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of product quality for autologous transplantation because of the
lack of quantitative analysis and non-human estimation as well as
patient dependence. Thus, it is necessary to create a method that is
suitable for in vitro quantitative estimation of the transplants.

In a previous study, a five-layered human skeletal muscle
myoblast (HSMM) sheet was constructed to determine sheet
fluidity by confocal laser scanning microscopy with image pro-
cessing [10]. In the present study, an in vitro system based on
a multilayered HSMM sheet with human umbilical vein endo-
thelial cells (HUVECs) was developed to mimic the in vivo
angiogenesis in the HSMM sheet after transplantation. Image
processing was performed to evaluate the HUVEC spatial distri-
bution and network formation in the HSMM sheet to elucidate
the spatial habitation arising from HUVEC migration and
connection.

2. Materials and methods
2.1. Cell preparation

HSMMs (Lot. No. 4F1618; Lonza Walkersville Inc., Walkersville, MD) and
HUVECs (Lot. No. 4F0709; Lonza Walkersville Inc.) were used in the experiments.
According to procedures described elsewhere [11], subcultures of HSMMs on
laminin-coated surfaces were conducted at 37 °C in an atmosphere of 5% CO; in
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-—Aldrich, St. Louis, MO) con-
taining 10% fetal bovine serum (FBS; Invitrogen, Grand Island, NY) and antibiotics
(100 Ujem? penicillin G, 0.1 mg/em? streptomycin, and 0.25 mg/cm® amphotericin
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B; Invitrogen). HUVECs were cultured in a commercially available medium (EGM-2;
Lonza Walkersville Inc.). The medium depth was set to 2 mm throughout the
experiments.

2.2. Incubation of five-layered HSMM sheet with HUVECs

Five-layered HSMM sheet was fabricated according to a previously reported
method [10]. In brief, as shown in Fig. 1A, starter HSMMs prepared by subculturing
were stained with CellTracker™ Orange (Invitrogen) to obtain fluorescent orange
cells according to a commercially recommended protocol (5 pM for 15 min for live cell
imaging). The HSMMs were seeded at 2.3 x 10° cells/cm? in each well (1.9 cm?) of 24-
well UpCell™ plates (CellSeed, Tokyo, Japan) with a temperature-responsive surface
grafted with PNIPAAm and incubated for 24 h at 37 °Cin a 5% CO; atmosphere to form
the monolayer sheet. To stack monolayer sheets to fabricate the multilayered cell
sheet, the customized stamps with the gelatin gel (G1890-100G; Sigma—Aldrich)
were used. To harvest the monolayer sheet, the stamp with the gelatin gel was
overlaid on the monolayer sheet in a well at 37 °C, and the temperature was shifted to
20°C. After 30 min, the stamp was lifted together with the monolayer sheet from the
bottom surface of the well. The steps were then repeated for the sequential harvests of
monolayer sheets to form the multilayered construct on the stamp. The multilayered
sheet with the gelatin was peeled from the stamp for transfer to a dish containing the
precultured HUVECs. For the preculture, HUVECs were seeded into culture dishes
(35 mm in diameter; Corning Inc., NY) and cultured in the EGM-2 medium for 24 h.
The initial density of HUVECs (Xp) for the subsequent incubation with the sheet was
set in the range of 0.35—3.32 x 10 celis/cm? by changing the seeding density of
HUVECs (Xs). The relationship between X; and Xp was determined in advance
(Supplementary Table 1). After incubation at 20 °C for 2 h, the sheet was incubated
at 37 °C in DMEM containing 10% FBS for 1 h to remove the gelatin. The medium
containing the dissolved gelatin was exchanged with fresh medium. At the given
incubation time (t), triplicate samplings were performed for quantitative analysis.
During the incubation period, the medium was renewed every day.
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Fig. 1. Schematic drawings of experimental procedures. A: Construction of multilayered HSMM sheet and incubation with HUVECs, B: Image process procedure to evaluate HUVEC

network formation and maturation.
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2.3. Immunostaining for HUVECs

The culture system containing the five-layered HSMM sheet with HUVECs was
washed with phosphate-buffered saline (PBS) and fixed in PBS containing 4%
paraformaldehyde (Wako Pure Chemical Industries, Osaka, Japan) overnight. The
fixed specimen was then permeabilized in PBS containing 0.1% Triton X-100 (Wako
Pure Chemical Industries) for 12 min, washed twice with PBS, and then blocked in 1%
bovine serum albumin (BSA; Wako Pure Chemical Industries) in PBS for 1 h. The
specimen was labeled with a primary antibody (monoclonal mouse anti-human
CD31 antibody; DAKO, Glostrup, Denmark) in 1% BSA solution overnight. The
specimen was then thoroughly washed with PBS and immersed in 1% BSA solution
containing the secondary antibody conjugated with Alexa Fluor® 488 (Invitrogen)
for1h.

2.4, Evaluation of the HUVEC network formed inside the HSMM sheet

The image capture was carried out using a 10x objective lens of confocal laser
scanning microscope (FV-300; Olympus, Tokyo, Japan) at more than 8 positions in
each sample. As shown in Fig. 1B, each image was 8-bit gray scale with a size of
256 x 256 pixels and covered an area of 942 x 942 um. The images were subjected to
image processing (Image-Pro Plus; Media Cybernetics Inc., Bethesda, MD) using
a low-pass filter for primary noise removal and binarization with a certain intensity
threshold. The threshold intensity was determined as the average of the mode
intensity and the automatic threshold intensity calculated with an Otsu adaptive
threshold algorithm [12], which chooses the threshold to minimize the intra-class
variance of the thresholded black and white pixels with an exhaustive search. The
binary images were subjected to skeletonization to produce lined objects, the
secondary noise removal with a size threshold to remove items with a size of less
than 16 pixels, and the pruning of small branches in the objects. The total length of
the network per image area (L; cm™), and the number of total tips of the network
(Ng; tipfem?), were measured to estimate the extent of the HUVEC network (L/Ng;
cm/tip). The tips existing at the edge of the image were not counted.
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2.5. Spatial distribution of HUVECs and HSMMs in five-layered HSMM sheets

To determine the vertical distribution of the HUVECs inside the HSMM sheet, the
green cells (HUVECs labeled with Alexa Fluor 488) and orange cells (HSMMs stained
with CellTracker™ Orange) in each layer were observed and quantitatively analyzed
as previously described [10] (Supplementary Fig. 1). The number of colored pixels in
each slice was counted. The green and orange pixels in each slice were normalized
using the maximum green and orange pixel values, respectively, found in all of the
slice images. Slices possessing more than 10% of the colored pixels were regarded to
exist inside the cell sheet, from which the vertical positions at the top and bottom of
the five-layered sheet, and the sheet thickness, h (um), were determined. The green
pixels inside the sheet were normalized to determine the vertical distribution of the
green pixels by dividing them into 5 layers. The normalized distribution of the green
pixels was assumed to be equivalent to the distribution of green cells in the sheet,
which was determined as the frequency of green cells, f¢ (—), in each layer. For
determination of the vertical distribution of the HSMMs, HSMMs stained with
CellTracker™ Green (Invitrogen) were placed in the bottom layer of a five-layered
HSMM sheet, and their vertical distribution at 24 h was determined.

3. Results
3.1. HUVEC network formation inside the HSMM sheet

The behavior of HUVECs in the five-layered HSMM sheet was
observed for 120 h to estimate the growth and network formation
according to the parameters L, Ny, and L/Ny. The initial density of
HUVECs was set at Xo = 1.29 x 10* cells/cm?. At the beginning of the
incubation period (t = 0), as shown in Fig. 2, the HUVECs were
observed to be single and round-shaped with podia. At t = 24 h,
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Fig. 2. Time course of HUVEC network formation inside the five-layered HSMM sheet at an initial HUVEC density (X,) of 1.29 x 10* cells/cm?. A: Horizontal images of HUVEC
morphology. Scale bar: 200 pm. B: Evaluation of HUVEC network formation with image processing. L: total length (cm~"), Ny: total tip number (tip/cm?), L/Ny: extent of network
formation (cm/tip). The bars show the standard deviation (SD) (n = 3).
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most of the HUVECs were found to have elongated for initiation of
migration in the sheet, resulting in an increase in L. With further
prolongation of the incubation period beyond t = 48 h, the level of L
was constant, i.e., the HUVECs did not grow further. In addition, the
HUVECs began to encounter and connect with each other, resulting
in a decrease in Ny until t = 96 h. Smooth connections of the
HUVECs appeared at t = 96 h, which suggested the maturation of
the HUVEC network. These behaviors were reflected by an increase
in L/Nt although a slight decay of the connections occurred at

= 120 h. The maximum value of L/Nr was = 0.22 & 0.07 cm/tip at
t = 96 h, which was 5.6 times higher than the value at t = 24 h.

3.2. Vertical migration of HUVECs during network formation

During network formation, the HUVECs were initially localized
at the bottom of the HSMM sheet and then vertically migrated into
the inner portion of the sheet to form aggregates with a lumen
structure inside the sheet (Supplementary Fig. 2). To estimate the

vertical migration of the HUVECS, their spatial distribution pattern
was obtained as shown in Fig. 3. At the beginning (¢t = 0), the
frequency of green cells (HUVECs) fg was the highest in the first
layer from the bottom surface, i.e., most of HUVECs were located at
the bottom of the HSMM sheet. A broader distribution of f; was
obtained at t = 24 h, meaning the HUVEC migration toward the
upper layers of sheet. In addition, the migration of the HUVECs was
much faster than that of HSMMs because of the broader distribu-
tion of the HUVECs at t = 24 h (Supplementary Fig. 3). Att =96 h,
HUVECs inhabited the middle layer, with f; = 0.40 and 0.30 in the
second and third layers, respectively, which were higher than the
values in the corresponding bottom and top layers. Fig. 3B and
Supplementary movie 1 depict the aggregate shape of the HUVECs
in the sheet at t = 96 h. The HUVECs in the middle layer formed
a net-shaped aggregate to generate the network, whereas those in
the top layer formed an island-shaped aggregate, which indicates
that the shape of the HUVEC aggregate depended on their location
in the sheet.
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Fig. 3. Vertical analysis of HUVEC network formation inside the five-layered HSMM sheet at an initial HUVEC density (Xo) of 1.29 x 10? cells/cm?. A: Time course of the spatial
distribution of HUVECs (f¢) in each layer of the HSMM sheet. Bars show the standard deviation (SD) (n = 3). B: Three-dimensional image of HSMM sheet showing different shapes of
HUVEC aggregates at different positions in/on the sheet at t = 96 h. The white arrow indicates net-shaped aggregation (network) in the middle layer of the cell sheet. The red arrow
indicates island-shaped aggregation in the top layer on the cell sheet. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2012.08.055.

3.3. Influence of HUVEC seeding density on migration and network
formation

To evaluate the HUVEC connectivity in the sheet, the HUVECs
were incubated for t = 96 h with initial densities ranging
from Xg = 035 x 10* to 3.32 x 10* cells/cm? As shown in
Fig. 4, with an increase in Xo, L/Nt increased to a maximum value
of L/N = 0.484 cm/tip at Xy = 2.20 x 10% cells/cm?, which was
2.3 times higher than the value at Xo = 1.29 x 10* cells/cm?.
In addition, the length and tip number of the HUVECs were
estimated on the basis of the parameters such as specific length
(L/Xp) and specific tip number (Nt/Xg), respectively. The L/Xp
and Np/Xg decreased with an increase in Xg by L/Xp = 9.0 x 1073
cm/cell and Np/Xo = 5.0 x 1072 tip/cell at Xo = 3.32 x 10* cells/
cm?, which were 3 and 30 times lower than the values at
Xo = 0.35 x 10* cells/cm?, respectively.

The fg value of HUVECs at 96 h in the first, third, and fifth layers
with respect to the initial density is shown in Fig. 5. In the fifth layer
(top layer), with an increase in Xp, fc decreased to 0.07 at
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Fig. 5. Spatial distribution of HUVECs at 96 h with different initial densities of HUVECs
(Xo) ranging from 0.35 x 104 to 3.32 x 10 cells/cm?. Frequency of HUVECs (f;) in the
top (square), middle (triangle) and bottom (circle) layers are shown against Xp. Bars
show the standard deviation (SD) (n = 3).

Xo 129 x 10* cells/cmz, which was half of the value at
Xo = 0.35 x 10% and 0.69 x 10* cellsjcm?. A further increase in Xp
resulted in a slight increase of f; to 0.10 at Xg = 3.32 x 104 cells/cm?.
This trend was contrary to that observed in the third layer (middle
layer).

e

S

B 004
s
9
g 0.02 |
&
3
0
3
R
€ iy
o
X
z
0
=
E
S 05F
'_.
2
3
0

1.0 2.0 3.0

Initial density, Xy (104 cells/cm?)

Fig. 4. Network formation at 96 h with different initial densities of HUVECs (X,) ranging from 0.35 x 10% to 3.32 x 10% cells/cm?. A: Horizontal images of HUVEC morphology. Scale
bar: 200 pm. B: Evaluation of HUVEC network formation with image processing. L/Xp: specific length (cm/cell), Nr/Xo: specific tip number (tip/cell), L/Ny: extent of network

formation (cm/tip). The bars show the standard deviation (SD) (n = 3).
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4. Discussion

Cell migration in 3-D constructs plays an important role in
physiological and pathological phenomena such as embryonic
development, cell alignment, immune reactivity, angiogenesis, and
metastasis [13]. Determining the mechanisms underlying cell
migration in 3-D tissues having fluidity will be useful for designing
biomimetic structures and functionally engineered tissues.
Although the behaviors of cells on two-dimensional culture
surfaces or in static 3-D scaffold have been extensively investigated,
cell movement in fluidic 3-D tissues, especially vertical migration
inside the tissue, has not been well addressed because of the
absence of in vitro methods which enable quantitative and repro-
ducible measurements. In the present study, a five-layered HSMM
sheet was fabricated as a 3-D model to evaluate vertical cell
migration by confocal laser scanning microscopy with image pro-
cessing. We also established the mimic system of transplantation
consisting of HUVECs on a culture dish that represents target cells
at the lesion site as well as a five-layered HSMM sheet as the
transplant tissue. This system can be used to model angiogenesis
after transplantation. The HUVECs that were initially localized at
the bottom of the HSMM sheet vertically migrated into the inner
portion of the sheet. The migrating HUVECs encountered and
connected with other HUVECs in the middle layer of the sheet to
form a network (Figs. 2 and 3). In our previous study [10], the active
fluidity by cellular migrations of HSMMs in the horizontal
and vertical directions in the five-layered HSMM sheet was
observed. The results of the present study revealed that the vertical
migration of HUVECs was higher than that of HSMMs
(Supplementary Fig. 3), demonstrating the active migration of
HUVECs in a fluidic sheet.

The formation of HUVEC network regarded as a net-shaped
aggregate was localized in the middle layer of the sheet owing to
the encountering of HUVECs and their linear connections, while the
unconnected HUVECs continued to migrate toward the top layer,
forming the island-shaped aggregate (Fig. 3). These results show

that the spatial habitation of HUVECs occurred in the top and
middle layers of the sheet by their encountering and connection. In
addition, the shape of the HUVEC aggregates depended on their
location in the sheet. The further performance of HUVEC behavior
at different densities supported the habitation (Figs. 4 and 5),
revealing that the HUVECs were localized both in the middle and
top layer at the low initial densities (Xo = 0.35 x 10% and 0.69 x 10*
cells/cm?), while only in the middle layer at the higher initial
densities (Xo = 1.29 x 10% and 2.20 x 10* cells/cm?). These results
led to the mechanism for the spatial inhabitation as follows. As
shown in Fig. 6, the frequency of encountering of HUVECs at a low
concentration caused less connectivity in the middle layer of the
sheet, and unconnected free HUVECs continued to migrate upward.
With an increase in the HUVEC density in the sheet, the HUVECs
exhibited a higher frequency of encountering to connect each other
(at a moderate concentration). Excessive existence of HUVECs leads
to less sites for their connection although higher frequency of
encountering occurred, resulting in the larger number of HUVECs
migrating toward top layer.

The dependence of the shape of the HUVEC aggregate on the
location of the cells in the sheet was reported in previous studies.
Asakawa et al. reported that HUVECs in multilayered sheet of
human dermal fibroblasts formed a network with a tubular struc-
ture when the HUVECs were initially set in the middle layer of the
sheet [14]. On the other hand, the introduction of HUVECs in the top
layer of the sheet generated the island-shaped aggregates; thus the
HUVEC habitation in the top and middle layers depended on the
initial location of the HUVECs in the sheet. In the present study, the
HUVECs outside the sheet did not grow in DMEM including 10% FBS
due to no additional cytokines (data not shown). Thus, the network
formation in the sheet could be attributed to the local feeding of
cytokines from HSMMs. Candidate cytokines secreted from HSMMs
are considered to be vascular endothelial growth factor, hepatocyte
growth factor and fibroblast growth factor [15] which affect
endothelial cell division, migration, and connection mediated by
VE-cadherin expression [16—18].
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Fig. 6. Schematic illustration showing the probable behaviors of HUVECs in the HSMM sheet with various HUVEC initial densities.
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The fabrication of aggregates, which is a minimum unit exhib-
iting tissue function, has been required to propose angiogenesis
models [19]. A sphere-shaped aggregate is widely used as a plat-
form for 3-D models or bio-mimic assay. However, histological
analysis is necessary to evaluate the HUVEC network in the sphere-
shaped aggregate, leading to a difficulty in observation [20—22].
Our system with a widespread HUVEC network in a multilayered
sheet regarded as a plate-shaped aggregate enables the indepen-
dent observation of the vertical and horizontal distributions of cells
in 3-D constructs via one-dimensional (Z-axis) and two-
dimensional (XY-axis) analyses, being a powerful tool for in vitro
angiogenesis assays, which can evaluate the HUVEC behaviors such
as migration, connection, as well as the formation of an endothelial
network in a 3-D construct.

5. Conclusion

A five-layered HSMM sheet with HUVECs which mimic the
in vivo transplantation system was developed. The HUVECs that
were initially localized at the bottom of the HSMM sheet, exhibited
vertical migration into the inner portions of the sheet, and formed
networks in the middle layer of the sheet. The quantitative analysis
of the vertical distribution of HUVECs in the sheet clarified the
process of their network formation. Spatial habitation of the HUVEC
network in the middle layer of the sheet was observed and
the extent of the network formation depended on the frequency
of encountering between HUVECs. Our system including wide-
spread formation of HUVEC network in a fluidic scaffold and its
evaluation method might be applicable not only for the in vitro
construction of pre-vascularized tissue but also for in vitro angio-
genesis models.
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Predictor of Early Mortality for Severe Heart Failure
Patients With Left Ventricular Assist Device Implantation
— Significance of INTERMACS Level and Renal Function —

Daisuke Yoshioka, MD; Taichi Sakaguchi, MD, Phb; Shunsuke Saito, MD;
Shigeru Miyagawa, MD, PhD; Hiroyuki Nishi, MD; Yasushi Yoshikawa, MD;
Satsuki Fukushima, MD, PhD; Tetsuya Saito, MD; Takashi Daimon, PhD;
Takayoshi Ueno, MD, PhD; Tore Kuratani, MD, PhD; Yoshiki Sawa, MD, PhD

Background: The preoperative risk factors for left ventricular assist device {LVAD]) implantation and their impact
on the clinical outcome was analyzed to evaluate the optimal timing of LVAD implantation for severe hear! failure
patients.

Methods and Results: From January 2008 to August 2011, 82 patients underwent 84 LVAD implantations at the
Osaka University Hospital. These patients were categorized into 2 groups: interagency Registry for Mechanically As-
sisted Circulatory Support (INTERMACS) level 1 (n=41) and INTERMACGS level 2/3 {n=43). The preoperative char-
acteristics, early moriality, and cumulative survival between the 2 groups was compared. Ten {24.4%) patients died
within 90 days in the INTERMACS level 1 group (multiple organ fafure: 6, cerebrovascular event: 3, sepsis: 1},
whereas 1 (2.8%) patient died because of a cerebrovascular event in the INTERMACS level 2/3 group (P=0.003). The
curnulative survival rate was 82.9% at 30 days, 75.6% at 90 days, and 63.7% after 1 year in the INTERMACS level 1
group, and 100%, 97.7%, and 85.3% in the level 2/3 group {P=0.015). Using mullivariate analysis for the INTERMACS
fevel 1 group data, the preoperative serum creatinine level was the independent predictor of 90-day mortality.

Conclusions: LVAD implantation in g stable condition contributes to better clinical outcome for severe hean failure
patients. If critical cardiogenic shock ocours, LVAD implantation must be considered immediately before other or-

ORIGINAL ARTICLE

Cardiovascular Surgery

gans’ functions, especially renal function, deteriorate.  (Circ J 201 2: 76: 1631-1638)

Key Words: Heart failure; Left ventricular assist device; INTERMACS

: eft ventricular assist devices (L.VADs) provide effec-
I tive bridge-to-transplant therapy for patients with
end-stage heart failure and are being frequently used
in destination therapy.-* The number of patients undergoing
LVAD implantation has increased considerably worldwide. In
the past decade, several types of continuous-flow implantable
devices have been developed, and they have demonstrated
significantly improved clinical resulis with reduced pump-re-
fated morbidity and improved overall survival and quality of
life for patients. ™

Editorial p1587

The Interagency Registry for Mechanically Assisted Circn-

latory Support (INTERMACS), a National Heart Lung and
Blood Institute {NHLBI)-sponsored collaborative database,
has beer maintaining records of durable mechanical circula-
tory support device implantation in the USA since 2006.101
The INTERMACSs profiles of LVAD implantation are de-
fined from level | (o fevel 7, depending on patiem severity
(Fable 1). In the second annual report from INTERMACS,
which enrolled more than 1,000 patients, the survival rate
categorized according to INTERMACS criteria showed early
increased death for patients in level 1 (critical cardiogenic
shock) at the time of LVAD implantation.’?

However, there are still many patients referred for LVAD
implantation who are categorized in the INTERMACS level §
group, and the risk factors in these patients have not been fully
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?abie 1. Interagency Registry for Mechanically Ass;steﬁ‘
Circulatory Su’ port (iﬁ‘FERMACS} e
Levei
1 Critical cardiogenic shock (Crush-and Bum)
2 Progressive decline on inotropic support
3 Stable but inotropic dependent
4 Resting symptoms home on oral therapy
5 Exertion intolerant
6 Exertion limited
7 Advanced NYHA Class i symploms

evatuated. In this study, we analyzed the clinical resuits of
LVAD implantation with regard to the preoperative INTER-
MACS ievel and risk factors to evaluate the optimal tming of
LVAD implantation for patients with severe heart failure.

Methods

Patients

Since the first cominuous flow LVAD implantation at the
Osuka University Hospital was performed in 2006, we en-
rolled 82 patients who underwent 84 LVAD implantations
from January 2006 to August 201 L. LYAD implantation was
indicated for patients with irreversible end-stage heart failure
who were eligible for, or possible candidates, for heart trans-
plantation, with the exception of | patient who underwent
Nipro LVAD implantation followed by a conversion to Jarvik
2000 {Jarvik Heart, Inc, New York, NY, USA) LVAD implan-
tation as part of their destination therapy.™ The hospital re-
cords of these 84 patienis were retrospectively reviewed and
categorized on the basis of their preoperative status according
to INTERMACS level classificaion™ as follows. INTER-
MACS level | included patients with life-threatening hypoten-
ston despite rapidly escalating inotropic support and ¢ritical
argan hypoperfusion, often confirmed by worsening acidosis
and/or lactate levels. INFERMACS level 2 included those
unabie to tolerate inotropic therapy, while level 3 patients had
stable blood pressure, organ function, nutrition, and symp-
toms, and who had continuous intravenous inotropic support.
All patients supported by extracorporeal membrane oxygen-
atton (ECMO) were classified as INTERMACS level 1 and
those supporied by intraaortic balloon pumping without car-
diogenic shock in order to maintain stable hemodynamics
until LVAD implantation were classified as level 2. For the
present study analysis, we divided all patients into 2 groups:
INTERMACS level 1 (n=41) and level 2/3 {n=43). No pa-
tients in this study were classified as INTERMACS levetd or
higher, The study protocel was approved by the Institutional
Review Board of the Osaka University Graduate School of
Medicine. Individual patients were not identified in this swudy,
thus individual consent was not required.

Devices

The details of device distribution are listed in Table 2. Most
patients (56/84) underwent Nipro LVAD implantation because
Nipro LYAD was the only commercially available device
since the production of Novacor (WorldHeart Corp, Qakland,
CA, USA) was terminated in 2006. Recently, clinical trials of
new-generation L.V ADs such as the Jarvik 2000 (Jarvik Heart,
Ine, New York, NY, USA), EVAHEART (Sun Medical Tech-
nology Research, Nagang, Japan), DuraHeart (Terumo Heart,
Ine, Ann Arbor, M1, USA), and HeartMate I {Thoratec, Pleas-

anton, CA, USA) have been carried out in a limited group of
patients without significant complications, DuraHeart, Jarvik
2000, and Heartware {(HeartWare, Framingham, MA, USA)
were also implanted in several patients at the Osaka Univer-
sity Hospital in a study supported by a Grant-in-Aid for scien-
tific research from the Ministry of Health, Labor, and Welfare
of the Japanese Government. The number of the different
types of devices used is listed in Tabie 2. Patients who under-
went Nipro LVAD implantation for bridge-to-bridge use, fol-
Jowed by a conversion 1o other continuous-flow LVADs were
included with the Nipro LVAD recipient group. The major-
ity of patients in the INTERMACS level | group underwent
Nipro LVADs implantation. Implantable continuous-flow
LVADs were more frequently used in the INTERMACS level
273 group because they were often used in clinical trials that
excloded patients with cardiogenic shock.

All operative procedures were performed with either a me-
dian sternotomy or left thoracotomy, as previously described ™

Variables

Laboratory variables were adopted from laboratory data ob-
tained just prior o LVAD implantation. In patients who re-
quired preoperative hemodiafiltration, the maximum preopera-
tive Crlevel was used for analysis. Renal function was assessed
by calealating the glomerular filtration rate (GFR) using re-
vised eguations for estimated GFR (eGFR}} from serum creati-
nine (Cr) for Japan, as follows (abbreviatedy: GFR=194x(Cr,
mgfdly 18 (age 9287 % (). 739 (if female).’® The last echocar-
diographic parameters before LVAD implantation were used
for left ventricular dimenston (LVDd/Ds} and ejection frac-
tion. Severe pulmonary congestion was defined as severely
increasing bilateral pulmonary artery shadows and pulmonary
edema invoiving the bilaterat upper lobes.

Statistical Analysis

Continuous variables are expressed as mean8D and were
compared using the Student’s t-test for unpaired data, where
appropriate. Categorical variables were compared using Fish-
er's exact test. Univariate analysis was first applied using lo-
gistic regression for continwous variables and Fisher’s exact
test for categorical variables, and factors with P<0.2 were
considered for a multivariate logistic model to identify the risk
factor of 90-day mortality in the INTERMACS level 1 group.
Kaplan-Meier analysis was used to estimate the overall sur-
vival rate. The survival rates were compared between the 2
groups using log-rank analysis, with a P value <0.03 consid-
cred significant, “Cut-off values for serum Cr level and eGFR
were calculated using a receiver operating characteristic
(ROC) curve, Statistical analyses were performed nsing JIMP
8.0 (SAS Institute, Cary, NC, USA).

Besults

The preoperative patient demographics are summarized in
Table 2, Approximately 70% of the patients were men with a
median age of 38 years in the both groups. The leading etiol-
ogy of heart failure was idiopathic dilated cardiomyopathy in
both groups, but it was more frequent in the INTERMACS
level 2/3 groop. In contrast, almost all of the patients with
acute myocardial infarction or fulminant myocarditis were
included in the INTERMACS level 1 group. There was 2
certain device selection bias as previously mentioned. The
number of patients who required preoperative mechanical sup-
port was much higher in the INTERMACS level 1 group,
Preoperative laboratory data showed that the values of white
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Table 2. Baseline Patient Charactersistics S G
R ' Level 1 (n=41, %) Level 2/3 (n=43, %} P value
Age 388224 38.422.4 0.888
Male 29/41 (70.7) 30/43 (69.8) 1.000
DCM 14 {34.1} 27 (62.8)
1CM 3(7.3) 5{11.8)
AME 8 {18.5) 1(2.3)
Myocarditis 3{7.3} 00
dHOM 378 4{3.3)
Others 10 (24.4) 6{14.0}
Device Nipro 35 {85.4), Nipro 23 (63.5), 0.002"
Jarvik2000 3 (7.3), Jarvik2000 5 {11.8},
HeartMateli 0 (0} HeartMatell 2 (4.7},
EvaHeart 0 {0), EvaHeart 2 (4.7,
DuraHeart 3 (7.3) DuraHeart 10 (23.3),
HeartWare 1:{2.3}
implanbtabte Continuous flow LVAD 8/41 (14.6) 20/43 {46.5} 0.002
1ABP 82 (78.1) 1227.9) <0.001
ECNMNO 28 {68.3} {0 <0.001
ECMO duration {days) 3.624.1
Sevaere pulmonary congestion 18 {43.9) & (14,00 £.003
intubation 36 (87.8) 11 {25.8) <0.001
CHDF 7 {174} 3{7.0) 0.180
WBC (10%ul) 10.9+5.8 8.1+3.8 0.011
CHP {mgidl) 7.827.8 3.1+5.8 0.002
AST {U/dh 41434,080 1644685 8.208
ALT {iuddly 245539 180£572 0.497
T-bif {mg/dh Zixd.4 20222 0174
LOH {mgrdly 1,25321,998 4432759 0.021
BUN {mg/dl) 36.9:21.8 28.7422.8 {0.083
Cr {mgfdl) 1.68:0.98 1.4321.14 0.400
eGFR {miimin) £0.9244.9 68.5250.4 0.383
TP {mgfdl) 5.951.2 6.7£0.8 0.001
Alb (mytdl) 2.9+£0.5 3.8:0.8 0,001
BNP {pgful} 1,3344880 788+585 0.006
LVDd {mm} 52.1:2.0 78.4£2.0 <0.001
LVDs tmm) 58.321.9 68.4x1.8 <0001
EF (%) 18.121.5 19.9:1.5 0.696

DCM, idiopathic ditated cardiomyopathy; ICM, ischemic cardiomyopathy; AMI, acute myocardial infarction; dHCM,
ditated phase hyperirophic cardiomyopathy; LVAD, left ventricular assist device; IABP, intragortic balloon pumping;
ECMG, extracorporeal membrane oxygenation; CHDF, continuous hemodiafitration; WS, white blood cell; CRP,
C-reactive proteir; AST, aspariale aminotransterase; ALT, alaning transaminase; T-bil, total bitirubln; LDH, lactate
dehydrogenase; BUN, blood urea nitrogen; Cr, serum creatinine; eGFR, estimated caloulated glomerular filiration
rates; TP, serum total protein; Alb, serum albumin; BNP, brain natruretic peptide; LVDd, left ventricular diastolic
dimension; LVds, left ventricular systolic dimension; EF, LV sjection fraction,

*Fisher's exact test for Nipro LVAD and other devices.

blood cell counts and Cwreactive protein were significantly
higher in the INTERMACS level 1 group, and that the liver
function and renal function were worse in this group but did
not reach a statistically significant level, The serum (otal pro-
tein levels were significantly lowerin the INTERMALS level
1 group, and their serum brain natriuretic peptide levels were
significantly higher. A preoperative echogardiography showed
more a difated left ventricolar dimension in the INTERMACS
level 2/3 group patients, We compared the preoperative char-
acteristics, early mortality, and cumulative survival rates be-
tween the 2 groups. To elucidate the preoperative rigk factors
for in-hospital death, which occurred most commonly within
the first 90 days,® we performed a subset analysis of the IN-
TERMACS level 1 group data to determine independent pre-
operalive predictors for 90-day mortality.

The early results are shown in Table 3. The 90-day mortal-
ity was 24.4% {10/41) in the INTERMACS level | group. The
causes of death in this group were multiple organ failure in 6
palients, cerebrovascular events in 3 patients, and sepsis in |
patient. In the INTERMACS level 2/3 group, 1 patient died
because of a cerebrovascular event within the first 90 days
{P=0.003}, To eliminate 2 device selection bias, we compared
the early clinical results of Nipro LVAD implantation between
the 2 groups. The 90-day morality rate was also significamly
higher in the INTERMACS level 1 group (28.6%) than in the
INTERMACS fevel 273 group (4.4%) (P=0.037). The postop-
erative intubation period was significanily longer in the IN-
TERMACS level | group (10.7 days) than in the INTER-
MACS level 2/3 group (2.4 daysy (P=0.003). Postoperative
contnuous chronic hemodiafiitration (CHDF) was required in
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Table3. Earlyand Midterm Results of LVAD Implantation
” Level 1 (n=41) Level 2/3 (n=43) P value
30-day mortality in all patients 707.14%) G (0%} 0.008
in Nipro LVAD patients 7435 (20.0%) 0 /23 (0%) 0.035
Cause of death MOF: 8,
Cerebrovascular event: 1
80-day mortality 10 (24.4%) 1 {2.3%} 0.003
in Nipro LVAD patients 10/35 (28.6%) /23 (4.4%) 0.037
Cause of death MOF: 8, Sepsis:1, Cerebrovascular event: 1
Cerebrovascular event: 3
intubation period {days) 10.71.6 2421 0.003
Pastop CHDF 12 20.3%) 3 {7.0%) 0.004
RVAD requirement 21 {51.2%) 2 {4.7%) <0.001

MOF, multiple organ failure. Other abbraviations as in Table 2.

A All patients

1.04 INTERMACS Level 2/3
o S
g -
= 0.6 INTERMACS Level1 ™
2 -
& ;
b= 0.4:
0.2- .
e =0.015
0.0 * ] i ¥ ¥ 1 ’
0 100 200 300

days

B Nipro patients

- |

Figme 1. (A} Overall cumulaiive survival rate

was shown using Kaplan-Meier analysis. The

cumulative survival rate was significantly

lower In the INTERMACS leve! 1 group than

(. the level 2/3 group: 82.9% at 30 days, 73.2%

IN A ey at 80 days and 63.7% at 1 year in the INTER-

-1 iNTER%ACS Level 1 MACS level 1 group (n=41) and 100%, 87.7%

0.4 and 85.3% in the level 2/3 group {n=43}, re-

' spectively (P=0.015). (B} A comparison that
- was limited to Nipro left ventricular assist de-
0.2~ vice {LVAD) patients found almost the same

- resulls as that found for patienis overall;

. p=0.071 80.0% at 30 days, 68.6% at 90 days and

58.4% at 1 year in the INTERMACS level 1

T T group {n=35) and 100%, 97.7% and 85.3%

3] 100 200 300 in the level 2/3 (n=23) group, respectively

{P=0.071}. INTERMACS, Interagency Regis-

d ays fry for Mechanically Assisted Circulatory Sup-

- por.

NTEF{ACS Level 2/3

3

survival rate
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Tabile 4. Risk Factor of 90-Day Mortality in INTERMACS Level 1 Patients (n=41) S

- - ' Univariate Musitivariate

P value OR {95%CI}) P value OR {95%Cl}

Age 0.571 1.01 {0.97-1.06)
Male 0,231 4.95 {0.55—44.4}
Nigro LVAD 0.307 M
Savere puimonary congestion 0.264 2.27 {0.50-10.25)
1A4BP 1.000 1,17 {0.20-6.80)
ECMO 0.458 2.20 {0.40-12.2)
CHDF <0.001 45.0 {4.25-476.6)
Gr {mg/dh 0.003 6.41 {2.24~28.4) 0.003 8.51 {1.86-108.3)
T-bil {mg/diy 0.458 1.05 {0.89-1.23}
CRP {mg/dl} 0.213 1.08 {0.97~1.17}
TP {mgfdl) 0.100 0.56 {0.26-1.07} 0.165 0.46 (0.11-1.33)
BNP {pg/imi) 0.248 1.00 {0.88-1.00)

Abbireviations as in Tables 1,2,

*OR of Nipro LVAD are not available due to complete separation. *"CHDF was not entered into the multivariate

analysis,

12 {29.3%} patients in the INTERMACS level | group and 3
(7.0%) patients in the INTERMACS level 2/3 group (P=0.004).
Almiost half of the patients (21/41) in the INTERMACS level
1 group needed RVAD for temporary right heart support, and
9 of them required long-term RVAD support, for which Nipro
or Jarvik 2000 were used.'*

The majority of in-hospital deaths in both groups occurred
within the first 3 months, as shown by the comulative survival
rates presented in Figare 1. Overall cumulative survival rates
are shown in Figure 1A, Cumulative survival rates were sig-
nificantly lower in the INTERMACS level | group (82.9% at
30 days, 75.6% at 90 days, and 63.7% at 1 year) than in the
INTERMACS level 2/3 group, (100% at 30 days, 97.7% at 90
days, and 85.3% at 1 year) (P=0.015). To eliminate a device
selection bias, we evaluated cumulative survival rates in Nipro
LVAD-implanted patients; Figure 1B shows the cumulative
survival rates in these groups of patients, which were 80.0%

“at 30 days, 71.4% at 90 days, and 58.4% at 1 year in the IN-
TERMACS level 1 group, and 100% at 30 days, 95.6% at 90
days, and 73.8% at 1 year in level 2/3 group (P=0.071). As
shown in Figores 1A and B, the majority of deaths in the
INTERMACS level 1 group occurred within the first 3 months,
which was significantly different to that of the INTERMACS
level 2/3 group, although there was no statistically significant
difference in regard to NIPRO patients. In contrast, the rales
of mortality were guite similar between the 2 groups from 3
months after LVAD implantation,

Because there are stili many INTERMACS level | patients
who undergo LYAD implantation in Japan, we performed a
subset anatysis for the patients within this group. The results
of the univariate and multivariate analyses of the risk factors
for 90-day mortality rates in the INTERMACS level 1 group
are shown in Fable 4. The multivariate analysis identified
preoperative serum Cr level as an independent predictor of
90-day mortality. Although the requirement of RVAD was
found to be a significant risk factor for long-term mortality in
our previous study, we did not include RVAD reguirement as
a factor in this subset multivariate analysis because we evalu-
ated ‘preoperative’ risk factors for 90-day mortaling '

ROC curve resulis showed that a preoperative level of Crof
1.96 mg/dl was an optimal cut-off value for 90-day mortality,
with a sensitivity of 80.0% and specificity of 81.7%, while a
preoperative eGFR level of 25.0mb/min had a sensitivity of

70.0% and specificity of 77.4% (Figares 2A-C). Figure 3
shows the cumulative survival rates of patients with or without
preoperative serum Cr level of >1.96mgfdl. The actual sur-
vival rates were 96.2% at 30 days. 88.0% at 90 days, and
77.5% at 1 year in patients with Cr fevels of <1.96 mg/dl, and
60.0% at 30 days, 46.7% at 90 days, and 31.1% at 1 vear in
patients with Cr levels of 21.96mg/dl (P=0.06011).

Contrary to previous reporis, our results showed that the
preoperative requirement of ECMO was not an independent
risk factor of mortality ¥ Therefore, we performed a subset
analysis for the patents within the INTERMACS level ]
group treated with or without preoperative ECMO support.
Figure 4 shows the cumulative survival rates of patients in the
INTERMACS level | group categorized according to renal
function level and preoperative ECMO requirement. Regard-
iess of the preoperative ECMO support, patients with serum
Cr levels of <1.96mg/d! had a betier prognosis than patients
with serum Cr levels of >1.96mg/dl (P=0.018}.

Biscussion

In our previous suudy published in 2010, we concluded that
age at implantation and requirement of RVAD were signifi-
cant risk factors for fong-term mortality of patients undergo-
ing LYAD implantation. However, it is important to distin-
guish long-term mortality from perioperative mortality, because
the cause of death varies depending on the period. Hence, in
the present study, we evaluated preoperative factors related
to early mortality to clucidate the optimal timing for LVAD
implantation for patients with severe heart failure,

I the second INTERMACS annual report, it was found that
LVAD implantation in INTERMACS level 2/3 patients led to
a better prognosis than that of INTERMACS level 1 patients.?
Our resulis are consistent with those resuits. Although 2 para-
corporeal pulsatile device was more frequently used in our
study, the cumulative survival rates following device implan-
tation were similar to those reporied in the second INTER-
MACS annual report.” Lietz et al reported that the majority
{79%:} of in-hospital deaths ocourred during the first 3 months
of LVAD implantation and our results confirm these data. As
shown in Figure 1, most deaths occurred within the first 3
months and contributed to the significant difference between
the 2 groups, whereas the survival rate afier 3 months was
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similar between the groups. Pollowing elimination of device
selection bias, analysis of patients with a Nipro LVAD im-
plant showed nearly the same results as that found with all of
the patients, with no significant difference. These results sug-
gest that early mortality depends more on preoperative status
than the type of device used. In support of this, we observed
that the most frequent cause of early death was multi-organ
failure, which was often already present preoperatively, rather
than device-related complications such as drive-line infection
and cerebrovascular events. In contrast, preoperative INTER-
MACS classification seems w have no relationship to long-
term mortality from 3 months after implantation.

The post-L.Y AD comorbiditics were significantly more {re-
quent in patients in the INTERMACS level 1 group (Table 3).
Patients in the INTERMACS level 1 group more ofien re-
quired prolonged mechanical ventilation and postoperative

continuous bemodialysis. Previous studies incliding our study
showed that RVAD requirement was a significant predictor of
overall morality and device-related infections." 4% In more
recent studies, it was reported thal laboratory variables, which
are indirectly related to RV function (eg, bilirubin and Cr
levels), were more strongly assockated with the need for biven-
tricular support than with the preoperative hemodynamic vari-
ables. 0 Therefore, early LVAD implantation before a pro-
gressive decline of end-organ function is essential to prevent
these postoperative complications.

Nonetheless, there are still many patients in INTERMACS
level T group with progressive end-organ dysfunction referred
to us for LYAD implantation. Thus, we performed a subset
risk analysis for early mortatity for INTERMACS level 1 pa-
tients {Table 4),

Univariate and multivariate analysis for the INTERMACS
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2 n ; patients with a Cr level of <1.98mg/fd! and
S 0.5+ 7 : without ECMO (blue, n=9), patients with &
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3, 2™ ; X . ] - »1.88mg/fdl and with ECMO (red, n=11),
impaired renal function without ECMO, n=4 Regardiess of the preoperative ECMO
0.1 p=0.018 support, patients with serum Cr levels of
0.0 <1.86mg/d! had a better prognosis than
A : 3 ¥ patients with serum Crlevels of > 1.88mg/d!
8] 100 200 300 (P=0.018), INTERMACS, Interagency Reg-
istry for Mechanically Assisted Circulatory
days Support: ECMOQ, extracorporeal mem-
-

brane oxygenation.

level 1 patients showed pre-existing renal dysfunction as the
independent risk factor for carly mortality, A ROC curve
(Figure 2) showed that a preoperative Cr level of 1.96mg/d!
was an optimal cut-off value for carly mortality, and patienis
without severe renal impairment {Cr level <1.96mg/dl) showed
significantly better prognosis than patients with impaired renal
fenction (Cr 21,96 mg/dly (Figore 33, Sandner ¢t al found that
the survival rates of patients whose GFR was <60ml-min!-
1.73 mr% at LVAD implantation were significantly worse than
those of patients with GFR >60ml-min-t- .73 m2.2 In ad-
dition, Butier et al reported that patients with Cr ¢learance
{CrCl) values of <47 mi/min had a significantdy higher dsk of
mortality than patients with CrCl values of >95 mifmin {OR:
1.95; 95%CI, 1.14-3.63).* Although preoperative renal dys-
function sometimes improves after LVAD implantation, those
patients often require perioperative CHDF after LVAD im-
plantations, resulting in prolonged ICU stay and increased

risks of other complications such as catheter infection and
prefonged mechanical ventilations, and therefors might in-
crease carly mortality. These results suggests that LVAD im-
plantation should be considered without delay for patients
with end-stage heart failure if renal function progressively
declines despite optimal medical therapy.

in the present study, the preoperative serum bilirubin level
was not found to be the independent risk factor for 90-day
mortality in logistic regression analysis. In addition, our previ-
ous study using a Cox-hazard model also revealed that serum
bilirubin was not the independent risk factor for long-term
mortality.™ These resuits do not agree with those of several
previous studies, 23 The reason for this discrepancy might
be that we aggressively implant a temporary RVAD at the
time of L.VAD implantation if the patient is regarded as high
risk for insufficient hemodynamic with exclusive LVAD
support. Fitzpatrick et al recommended proceeding directly to
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biventricular assist device implantation in patients at high risk
for failure of isolated LVAD support, because early institution
of biventricular support resuits in 4 dramatic improvement in
survival  In the present study, approximately half of our pa-
tients in the INTERMACS level 1 group underwent simulta-
neous RVAD implantation, of whom 6 of 21 were weaned
from temporary RVAD support.

Interestingly, preoperative mechanical support with ECMO
was not a significant risk factor for early death in our study,
whereas Klotz et al reported that preoperative ECMO support
was one of the independent risk lactors of ICU mortality.’” As
shown in Figore 4, the cumulative survival curve mainly de-
pends on the existence of renal dysfunction rather than on
ECMO support. According o Lietz et al, the risk of LVAD
surgery was not correlated with the hemodynamic severity of
heart failure but was correlated with the presence of comor-
bidities.* We believe that mechanical support itself is useful 1o
prevent end-organ dysfunction. We now believe that immedi-
ate ECMO support should be provided for patients with pro-
gressively declining renal function due to refractory heart
failure, and LVAD implantation should be considered without
delay if Further deterioration of end-organ function is noted
even with ECMO support.

Study Limitation

There are several Hmitations in the present study. First, the
main limitation is that our study was a retrospective study
{imited 1o a single instittion. There was a device selection
bias between INTERMACS level 1 and level 2/3 groups be-
cause of the use of new continuous-flow devices in clinical
trials. Preoperative hemodynamic variables such as right ven-
tricular stroke work (RVSW) and the RVSW index could not
be obtained in more than 23% of the patients and was not
considered while calculating the results, We did not distin-
guish between acute renal failure and chronic renal failure,
which is more refractory to LVAD implantation. In addition,
in patients with preoperative hemodiafiltration, the serum Cr
level did not indicate precise renal function. Another limita-
tion is the fact that the differences of LVAD performance due
w the use of different devices, which might influence sys-
temic circulation and mortality, were not evaluated.

Canclusions

Our data show that LVAD implantation in stable conditions
coniribules o a better clinical outcome for patients with severe
heart failure. If critical cardiogenic shock occurs, LVAD im-
plantation must be considered immediately before any impair-
ment of other end-organ functions, especially renal function.
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RAPID COMMUNICATION

First Pediatric Heart Transplantation From
a Pediatric Donor Heart in Japan

Takayoshi Ueno, MD, PhD; Norihide Fukushima, MD, PhD; Taichi Sakaguchi, MD, PhD;
Haruki Ide, MD; Hideto Ozawa, MD; Shunsuke Saito, MD:
Hajime Ichikawa, MD, PhD; Yoshiki Sawa, MD, PhD

Background: Since the revision of the Japanese Organ Transplantation Act, children younger than 15 years old

can donate their organs after brain death.

Methods and Results: A teenage boy with endstage restrictive cardiomyopathy underwent the first heart trans-
plantation with a pediatric donor heart in Japan on April 12, 2011, He had a good postoperative clinical course and
no histological rejection episodes. His waiting period was relatively short (237 days) compared with adult patients,
because of the pediatric patient-first policy for a pediatric donor heart.

Conclusions: To increase pediatric heart transplantation in Japan, further enlightenment of the general popula-
fion about pediatric organ donation is desirable. {Circ J 2012; 76: 752754}

Key Words: Cardiomyopathy; Pediatrics; Transplantation

ally increasing in Japan since the first HTx was per-

formed in Osaka University Hospital in February
1999. However, because of the long waiting period for HTx,
Jong-term support of that patient with ventricalar support sys-
tem was needed.! Until continuous flow assist devices could
be approved, and the postoperative prognosis thus improved,?
the resuits of HTx would be unsatisfactory. Moreover, children
under the age of 13 years could not donate their organs after
brain death until the Japanese Organ Transplantation Act was
revised on 17 July, 2010, because in Japan only persons who
had given written consent for organ donation after brain death
coutd donate their organs. Prior to the case reported here, only
4 teenage HTx had been performed, using adult donor hearts,

After renewal of the Act, organs can be donated after brain
death by consent of the patient’s refatives, if he or she did not
deny organ donation, allowing children younger than 13 years
of age to donate.

Before issuing the revised Act, new guidelines for organ
allocation were made and because of the beneficial effects of
pediatric donor hearts on survival after pediatric HTx, the pedi-
atric patient-first policy from & pediatric donor heart was made
the same as the policy of the United Network for Organ Shar-
ing. Briefly, within each heart status, a heart retieved from a
pediatric organ donor less than 18 years of age shall be allo-
cated to a pediatric heart candidate (ie, less than 18 years old at
the time of listing) before the heart is allocated to an adult

O rthotropic heart transplamation (HTx) has been gradu-

candidate.

We report the first pediatric HTx with a heart from a donor
under 15 years of age in Japan.

A teenage boy was admitted to Osaka University Hospital
on April 12% 2011 by helicopter trangportation from his local
hospital. In April 2007, he fainted for the first time in his
tife, because of complete atrioventricular block. He underwent
¥DD mode pacemaker implant at his local hospital. Histo-
togical examination of the right ventricular myocardium re-
vealed chronic myocarditis. Because there was progressive
worsening of his clinical condition over the next few years,
implantation of a pacemaker for cardiac resynchronized thera-
py was atiernpted, but it failed because another pacemaker lead
could not be placed in a suitable site in the coronary sinus.

In July 2009, he was admitted for acute renal failure accom-
panicd by dehydration and disrrhes. Since then, he repeatedly
showed digestive symptoms of heant failure and was admitied
to his local hospital. The highest level of B-type natriuretic
peplide was 4,200 pgiml. In April 2010, continuous dopamine
administration at a dose of 3ug-kg! min~! was started, bt
despite inotropic support he was diagnosed by cardiac cathe-
terization as having restrictive cardiomyopathy with left ven-
tricular systolic dysfunction. In August 2010, he was listed for
HTx because of advanced restricted cardiomyopathy, He was
waiting for HTx at his local hospital.

On Aprit 12% 2011, the donor information was brought to
Osaka University Hospital: the donor was between 10 and 13
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Figure. Creatinine, blood urea nitrogen {BUN} levels before and post transplantation, and postoperative immunosuppressive
regimen, Cre, creatinine; MIVIF, mycophenolate mofetil; CHDF, continuous hemodiafiltration.
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years old, the donor heart’s function was good for trausplanta-
tion (EF 69%), and the weight ratio of the donor and the re-
cipient was ~5%. The next day, HTx was performed with the
bicaval method. The total ischemic time was 220min. The
waiting period for HTx had been 237 days.

The immediate postoperative course was good and he was
extubated on postoperative day (POD) 1; 3 doses of methyl-
prednisolone (125 mg) were given intravenously on the day of
operation and POD 1 on each day. A triple oral immunosup-
pression regimen with tacrolimus, mycophenolate mofetil and
prednisolone was started on POD 1. The tacrolimus target
trough Tevel was 10-15ng/ml for the first week after HTx, No
induction therapy was used. From PO 4, the serum creatinine
level and his weight gradually increased, and on POD 8 the
patient required continuous hemodiafiftration (CHDF) and me-
chamical respiratory support because of progressive dyspnea
(Figure). Tacrolimus was discontinued because of its nephro-
toxity, and a chimeric monoclonal antibody against the inter-
leukin-2 receptor a~chain, basiliximab, at a dose of 20mg was
given intravenously on POD 9 to spare the use of calcineurin
inhibitors (CNI) during recovery of renal function. After the
serwm creatinine level decreased to 1mg/dl, mechanical vertila-
tion was discontinued on POD 11 and CHDF on POD 12, Oral
administration of cyclosporine instead of tacrolimus was start-
ed. at a low initia} dose, on POD 16, and the dose was gradu-
ally increased 1o give a blood trough level of approximately
250mg/ml. Afier rehabilitation, the patient was discharged in
good clinical condition on POD 30. Echocardiographic exami-
nation showed excellent biventricular EF. There were no clini-
cal or histological episodes of rejection during the postoperative
course. The serum creatinine level was 0.8 mg/dl at discharge.

Cirpriiation Jowepal VolT8,
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Jiscussion

In dapan, HTx has increased since the revised Organ Trans-
plant Act enforcement in July 2010; 34 HTx were performed
it the 10 months after the revision of the Act, whereas only 69
had been done in the nearty 13 years afier the old Act was first
issued. OF the 103 HTx performed in Japan, only 3 patients
have died after HTx and the 10-year survival after HTx is more
than 95%, which is much better than the outcomes from the
data of the International Society for Heart and Leng (SHLT)
Registry,

Only a limited number of teenage pediatric HTx were per-
formed in Japan, because children younger than 5 years old
coudd not donate their organs after brain death under the old
Organ Transplant Act. Worldwide, since the ISHLT registry
was started in 1982, the number of pediatric HTx has grad-
vally increased. In recent years, the number has remained
stable at approximately 430 per year, and a fotal of §,575 pe-
diatric HTx was reported before 2008 Overall survival was
approximately 40% for patients up to 20 years afler transplan-
tation. The median survival was 18.3 years for infani recipi-
ents, 15,5 years for childhood-age recipients, and 11.3 years
for adolescents. Moreover, HTx outcomes have improved era
by era, cven in sicker children who may have been excluded
previously 4 It is certain thay HTx is the major treatrent for
severe heart failure, even in the pediatric population.

‘When cyclosporine is the primary CN1, a significantly great-
er percentage of patients are treated for rejection than occurs
with tacrolimus. Patients receiving cyclosporine at discharge
have a 45% incidence of rejection in the first year compared
with 27% for those discharged with tacrolimus therapy, ac-
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cording to the ISHLT Registry.* Therefore, we chose a triple
immunosuppressive regimen based on tacrolimus. In Japay, no
drugs for induction therapy after HTx are approved for use by
the Government, $o no induction was done initially, Because
CHDF and mechanical ventilation were required in the present
case, because of acute renal failure, tacrolimus was discontin-
ued and anti-IL2R antibody was used to reduce the use of
CNis. After renal function was restored, we switched to cyclo-
sporine. CNis are still the basis of immunosuppressive therapy
in HTx, but there are numerous side effects, such as renal
fadture, hypertension, hypedipidemia, cc.® Acate nephrotoxic-
ity occurs soon after the onset of adminisiration of CNIs, and
the nephrotoxity is dose-dependent and characierized by acute
vasoconstriction of kidney arterioles and arteries.” Addition-
ally, renal dysfunction is frequently seen under the condition
of pretransplant heart failure.¥ The present patient had mild
renal dysfunction prior to HTx, because of the high central
venous pressure (23 mmbyg) caused by the restrictive cardio-
myopathy. As his reserve capacity of renal function may have
been decreased during the postiranplant period, CNis caused
additional deterioration i renal function, and CHDF was re-
quired as a result. In the case of deteriorated renal reserve ca-
pacity before HTx, other immunosuppressive regimens such
as induction therapy and/or mammalian target of rapamycin
inhibitors (mTORI) might be recommended, Primary induction
therapy using an IL2R-antagonist, which is not approved for
use in Japan after H'Tx, might be better for avoiding renal in-
sufficiency. The trend for induction therapy with polyclonal
antilymphoeyte/antithymocyte globulin or IL2R-antagonist
has increased recently, with more than 70% receiving # in
20092 These medicines for induction therapy should be cov-
ered by insurance for HTx in Japan as soon as possible. On the
other hand, CNI-free immunosuppression after cardiac trans-
plantation using MMF and the mTOR|, sirolimus, showed 2
good clinical course in the absence of acwie rejection in a
patient with impaired renal function.” In Japan, the mTORA,
everolimus, is already approved for use after HTx. However,
as mTORI have several side effects, such as impairment of
wound healing, hypercholesterolemia, inhibition of sperm pro-
duction and so on, we did not chose everolimus as the first
choice after pediatric HTx.

On issuing the revised Act, the pediatric patient-first policy
from a pediatric donor heart was made the same as the policy
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of the United Network for Organ Sharing. Therefore, the patient
waited only 237 days for HTx, whereas the recent average wait-
ing peried for an adult donor heart with the same blood type
was 1,008 days.

In conclusion, we successfully performed the first pediatric
HTx from a pediatric donor heart under the pediatric patient-
first policy in Japan. However, most pediatric patients requir-
ing HTx die within 2 year while waiting. To increase pediatric
HTx in Japan, further enlightenment of pediatric organ dona-
tion, establishment of pediatric emergency systems, intensive
care systems, and pediatric mechanical circulatory support
systems are needed. We desire that a pediatric BTx will soon
be carried out in a young child, especially one who is less than
10 years old.
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ORIGINAL ARTICLE

Gardiovascular Surgery

Initial Experience of Conversion of Toyobo Paracorporeal
Left Ventricular Assist Device to DuraHeart
Left Ventricular Assist Device

Daisuke Yoshioka, MD; Taichi Sakaguchi, MD, PhD; Shunsuke Saito, MD;
Shigeru Miyagawa, MD, PhD; Hiroyuki Nishi, MD; Yasushi Yoshikawa, MD;
Satsuki Fukashima, MD, PhD; Takayoshi Ueno, MD, PhDD;

Toru Kuratani, MD, PhD; Yoshiki Sawa, MD, PhD

Background: This report details experience of the conversion of the Toyobo left ventricular assist device (LVAD; Nipro,
Usaka, Japan) to the DuraHeart LVAD (TerumoHeart, Ann Arbor, MI, USA) in patients awaiting heart fransplantation.

Methods and Resuits: Eight patients (4 male, 4 female) with Toyobo paracorporeal LVAD underwent conversion
to the third-generation centrifugal (DuraHeart) LVAD. The apical cuff of the Toyobe was not exchanged because the
size was the same as that of the DuraHeart. Al conversion operations were performed safely, but 3 patients who
had infection of the Toyobo LVAD cannulation site prior to conversion suffered later pocket infections and 1 patient
died because of sepsis. One patient underwent heart transplantation and 6 of 8 patienis were awaiting heart trans-

plantation at home,

Conclugions: Conversions from the Toyobo LVAD to the DuraHeart LVAD were performed safely. Considering that
implantable LVADs provide superior long-term survival and quality of life, conversion is a reasonable decision for
{Cire J 2012; 76: 372~376)

Toyobo LVAD users in whom there are no infections.

Key Words: Heart failure; Heart-assist device; Surgery

eft ventricular assist devices (LVADs) provide effec-

I tive bridge-to-transplant therapy for patients with end-

stage heart failure and are increasingly used for desii-

nation therapy.* Several types of continuous-flow implantable

devices have been developed and have demonstrated signifi-

cantly improved clinical results with reduction in pump-related

morbidity and improvement in both survival length and quality

of life (QOL}.-* These devices are highly beneficial for patients

awaiting heart transplants in Japan, where waiting ime exceeds
2 years due to severe donor shortage.

Due to so-called “device lag”, however, implantable VADs
have not been available in Japan for a long time, and the
Toyobo LVAD (Nipro, Osaka, Japan), a paracorporeal pneg-
matic device, has been the only choice for most patients.” As
described in previous reports, long-term use of Toyobo LVADs
involves serious problerss, including not only a high complica-
tion vate of stroke and driveline infection but also low QOL
due to very limited ambulation ¥ Thus, the introduction of
new-generation implantable LYADs in Japan, where long-term
bridges to transplants are needed, is very important.

Currently, several types of continuous-flow LVADs such as
DuraHeart (Ferumo Heart, Ann Arbor, Mi, USA), HeartMaie
I {Thoratec Corporation, Pleasanton, CA, USA), Jarvik 2000
{Jarvik Heart, New York, NY, USA), and EVAHEART (Sun
Medical, Nagano, Japan) have already approved or are expected
to be approved soon in Japan. Of these devices, the DuraHeart
is the world’s first approved, magnetically levitated centrifugal
pump designed for long-term circulatory support. Previous
studies found that the DuraHeart was able to provide safe and
reliable long-term circulatory support with an improved sur-
vival and an acceptable adverse event rate in advanced heart
failure patients who were eligible for transplantation.®#
Recently, this device was approved by the Japanese Ministry
of Health, Labor and Welfare.

Considering the long waiting time for patients who have
already undergone implantation with a Toyobo LVAD, we
believe conversion (o an implantable continuous-flow device
provides a safer bridge to transplantation and promises higher
QOL. Herein, we report ourexperience with the conversion of
Toycbe LVADs to DuraHeart LVADs in patients awaiting
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Conversion of the Toyobo to DuraHeart LVAD

373

. Table 1. Patient Characteristics Prior to Conversion
Patient Age " .. Before Toyobo
no. Sex {years) BSA Diagnosis support
1 M 30 1.54 CM IABP
2 M 25 1.51 CM PCPS
3 M 26 174 CM IABP
4 F 35 1.53 Myocarditis PGPS
5 F 30 1.58 Myocarditis PCPS
8§ F 34 148 CM PCPS
7 M 28 1.50 CM IABP
8 F a7 1.43 je PCPS

Pre-Toyobo Toyobo duration  Pre-conversion

Purpose of

Toyobo comment {days} characteristics

Bridge to RHF, liver 8 Stable

decision failure

Bridge to RHF, ARF, 14 Cannula site

decision CHDF infection
BIT 228 Severe AR, cannula

site erosion
BTT BIVAD 174 {(BiVAD) Severe PR
BT BIVAD 224 (BiVAD) Cannula site
infection

BTT 268 Stable
BTY 335 Stable
BTT 13 Siable

BSA, body surface area (m?); CM, idiopathic cardiomyopathy: [ABP, intraaortic baloon pumping; RHF, right heart failure; PCPS, perculaneous
cardiopuimonary suppori; ARF, acufe renal failure; CHDF, cortinuous hemodialysis and filtration; BTT, bridge to transplantation; AR, aortic
regurgitation; BiVAD, biventricular assist device; PR, pulmonary regurgitation,

heart ransplantation.

Methads and Besulis

Patisnis

Between November 2009 and July 2011, 8 patients underwent
conversion to a DuraHeart LVAD at Osaka University Hospital.
These patients had no serious organ dysfunction other than the
heart or systemic infections, and were expected 1o receive good
family suppont while awaiting heart transplantation at home,
The protocol and documents for patient informed consent were
reviewed and approved by the ethics commitice at Osaka Uni-
versity Hospital. The operative risks and benefits were shared
with the patients and written informed consent was obtained
from all the patients. All conversion-related costs were sup-
ported by a Grant-in-Aid for scientific research from the Minis-
try of Health, Labor, and Welfare of Japanese Government.

Eight patients (4 ruaie, 4 female) using Toyobo extracorpo~
real LVADs underwent conversion to DuraHeart LVADs,
Patient characteristics are surnmarized in Table L, The median
patient age was 30 years (range, 25-37 years) and all patients
were on the transplant fist. The median duration of Toyebo
support was 224 days (range, 9-335 days). Six patients had
tdiopathic cardiomyopathy (patients 1-3, 6,7 and 8) and 2 had
fulminant myocarditis and had been supported by Toyobo
biventricular VADs (BIVAD) for 174 days (patient 4) and 224
days (patient 3}, respectively.

There were 2 patients (patients | and 2) whose duration of
Toyobo support was <2 weeks. Patient 1 underwent emergency
implantation with g Toyobe LVAD for acute hemodynamic
deterforation. Patient 2 underwent implantation with a Toyobo
LVAD at another hospital and was transferred to Osaka Uni-
versity Hospital for the DuraHeart LVAD implantation.
Because pre-LVAD evaluation raised a concern about BiVAD
requiremnent due 1o severe right heart failure and ongoing
multi-organ failure, primary implantation of the DuraHeart
LVAD wis delayed at that time, Conversion to Durabicart was
slectively performed following hemodynamic stabilization and
improvement of end-organ function with the Toyobo LVAD.

In patients 3 and 4, the conversion was performed because
the patients had developed progressive heart failure even with
Toyobe support due to severe aortic valve {(patient 3) or pul-
monary valve (patient 4} insufficiency. Direct aortic/pulmo-
nary valve closures were added to the implantation of the

Figure 1. The DureHeart inflow cannula was inserted into the
Tovobo apicat cuff, then the Toyobo outflow graft was ampu-
tated near ihe ascending aorta and the DuraHear! outflow
graft anastomosed.
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 Table 2. Operative Procedure and Clinical Outcome : i L
Patient  Operation CPBtime Cress-clamp Cancomitant Durateart -~ ‘ : '

no.  time(min)  (min)  time (min) procedure Duration (daysy ~ ComPlication Results

1 278 103 0 631 Ongoing {outpatient}
2 387 81 0 332 Pockst infection Ongoing {outpatient)
8 498 227 68 AV closure 584 Pocket infection Ongoing (outpatient)
4 872 255 0 Jarvik2000, PV dosure 570 Ongoing {outpatient)
5 565 153 0 Jarvik2000 284 Trachevstomy, Death

pocket infection

[ 251 44 0 483 Device exchange  Ongoing (outpatient)
7 344 39 0 176 Transplantation

8 328 80 [¢] 30 Ongoing (outpationt)

CPB, cardiopulmonary bypass; AV, aonic valve,

A

Figure 2, (A} Patient 3 had only minor erosion around the exit site of the Toyobo left ventricular assist device prior 10 conversion.
{B) Patient § had methicillin-resistant Staphylococcus aursus infection of the Toyobo cannula exit sites.

DuraHeart LVAD.

Having carried out several conversion cases and ensured the
safety of the procedure, we extended the indication for conver-
sion to stable patients, Considering the poor long-term results
of the Toyobo BiVAD, patient 5 underwent conversion to a
DuraHeart LVAD and Jarvik 2000 for right ventricular assist
device (RVAD). Patients 6, 7 and 8 experienced no major
complications with the Toyobo LV AD during theiy 224-, 335-,
and 113-day support, but it was also anticipated that they would
face a wait of >1 year for heart transplantation; conversions
were performed with the aim of a safer bridge 1o ransplana-
tion and higher QOL.

Operative Procedure

All operations were performed using a repeat median ster-
notomy. The heart was dissected and the Toyobo inflowfout-
flow cannulae were freed. Another skin incision was made
vertical tothe midline incision across the inflow and outflow
cannulae exit site, and the inflow and outflow graft of the
Toyobo LVAD were dissected. The skin exit site was trimmed
off and the space above the peritoneum was dissected and the
feft side of the disphragm was cut at its connection with the
anterior chest wall. The DuraHeart pump cable was wnneled
s.c. 1o exit the skin at the left lower guadrant to keep away
from the prior canmlation site. After systemic heparinization,

a cardiopuimonary bypass (CPB) was initiated with cannula-
tion of the ascending aorta and right atsium. The operative
field was flooded with carbon dioxide. The aortic root venting
cannula was placed fo evacuate residual air. All procedures
were performed on a beating heart except in 1 case requiring
aortic valve closure {patient 3. The Toyobo inflow cannula
was carefully removed from the apical cuff and the left ven-
tricular cavity was inspected, Any mobile wedge thrombi were
carefully excised. The Toyobo apical cuff can be used for the
Durateart device because the sizes of the inflow cannulae of
both devices are identical. The sizes of the outflow graft
(12mm) are also the same for both devices. These size simi-
larities make the conversion procedure very easy and safe
becanse the most serious concerns in LVAD implantation
procedures are bleeding from the suture line of the apical cuff
and from the anastomotic site of the outflow graft. The Dura-
Heart inflow cannula was inserted into the Toyobo apical cuff
and secured with several silk ties. The Toyobo outflow graft
was amputated near the ascending aorta and the DuraHeart
outflow graft was anastomosed end-to-end using & continnous
4-0 polypropylene suture (Figure 1). The air was then care-
fully removed, the pump position was adjusted to obtain an
optimal flow rate, and CPB was gradually discontinued.
Patient 3 experienced severe aortic insufficiency and devel-
oped symptoms of progressive heart failure despite receiving
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