-kg-1) 14.3:36 “13.1+3.0 13.0+4.6 9.9+2.0
MWD (m) , 404+78 388446 361+104 314244
Re-admission rate (%) o adn 17 4 (36) 2 (67)

HeartMate Il (n=11) Jarvik 2000 (n=3)

Data given as mean=SD or n (%). PVO2, peak oxygen consumption; 8MWD, 6-min walk distance. Other abbreviations as in Table 1.

tween patients with and without AI (Table §).

Patients with Al, however, had decreased exercise capacity
compared to those without AL Although hemodynamics were
not different with regard to Al at rest condition, AT may be
worsened during exercise with increased afterload. Patients
with Al had higher readmission rate due to cardiovascular
events such as cerebral thrombosis, ventricular tachyarrhyth-
mia, or congestive HF. Turbulence in ascending aorta due to
Al along with continuous AV closure may increase unstable
thrombus formation. Increased workload on the LV due to trans-
aortic regurgitation may trigger ventricular tachyarrhythmia.

Study Limitations

First, data were analyzed in a retrospective manner at a single
center, and the sample size was small. The present results should
be tested in a prospective manner by randomizing device type
in a larger subject group. Second, LVAD were selected by the
attending physicians, and selection bias existed. There was no
statistical differences, however, in patient background between
axial and centrifugal LVAD except for gender and Valsalva
sinus diameter. Third, optimization of rotation speed and pre/
postoperative sufficient titration of S-blocker treatment were
carried out in all patients. The present results would not apply
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in situations in which these procedures were not carried out.
And fourth, we did not perform AV plasty or replacement to
manage developed Al after LVAD implantation. Whether such
procedures improve prognosis is a subject for future study.

Conclusions

Native AV opening during LVAD support is profoundly asso-
ciated with reversal of LV systolic function, especially in pa-
tients with preoperative shorter HF duration. Among those in
whom the native AV remains closed, the low pulsatility nature
of axial flow pump may facilitate aortic root remodeling and
post-LVAD Al development, resulting in poor quality of life.
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Abstract Although the suppression of sympathetic
activity is an essential mission for the current heart failure
treatment strategy, little is known about the relationship
between the rotation speed setting and autonomic nervous
activity during continuous-flow left ventricular assist
device (LVAD) treatment. We evaluated 23 adult patients
with sinus rhythm (36 =4 13 years) who had received
continuous-flow LVAD and been followed at our institute
between March 2013 and August 2014. Heart rate vari-
ability measurement was executed along with hemody-
namic study at 3 rotation speeds (low, middle, and high) at
5 weeks after LVAD implantation. Lower rotation speed
was associated with higher ratio of low-frequency over
high-frequency spectral level (LF/HF), representing
enhanced sympathetic activation (p < 0.05 by repeated
analyses of variance). Among hemodynamic parameters,
cardiac index was exclusively associated with LFyy = LF/
(LF + HF), representing relative sympathetic activity over
parasympathetic one (p < 0.05). After 6 months LVAD
support at middle rotation speed, 19 patients with higher
LExu eventually had higher plasma levels of B-type
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natriuretic peptide and achieved less LV reverse remodel-
ing. A logistic regression analysis demonstrated that lower
LFyy was significantly associated with improvement of LV
reverse remodeling (p = 0.021, odds ratio 0.903) with a
cut-off level of 55 % calculated by the ROC analysis (AUC
0.869). In conclusion, autonomic activity can vary in var-
ious rotation speeds. Patients with higher LFyy may better
be controlled at higher rotation speed with the view point to
suppress  sympathetic activity and achieve LV reverse
remodeling.

Keywords Heart failure - Autonomic nerve - Heart rate
variability - Reverse remodeling

Introduction

Sympathetic activation is one of the major neurohormonal
changes seen in patients with heart failure (HF), and
inappropriately elevated sympathetic stimulation has a
primary role in the deterioration of failing heart through
multiple mechanisms: transduction abnormalities of the
B-adrenergic signal, induction of tachyarrhythmias, acti-
vation of renin—angiotensin—aldosterone system, facilita-
tion of myocardial remodeling, and acceleration of
myocardial cell death [1, 2]. Considering the above
mechanisms, B-blockers have been established as an
essential tool for the standard regimen for the treatment of
HF or even the prevention of HF development owing to its
sympatholytic effect [3, 4].

Ventricular assist device (VAD) is a powerful thera-
peutic tool in patients with stage D HF by unloading left
ventricle and ameliorating end-organ hypoperfusion, and
has also been demonstrated to improve cardiac autonomic
innervation [5]. Although adjustment of rotation speed in
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consideration of various clinical aspects is essential for
patients’ management during VAD support [6], the rela-
tionship between rotation speed and sympathetic nerve
activity remains unknown. Therefore, we here tried to
clarify the effect of rotation speed for sympathetic nerve
system and discussed how to find the optimal rotation
speed especially on the view point of autonomic nerve
activity.

Methods
Patients selection

We retrospectively enrolled 23 adult patients with stage D
HF who had received continuous-flow LVADs (EVA-
HEART, 5; DuraHeart, 5; Jarvik 2000, 2; HeartMate 1II, 10;
HeartWare, 1) and been followed at the University of
Tokyo Hospital between Mar 2013 and Aug 2014. All
patients gave written informed consent and were listed for
heart transplantation before LVAD implantation. All
patients had sinus rhythm. No patient received concomitant
right VAD implantation. No complications such as sys-
temic/device infection, retention of pleural effusion, stroke,
or significant electrolyte imbalance occurred. Rotation
speed was adjusted considering patients’ hemodynamics
and transthoracic echocardiographic information such as
interventricular shift and opening of aortic valve. Doses of
B-blocker, angiotensin converting enzyme inhibitor
(ACEI), and aldosterone antagonist were titrated consid-
ering patients’ hemodynamics before and after the opera-
tion. The study protocol was approved by the Ethics
Committee of Graduate School of Medicine, the University
of Tokyo [application number 779 (1)].

Evaluated baseline characteristics

Patients’ demographic, laboratory, and echocardiographic
data were obtained at 5 weeks after LVAD implantation as
baseline characteristics. LV ejection fraction (LVEF) was
calculated by the biplane Simpson methods on transtho-
racic echocardiography. The doses of anti-HF medications
were evaluated as following: to compare different types of
B-blocker, the dose of bisoprolol was normalized to
approximately equivalent dose of carvedilol [7]. In the
same manner, the doses of ACEI were normalized to
approximately equivalent dose of enalapril [8].

Hemodynamic study at 5 weeks after LVAD
implantation

All patients underwent hemodynamic study along with
transthoracic echocardiography at 5 weeks after LVAD

@ Springer

implantation, and 3 rotation speeds (low, middle, and high
rotation speeds) were tested. Considering patients’ hemo-
dynamics and echocardiographic parameters, “low rotation
speed” was defined by decreasing rotation speed as low as
possible. “High rotation speed” was defined by increasing
rotation speed as high as possible in the same manner.
“Middle rotation speed” was defined as median value
between low and high rotation speed. Of them, plasma
catecholamine levels were measured at each rotation speed
after 5-min rest without any stimulation in 11 patients.

Heart rate variability (HRV) spectral analysis
at 5 weeks after LVAD implantation

HRV parameters were measured at each rotation speed just
before the above-described hemodynamic study. All HRV
parameters were measured for 2 min at 9:00-12:00 am
after 15-min rest at the supine position under fixed 0.25 Hz
of respiratory rate along with fasting condition [9]. All
patients had sinus rhythm without any mechanical pacing
support. Electrocardiographic signals from bipolar leads
attached at patients’ precordium were transformed to dig-
ital ones to calculate the R-R intervals at a sampling rate of
512 Hz. Power spectral analysis of HRV was performed by
the MemCalc power spectral density method (MemCalc/
Win, Suwa Trust) that used the maximum entropy method
for spectral analysis and the nonlinear least-squares method
for fitting analysis [10]. The low-frequency (LF) compo-
nent was defined as 0.04-0.15 Hz, and the high-frequency
(HF) component was defined as 0.15-0.40 Hz. The HF
power denotes the parasympathetic activity, whereas the
ratio of LF over HF component (LF/HF) represents sym-
pathetic activity [9]. To evaluate proportional sympathetic
activity over parasympathetic one, normalized unit (NU)
was calculated by the following formula: LFyy = LF/
(LF + HF) [11].

Variables evaluated at 6 months after LVAD
implantation as midterm outcome

Of all, 19 patients were followed >6 months after LVAD
implantation. Echocardiography was executed along with
measurement of plasma B-type natriuretic peptide (P-
BNP) concentration at 6 months after the operation, and
the midterm endpoint was defined as meeting all 3 fol-
lowing variables: (1) any decreases in P-BNP; (2) any
decreases in LV diastolic diameter (LVDd); and (3) any
increases in LV ejection fraction (LVEF) compared with
those of baseline. The equivalent doses of anti-HF medi-
cations were also evaluated as described above. Rotation
speed was maintained at the middle rotation speed during
the study period considering hemodynamic and echocar-
diographic results.
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Table 1 Bascline characteristics  at 5 weeks after LVAD
implantation

N=23
Demographic parameters
Age, years 36+ 13
Male, n (%) 19 (83)
Body height, cm 167 & 10
BMI 20.7 & 3.4
Heart rate, bpm 75 4 15
sBP, mmHg 94 + 8
Medications
B-blocker, mg 16x17
ACEI, mg 1.0+ 1.6
Aldosterone antagonist, mg 33+ 18
Laboratory parameters
Hemoglobin, g/dL 10.6 & 1.5
Platelets, x 10*/uL 279 + 8.5
Serum albumin, mg/dL 35405
Serum sodium, mEg/L. 141 £ 2
Serum potassium, mEg/L 42406
Serum BUN, mg/dL 12 & 4
Serum creatinine, mg/dL 0.8 4 0.3
Serum total bilirubin, mg/dL 0.8 + 04
Plasma BNP, pg/mL 268 + 202
Echocardiographic parameters
LVDd, mm 61 £ 10
LVEF, % 16+9

BMi body mass index, sBP systolic blood pressure, ACEI angiotensin
converting enzyme inhibitor, BUN blood urea nitrogen, BNP B-type
natriuretic peptide, LVDd left ventricular diastolic diameter, LVEF
left ventricular ejection fraction

Statistical analysis

All statistical analyses were performed by using PASW
Statistics 18 (SPSS Inc, Chicago, IL, USA). We showed
categorical variables as frequencies and percentages, and
compared using Chi-square test or Fisher’s exact test as
appropriate. We also represented continuous variables as
mean =+ standard deviation unless otherwise specified, and
compared using unpaired ¢ test or Mann-Whitney U test as
appropriate. Each HRV parameter was compared with that
of low rotation speed by ad hoc Dunnett’s test when
repeated analysis of variance was approved significance.
We adopted the Pearson’s product-moment correlation
coefficients to analyze the relationship between LFyy and
hemodynamic parameters or LFyy and midterm clinical
parameters. A logistic regression analysis and a receiver
operating curve analysis were performed to analyze the
relationship between LFyy and improvement of parameters
indicating LV reverse remodeling. Time courses of 3
parameters associated with LV reverse remodeling were

stratified by LFyy and compared between 5 weeks and
6 months by paired ¢ test. All hypothesis tests reported
were two-tailed, and used a p value <0.05 as significant.

Results
Patients background (Table 1)

In the present study, 23 adult patients (36 == 13 years and
83 % male) were enrolled. There were no patients with
end-organ dysfunction or severe valve disease during the
study period.

Hemodynamic and HRV parameters at each rotation
speed (Fig. 1)

Systolic blood pressure and mean right atrial pressure
remained unchanged regardless of any rotation speeds.
Lower cardiac index (CI) and higher pulmonary capillary
wedge pressure were associated with lower rotation speed
(Fig. la~d). Lower HF levels were observed at lower
rotation speed. LF/HF ratio and LFyy, both representing
sympathetic nerve activity, were higher at lower rotation
speed (Fig. le-h).

Serum catecholamine levels at each rotation speed
(Fig. 2)

All 3 plasma catecholamine (noradrenaline, adrenaline, and
dopamine) levels were significantly increased at lower
rotation speed in 11 patients (p < 0.05) (Table 2).

HRV and hemodynamic parameters (Table 3)

Among hemodynamic parameters at all 3 rotation speed
(N = 69), only CI was significantly associated with LFny
(p = 0.001 and r = —0.381).

HRYV and midterm clinical parameters (6 months
observation)

Of all 23 patients, 19 were treated with LVAD at fixed
middle rotation speed adjusted considering hemodynamic
and echocardiographic results for >6 months. The midterm
endpoint, i.e., improvement of all 3 parameters associated
with LV reverse remodeling, were eventually achieved in 6
recipients during the study period. A logistic regression
analysis demonstrated that lower LFyy level was signifi-
cantly associated with achievement of improved LV
reverse remodeling (p = 0.021, odds ratio 0.903). A
receiver operating characteristic analysis showed the cut-
off point of LFyuy was 55 % for achievement of the
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Fig. 1 Hemodynamic (a-d) and HRV parameters (e-h) at each
rotation speed. sBP systolic blood pressure, CI cardiac index, mRAP
mean right atrial pressure, PCWP pulmonary capillary wedge
pressure, HR heart rate, HF high frequency, LF/HF ratio of low-

Fig. 2 Plasma catecholamine
levels at each rotation speed.
*p < 0.05 by Dunnett’s test
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midterm endpoint (area under the curve, 0.869; sensitivity,
0.714; specificity, 0.917). The cut-off level significantly
stratified time course of 3 parameters indicating improve-
ment of LV reverse remodeling during the study period
(p < 0.05 for all) (Fig. 3). Patients’ background stratified
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Low Middle High Low Middle High
frequency over high-frequency power, LFyy, normalized unit of LF
calculated by the formula: LF/(LF + HF). *p < 0.05 by Dunnett’s
test compared with that of low rotation speed when repeated analyses
of variance approved significance

B Adrenaline C Dopamine

{pg/mL) (pg/mL})
100 - 16 -
80 -
12
60 |
40 |
4
20 4
0 0

Low Middle High Low Middle High

by LFnu 55 % was shown in Table 4. Higher HR, P-BNP,
and lower LVEF were observed in patients with LFyy
>55 %, i.e., higher sympathetic activity group, although
not statistically significant. There were no differences
between doses of anti-HF agents regardless of LFyy levels.
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Table 2 Rotation speeds in each devices

Rotation speed (rpm)

Low Middle High
Devices
EVAHEART (N = 5) 1590 £ 55 1830 £ 45 2040 £ 55
DuraHeart (N = 5) 1410 4 55 1750 + 50 1980 -+ 84
HeartMate II (N = 10) 8020 £ 92 8620 £92 9110+ 74
Jarvik 2000 (V = 2) 8000 9000 10000
HeartWare (N = 1) 1800 2000 2300

Table 3 Correlation between LFyy and hemodynamic parameters at
5 weeks after LVAD implantation

vs. LFyu N = 69 p value & value
sBP, mmHg 94 & § 0.867 0.037
CI, L/min/m* 2.7+ 0.5 0.001* ~0.381
mRAP, mmHg 8§43 0.856 0.028
mPAP, mmHg I8 +5 0.796 0.040
PCWP, mmHg 9+6 0.084 0271

CI cardiac index, mRAP mean right atrial pressure, mPAP mean
pulmonary artery pressure, PCWP pulmonary capillary wedge
pressure

# p < 0.05 by the Pearson’s product-moment correlation coefficients

Discussion

By using HRV spectral analyses, we demonstrated here
that autonomic nerve activity was varied at each rotation
speed during LVAD support, and higher LF/HF and LFyy
levels, indicating sympathetic nerve activation were asso-
ciated with lower rotation speed accompanied by lower CIL.
Sympathetic activation was also validated by elevated

catecholamine concentration at lower rotation speed.
Patients with LFxyy >55 % had higher P-BNP level and
achieved less LV reverse remodeling during midterm
LVAD support.

Lower rotation speed and sympathetic activation

Although there have been no studies discussing the
relationship between rotation speed and autonomic
activity during LVAD support, we demonstrated for the
first time that lower rotation speed was significantly
associated with sympathetic nerve activation. Sympa-
thetic activation was defined as higher LF/HF level or
LFyy calculated by the HRV analyses [12]. We use the
power spectral analyses of HRV, which is an established
non-invasive method to assess autonomic cardiac modu-
lation and provides information on both sympathetic and
parasympathetic activity of the sinus node [9]. The
activated sympathetic tone was validated by the elevated
plasma catecholamine concentration at lower rotation
speed (Fig. 2) [13].

The lower rotation speed was associated with lower CI
due to decreased LVAD flow (Fig. 1b), and lower CI was
significantly associated with higher LFyy level among
hemodynamic parameters (Table 3). Neither congestion
nor elevated cardiac pressure seemed to be a trigger for
sympathetic activation. The results were consistent with the
previous authors’ reports: significantly decreased cardiac
output stimulates baroreceptor and activates sympathetic
tone, which results in venous constriction to increase
venous return, increased cardiac contractility and heart
rate, arterial constriction to elevate vascular resistance, and
activation of renin-angiotensin—aldosterone system or
arginine—vasopressin system [ 14-16].

Fig. 3 Timf:: course of three A P-BNP B LvDd C LVEF
parameters indicating LV
reverse remodeling stratified by (pg/mL) (mm) (%)
the cut-off level of LFyy; during 500 - 90 1 30 o
the study period. *p < 0.05 by LFyy S55%
the paired r test 25 - (N=6)
1 LRy >55% I
NU /0 *
(N=13) LFyy >557% 20 /
300 - —_— 70 - (Nz13)
* 15 F/’
|
200 - | 60 - 9
I * 10 - L ';}J 2535/0
100 - N s | LFnyS55% (N=13)
LFNU <55 (] (st) 5 4
{N=6) .
0 40
Swk 6Mo 5wk 6Mo 5wk 6Mo
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Table 4 Bascline parameters stratified by the cut-off level of LFNU

LFwuy <55 % LFyny >55 % p value
(N=06) N=13)
Demographic parameters
Body height, cm 165 =9 167 £ 10 0.534
BMI 194 =29 207 £ 34 0.287
Heart rate, bpm 73 £ 13 77 + 15 0.094
sBP, mmHg 95 £ 7 93+ 6 0.534
Medications
B-blocker, mg 15+6 17+7 0.708
ACEIL mg [0£14 1.0+13 0.660
Aldosterone antagonist, mg 32 £ I3 34 4+ 17 0.834
Laboratory parameters
Hemoglobin, g/dL 105 £ 1.5 11.0£ 13 0.484
Platelets, x 10°/uL 28 £ 8 287 0.935
Serum sodium, mEqg/L. 140 £ 3 140 £ 2 0.817
Serum potassium, mEg/L 42 +03 4.1 +05 0.906
Serum BUN, mg/dL 10 £3 1 +3 0.272
Serum creatinine, mg/dL 0.7 £ 0.1 08 =04 0.518
Serum total bilirubin, 1.0 £ 0.5 0802 0324
mg/dL
Plasma BNP, pg/mL 234 +74 294 £ 185  0.087
Hemadynamic parameters
CI, L/min/m? 2.7 +07 26+ 04 0.738
mRAP, mmHg 8=£3 7+3 0.384
mPAP, mmHg 17 £5 16+5 0.814
PCWP, mmHg 8§£3 945 0.569
Echocardiographic parameters
LVDd, mm 60 = 10 62 £ 11 0.729
LVEF, % 18+9 12+7 0.068

BMI body mass index, sBP systolic blood pressure, ACEI angiotensin
converting enzyme inhibitor, BUN blood urea nitrogen, BNP B-type
natriuretic peptide, LVDd left ventricular diastolic diameter, LVEF
left ventricular cjection fraction

Sympathetic activation and adverse clinical course
during LVAD support

This mechanism has emerged in the course of human
evolution to maintain hemodynamic homeostasis, but is
often affected adversely by inappropriately activated
sympathetic tone in patients with HF especially during
chronic phase [2]. In patients with chronic HF, inappro-
priate sympathetic activation induces transduction abnor-
malities of the B-adrenergic signal that results in reduced
maximal functional capacity and myocardial protection
from adrenergic stimulation [17], permits LV remodeling
and accelerated myocardium death [18], encourages fatal
ventricular tachyarthythmias [19]. These mechanisms
again stimulate sympathetic activity, and then the vicious
cycle emerges in patients with chronic HF. Considering the
above ctiology, there is now a well-established evidence,
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derived from many large-scale clinical randomized control
studies [3, 4], that long-term [-blocker treatment in
patients with HF substantially improves their LV function,
clinical condition, and prognosis by suppressing the vicious
cycle.

Doses of B-blocker were well titrated in all patients
during LVAD support. Although there was no correlation
between LFyy level and dose of B-blockers, higher LFyy
level (>55 %) at the maintenance rotation speed was
significantly associated with midterm adverse outcome on
the view point of LV reverse remodeling: higher P-BNP
level, less decreases in LVDd, and less increases in
LVEF compared with those of baseline (Fig. 3). Residual
inappropriate sympathetic activity due to accordingly
lower rotation speed might have progressed HF regard-
less of sufficient B-blocker treatment during LVAD
support.

Optimal rotation speed setting considering autonomic
activity

How should we optimize the rotation speed during LVAD
support? Generally, lower rotation speed is recommended
because ventricular tachyarrhythmia or aortic insufficiency
sometimes develops at higher rotation speed [6]. To
achieve optimal rotation speed, routine hemodynamic and
echocardiographic studies are strongly recommended as we
already did in all patients [6, 20]. We decided the main-
tenance rotation speed at the median value between lowest
and highest rotation speed tested during the hemodynamic
study.

However, we demonstrated that patients with LFyy
>55 % at the maintenance rotation speed, i.e., middle
rotation speed, could not achieve improvement of LV
reverse remodeling. Relative activation of sympathetic
tone appeared to be associated with worse clinical course
during LVAD support. Since we adjusted rotation speed at
the middle one in consideration of hemodynamics, the
hemodynamic parameters at the maintenance speed were
comparable between patients with higher LFyy and those
with lower LFyy (Table 4). Higher rotation speed may be
recommended in such patients with higher LFyy to achieve
optimal LV unloading. Therefore, HRV analyses may be
an additional novel tool to optimize rotation speed espe-
cially in the view point of autonomic activation during
LVAD treatment.

Limitations

1. Since the present study was performed at a single
center among a small size sample in a retrospective
manner, statistical power may not be strong. Prospec-
tive study discussing the long-term result under
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optimized rotation speed considering the results of
HRV analyses would be a future concern.

We analyzed the relationship between rotation speed
and autonomic nerve activity only at rest condition,
Analyses during exercise may approach daily
condition.

We evaluated short-term HRV parameters at each
rotation speed. Whether the observed trend of HRV
parameters remains for longer period would be a future
concern.,

We evaluated only patients with sinus rhythm. HRV
analyses cannot be adopted in patients with atrial
fibrillation or pacing rhythm in general.

Conclusion

Autonomic activation can vary at various rotation speeds
during LVAD support, HRV analyses may be an additional
novel tool to optimize rotation speed considering auto-
nomic nerve activity.

Conflict of interest None.
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Recipients With Shorter Cardiopulmonary Bypass Time Achieve
Improvement of Parasympathetic Reinnervation Within 6
Months After Heart Transplantation

Teruhiko IMamura,' MD, Koichiro Kinuawa.” MD, Takeo FurNo,' MD, Toshiro INaBa,' MD,
Hisataka Mak1,' MD, Masaru Hatano,’ MD, Osamu KiNosHITA,” MD,
3 . 2, . :
Kan Nawata,’ MD, Shunei Kvo,” MD, and Minoru Ono,” MD

SUMMARY

Although cross-sectional late-phase reinnervation in heart transplantation (HTx) recipients has been demonstrated
by several earlier studies, early-phase successive analyses especially for parasympathetic reinnervation remain unknown.
Successive heart rate variability (HRV) data calculated by the MemCalc power spectral density method were obtained
from 16 non-rejection recipients 1-24 weeks after HTx. High frequency (HF) level representing parasympathetic magni-
tude increased significantly at 6 months after HTx (from 0.9 = 0.7 to 4.1 = 2.8 ms™). Only intraoperative shorter cardiop-
ulmonary bypass time (181 £ 59 minutes) correlated with a higher level of HF at post-HTx 6 months among all baseline
variables (r = -0.530"). Higher level of HF was associated with recovery of tachycardia at post-HTx 6 months (r =
-0.514"). In conclusion, parasympathetic reinnervation emerges along with recovery of tachycardia < 6 months after
HTx, which is accelerated by shorter intraoperative cardiopulmonary bypass time ( P < 0.05 for all). (Int Heart J 2014;

55: 440-444)

Key words: Sympathetic, Heart rate variability, Memcalc, Donor

patients with stage D heart failure because the deteri-

orated heart of the recipient is completely replaced
with a healthy donor heart. However, complete allograft dener-
vation occurs during the operation,” which results in adverse
clinical effects including higher heart rates (HR) at rest, slow
acceleration of HR during exercise, decreased exercise tolera-
bility, and absence of angina at coronary ischemia.” Recent
clinical and experimental studies have provided evidence of
progressive partial sympathetic reinnervation during several
years after HTx through HR variability (HRV) analyses, posi-
tron emission tomography imaging with the catecholamine an-
alogue C-11 hydroxyephedrine, or hormonal measure-
mcn"}}lfz}

However, most studies were executed by cross-sectional
observation at several years after HTx, while fewer studies
were conducted successively within postoperative 1 year.
Morcover, little has been investigated about parasympathetic
reinnervation. We here analyzed successive HRV parameters
1-24 weeks after HTx to investigate postoperative early-stage
parasympathetic reinnervation.

l l eart transplantation (HTX) is the ultimate treatment for

METHODS

Patients selection: Sixteen recipients who had received HTx
and been followed > 6 months without acute rejection or heart
failure at the University of Tokyo Hospital between Aprif 2013
and March 2014 were retrospectively enrolled in the present
study (early-stage group). All recipients had been treated with
a ventricular assist device (VAD) before HTx, and had under-
gone a standard HTx procedure with a modified bicaval anas-
tomosis technique.'” Rejection was monitored by serial en-
domyocardial biopsy and hemodynamic studies every 1 week
until 1 month, every 2 weeks until 3 months, and then every
month until 6 months. All candidates had sinus rhythm during
the study period. Written informed consent was obtained be-
fore the study enrollment from the patients and/or their family
members in all cases. The study protocol was approved by the
Ethics Committee of the Graduate School of Medicine, the
University of Tokyo [application number 779 (1)].

Immunesuppressant protocol: All recipients were treated with
standard triple immunosuppressant therapy including
carcineurin inhibitors (cyclosporine or tacrolimus), mycophe-
nolate mophetil, and low dose prednisolone as we previously
described."'? The target trough concentration of cyclosporine
was 300-400 ng/mL. during the first 3 months, and then re-
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duced to 250-300 ng/mL until 6 months. The trough level of
tacrolimus was maintained at 10-15 ng/mL during the first 3
months, and about 10 ng/mL thereafter. Mycophenolate mo-
phetil was initiated within the first 3 days and maintained at a
dose of 1500-2000 mg/day. Prednisolone was administered at
1 mg/kg initially, and then tapered off gradually until the first
year if possible.

Variables evaluated: Demographic data before HTx such as
VAD selection or duration of VAD therapy were obtained.
Perioperative and donor data such as ischemic time of donor
heart and donor age were also obtained. Laboratory, echocar-
diographic, and hemodynamic data at 1 week (baseline) and 6
months after HTx were obtained.

HRY spectral analysis; Mean HR and HRV were measured
for 5 minutes at 9:00-12:00 AM after 15 minutes of rest in the
supine position under fixed 0.25 Hz of respiratory rate along
with fasting every 1 week until 1 month, every 2 weeks until 3
months, and every month until 6 months after HTx. Electro-
cardiographic signals from bipolar leads were transformed to
digital signals to calculate the R-R intervals at a sampling rate
of 512 Hz. Power spectral analysis of HRV was performed by
the MemCalc power spectral density method using a commer-
cial software package (MemCale/Win, Suwa Trust) that used
the maximum entropy method for spectral analysis and the
nonlinear least-squares method for fitting analysis."” Low fre-
quency (LF) was defined as 0.04 to 0.15 Hz, and high frequen-
cy (HF) as 0.15 to 0.40 Hz. The HF power denotes solely the
parasympathetic activity, whereas the LF/HF power represents
sympathetic activity.

Statistical analysis: All statistical analyses were performed us-
ing PASW Statistics 18 (SPSS Inc, Chicago, IL, USA). Cate-
gorical variables were summarized as frequencies and percent-
ages, and compared using the Chi-square test or Fisher’s exact
test as appropriate. Continuous variables are presented as the
mean + standard deviation unless otherwise specified, and
compared using the unpaired -test or Mann-Whitney test as
appropriate. Pearson’s product-moment correlation coefficients
were calculated to assess the relationship between HF values at
24 weeks and background parameters. Each HRV parameter
was compared with that of baseline by the ad-hoc Dunnett test
when repeated analysis of variance was proved to be signifi-
cant. All hypothesis tests reported were two-tailed, and used a
P value < 0.05 as significant.

REsuLTS

Baseline characteristics (Table I):  All patients were treated by
VAD treatment for > 1 year (average, 904 = 233 days, median,
919 days) before HTx due to dilated cardiomyopathy (14 pa-
tients), ischemic cardiomyopathy (1 patient), and dilated phase
of hypertrophic cardiomyopathy (1 patient). Mean donor age
was 38 = 14 years (range. 17-60 years-old) and there were 5
males (31%). Mean duration of allograft ischemia was 253 =
33 minutes (range, 201-298 minutes), and mean cardiopulmo-
nary bypass time was 181 minutes (range, 119-360 minutes).
HTx procedures were executed without any complications in
all recipients.

Mean recipient age was 36 + 14 years-old (range, 21-61
years-old) and 9 patients (56%) were male. Six patients (38%)
received cyclosporine, and tacrolimus was prescribed for 10

Table L. Baseline Parameters in HTX Recipients

Variables
Donor parameters
Age, years 38+ 14
Male, n (%) 5310
Transplant Surgery
Duration of allograft ischemia, min 25333
Cardiopulmonary bypass time, min 181 £359
Aortic cross-clamp time. min 104 14
Recipients’ pre-HTX parameters
PELVAD, n (%) 8050y
CF LVAD, 1 (%) §(50)
Duration of VAD treatment, days 904 233
Etiology of ischemia, n (%) 1)
Recipients’ demographic parameters
Age, years 36x14
Male, n (%) 9(56)
Body mass index 199+£28
Systolic blood pressure, mmHg 12424
Diastolic blood pressure, mmHg 68 12
HbA,, (NGSP), % 52+05
Recipients’ medications
Beta-blocker, n (%) 12(75)
ACEl'or ARB, n (%) 11 {69
Statin, n (%) 12(75)
Cyclosporine, n (%) 6(38)
Tacrolimus, 1 (%) 10(63)
Recipients’ laboratory parameters
White blood cells, x 10/uL 13.4+32
Hemoglobin, g/dL. 114x15
Platelets. x 10°uL. 2442113
Serum sodium, mEg/L 134+ 4
Serum potassium, mEq/L 47 =04
Serum BUN, mg/dL. 3tx21
Serum creatinine. mg/dL L1x07
Serum albumin, g/dL 3.1£03
Serum total bilirubin, mg/dL. 14x1.1
Serum CRP. mg/dL, 24=%12
Plasma BNP, pg/mL 358+ 319
Recipients” echocardiographic parameters
LYDd, mm 41£6
LVDs, mm 264
LVEF, % 67£6
AR, grade 0.1+03
MR, grade 0.1x03
TR, grade 03205
Ele’ 125£35
Recipients’ hemodynamic parameters
mRAP, mmHg T+4
mPAP, mmHg 19x6
PCWP, mmHg 13+4
CL, /min/m’ 28+04

HF indicates high frequency; HTx, heart transplantation; PF, pulsatile
tflow; CF, continuous flow; LVAD, left ventricular assist device: NGSP,
national glycohemoglobin standardization program; ACEL angiotensin
converting enzyme inhibitor; ARB. angiotensin Il receptor blocker: BUN,
blood urea nitrogen; CRP, C-reactive protein; BNP, B-type natriuretic pep-
tide: LVDd, left ventricular diastolic diameter: LVDs, left ventricular
systolic diameter; LVEF, left ventricular ejection fraction; AR, sortic re-
gurgitation; MR, mitral regurgitation; TR. tricuspid regurgitation; E/e’. ra-
tio of early diastolic transmitral flow velocity to mitral annular velocity at
the Jateral wall; mRAP, mean right atrial pressure; mPAP. mean pulmo-
nary artery pressure; PCWP, pulmonary capillary wedge pressure: and CI,
cardiac index.
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Figure. Time courses of HRY purameters from | week to 24 weeks after HTx. ic, LF (A), HF (B}, LF/HF (C). HR (D). *P < 0.05 by Dunnett’s test com-
pared with those of 1 week post-HTx when repeated analysis of variance proved significance.

patients (63%). Left ventricle contractility was well preserved
without any significant valvular discases, and hemodynamics
were stable.

Time courses of HRV parameters during the study period (Ear-
ly-stage : 1-24 weeks): LF and HF increased gradually and
reached significantly higher levels after postoperative 20 weeks
(Figure A and B). LF/HE, which represents sympathetic activi-
ty, remained unchanged during the study period (Figure C).
HR was 91 = 10 beats per minute (bpm) at baseline and de-
creased gradually down to 80 = 10 bpm (Figure D).
Relationship between achieved HF and baseline parameters
(Table IN):  Among baseline parameters including donor, trans-
plant surgery, and recipient data, only a shorter cardiopulmo-
nary bypass time was significantly associated with higher HF
levels at 6 months after HTx (P = 0.035, r = -0.530).
Relationship between achieved HF and clinical parameters at 6
months after HTx: Clinical parameters at 6 months after HTx
are shown in Table ITI. HF levels correlated with HR levels and
%changes in HR levels among post-HTx recipient clinical pa-
rameters at 6 months including laboratory, echocardiographic,
and hemodynamic parameters (Table V).

DISCUSSION

We demonstrated here that parasympathetic reinnervation
gradually occurs < 6 months after HTx by HRV analyses.
Shorter cardiopulmonary bypass time correlated with improve-
ment of parasympathetic reinnervation among the recipient
baseline parameters, and improved parasympathetic reinnerva-

tion was associated with recovery of tachycardia at 6 months
after HTx.

Time courses of reinnervation: Earlier studies demonstrated
that sympathetic reinnervation occurs approximately > | year
after HTx mainly using positron emission tomography imag-
ing or measurement of transcardiac norepinephrine release in-
duced by intravenous tyramine.”*'""* However, these modali-
ties cannot analyze parasympathetic nerve activity.

Power spectral analyses of HRV is a noninvasive method
to assess autonomic cardiac modulation and provides informa-
tion on not only sympathetic but also parasympathetic activity
of the sinus node.'™ A few investigators demonstrated para-
sympathetic reinnervation at several years after HTx using
cross-sectional or paired-time data."*™" Our successive analy-
ses of HRV data demonstrated for the first time that parasym-
pathetic reinnervation occurred earlier than | year after HTx.
Our result that no significant sympathetic reinnervation oc-
curred < 6 months after HTx was consistent with the findings
of the previous studies discussed above. Six months may be
too short for sympathetic reinnervation.

Factors that influence reinnervation: Autonomic reinnervation
does not occur in the same manner in each recipient.'®'"” What
affects autonomic reinnervation after HTx? Bengel, et !
showed that the regenerational capacity of the cardiac sympa-
thetic nervous system was reduced if the recipient had diabetes
mellitus, because impaired glucose handling adversely affected
autonomic nerve activity and regeneration.”” They also dem-
onstrated in another paper that sympathetic reinnervation was
more likely with a younger donor/recipient and a fast and un-
complicated HTx procedure.’” Neuronal regeneration is de-
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