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Figure 6. (A) Quantitative evaluation of proliferative cells as assessed with the expression of proliferation associated Ki67 nuclear
antigen (dark brown). Figure shows mean + SEM densitometry values from the immunohistochemistry of myocardial paraffin-
embedded sections of sham-operated, wild-type (L6-WT), Bcl-2 (L6-Bcl2), and control animals. *p < 0.05, **p < 0.01 compared
to the control group, Tp < 0.05, 1p < 0.01 compared to the L6-WT group. (B) Expression of Ki67 in uninfarcted, sham-operated
myocardium. (C) Representative figures of showing proliferating cells by Ki67 expression in infarct (left panels), border (middle
panels), and remote (right panels) areas of the left ventricle. Sections were double-stained to detect muscle tissue by tropomyosin
(darker staining) expression. Sections were counterstained with hematoxylin.

to the area supplied by the stenosed or occluded artery.
Overt necrosis is predominant in- the core areas, with
programmed death by apoptosis gaining more ground
towards the border areas with some collateral blood
flow. The restricted oxygen and nutrient supply, along
with cell debris released by necrotic cells, elicits cell
death responses that operate through common mecha-
nisms, such as the generation of reactive oxygen species
(16) and target mitochondrial function (26). In this
study, we mimicked these in vivo conditions in cell cul-
ture by removing serum from the culture medium, thus
depriving cells of nutrients and growth factors. More-
over, to reproduce the proapoptotic environment of the
infarcted area, we treated cells with staurosporine, a
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widely used inducer of apoptosis that elicits similar in-
tracellular apoptotic cascades that spur cell death in in-
farcted myocardium (10). Bel-2 overexpression in cells
and cell sheets provided protection and resistance
against both nutrient deprivation and staurosporine-
induced apoptosis. Importantly, when stressed with nu-
trient deprivation myoblast sheets expressing Bcl-2 dif-
ferentiated into myotubes. This suggests that expression
of antiapoptotic Bcl-2 does not prevent the myoblasts to
exit the cell cycle, fuse, and differentiate.

These results show the benefit of bcl2 gene transduc-
tion for cell sheet transplantation, and corroborate with
previous data on Bcl-2 expression inhibiting the mito-
chondrial pathway of apoptosis (18) activated by various
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stress factors including serum deprivation (2) and oxida-
tive stress (7). Interestingly, previous studies have shown
that Bcl-2 expression, when introduced in the heart, pro-
vides myocardial protection against ischemia (13), and
further validates our approach. Thus, the introduction of
bcl2 as a controlled pretransplantation gene therapy can
be considered beneficial for promoting the effects of cell
sheets under ischemic or infarcted tissues in prevailing
proapoptotic or nutrient-deprived environments.
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The finding that Bcl-2 expression only influences
gene expression in cell sheets suggests that Bcl-2 does
not alter cell behavior under normal growth conditions,
Bcl-2 activity specifically enhances apoptosis tolerance,
and that formation of cell sheets may induce apoptotic
stress to the cells. These results show that when apply-
ing cell sheet therapy, prevention of apoptotic death al-
ready at the initial steps of sheet formation is necessary
for maximizing therapeutic efficacy. In the Bcl-2-express-

L6-WT

L6-Bei2

Control

Figure 7. (A) Quantitative evaluation of the number of c-kit-expressing cells in the myocardium. Paraffin-embedded sections were
stained from sham-operated, wild-type (L6-WT), Bcl-2 (L6-Bcl2), and control animals. *p < 0.05 compared to the L6-WT group,
##p < 0.01 compared to the control group. (B) Representative figures of c-kit expressing cells in the myocardium from sham-
operated (upper left panel), control (upper right panel), L6-WT (lower left panel), and L6-Bcl2 (lower right panel) groups. Sections

were counterstained with Nuclear Fast Red.
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Figure 8. Quantitative evaluation of cell survival after myoblast cell sheet transplantation. (A) Analysis of green fluorescence
intensity from the apical surface of hearts 3 weeks after transplantation of GFP-expressing wild-type (L6-WT-GFP, n = 6) and Bcl-
2-overexpressing (L6-Bcl12-GFP, n = 6) cell sheets. (B) Representative bright field (left panels) or fluorescence (right panels) images

of excised hearts three weeks after surgery.

ing myoblast sheets we observed enhanced production
of the VEGF family paracrine effectors, VEGF-A and
PIGF. These growth factors are known to synergize in
proangiogenic signaling (24), and further add to the ben-
eficial profile induced by introduction of Bcl-2. In a pre-
vious study, Memon and colleagues reported that the
myocardium under the myoblast sheets produces growth
factors, such as VEGF (20). In this study, we show that
wild-type myoblast sheets themselves exhibit enhanced
production of proangiogenic factors compared to stan-
dard cultures of myoblasts, and that expression of Bcl-2
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in sheets greatly enhances the production of these para-
crine factors.

To further test the Bcl-2-mediated functional thera-
peutic benefit in vivo in AMI, wild-type, and Bcl-2-
expressing sheets were transplanted onto the ischemic
myocardium after LAD ligation. In the group under-
going Bcl-2 sheet transplantation, clearly enhanced left
ventricular function was already evident at 10 days and
was sustained until the end of the study period, 28 days
after transplantation. LVEF paralleled LVFES as an alter-
nate measure for left ventricular performance. Although
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some studies have reported enhanced cardiac function
by unmodified myoblast sheets in experimental models
of MI (11,20), treatment with two layers of wild-type
sheets in this study did not significantly increase LVEF.
Here, however, transplantation of wild-type sheets also
counteracted the LVEF decline after MI. This may be
due to differences in rat strain (20), host species of do-
nor myoblasts (11), the low number of cell sheets used,
or the acute infarction model employed in the current
study. Furthermore, due to generation and passage of the
L6 cell line, differences to primary cells, as used in
some studies, may emerge (35). Sheet transplantation in-
creased vascular density in infarcted and border areas
as evaluated by vWF immunostaining. Only the Bcl-2-
modified sheet therapy increased both the number of
proliferating cells in the remote area and the number of
cells positive for stem cell antigen c-kit in the myocar-
dium. In view of a recent report by Cimini et al. (8),
these results suggest that more stem cells are stimulated
to infiltrate the myocardium by Bcl-2-modified my-
oblast sheet therapy. Induction of stem cell infiltration
can subsequently activate the endogenous repair pro-
cesses of the myocardium (8). The observed effects on
angiogenesis, proliferation, and c-kit expression were
associated with an antifibrotic effect of the sheets at 28
days. Furthermore, overexpression of Bcl-2 resulted in
prolonged survival of myoblast sheets in vivo, providing
sustained secretion of angiogenic factors. The impor-
tance of such paracrine activators from myoblasts was
demonstrated by Perez-Ilzarbe and colleagues on endo-
thelial, smooth muscle, and cardiomyocyte cells (25).
Activation of all these cell types is required for efficient
repair of the damaged myocardium.

Taken together these results suggest that Bcl-2 over-
expression in the myoblast sheets enhances their thera-
peutic potential by improving and sustaining the para-
crine effects of the sheets in AMI. To our knowledge,
this study presents the first combination therapy ap-
proach to use gene therapy-engineered cell sheets that
can withstand apoptosis induction by means of Bcl-2
expression. These results provide the first insight on
how antiapoptotic and mitochondrioprotective strategies
not only functionally but also by specific modification
of gene expression profile can enhance the novel ap-
proach of cell sheet transplantation therapy in treatment
of heart failure. Because myoblast sheet transplantation
has shown no adverse effects in either preclinical or
clinical settings (Y. Sawa, personal communication), it
seems feasible to adopt this cell transplantation method-
ology for gene modification and as vehicle in gene ther-
apy as well. The transplantation of sheets can easily be
carried out in conjunction with coronary artery bypass
surgery, and it produces minimal damage to the heart
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muscle compared to cell injections. The cells can be
transduced with an optimized minimal amount of viral
vector, and no viral vectors are injected to the patient.
However, clinical trials are warranted to unambiguously
demonstrate the efficacy of cell sheet transplantation.
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Abstract

Objectives: A persistent problem in generating a functional myocardial patch is maintaining contractions in a thicker construct. Thus far, we
have successfully created contracting constructs with a defined directionality by seeding neonatal rat cardiomyocytes (CMs) on decellularised
porcine small-intestinal submucosa (SIS). Here, we report our efforts in generating a thicker contracting construct by combining CM cell sheets
with CM-seeded SIS. Methods: Porcine SIS was decellularised, opened along the longitudinal axis, fixed in a metal frame (45 mm x 25 mm) and
seeded onto the submucosal side with neonatal rat CMs at a density of 1.8 x 10° cells cm™2. CM sheets were prepared using temperature-
responsive dishes by seeding CMs at a density of 4.0 x 10° cells cm™2. Three days after CM seeding, one- or three-layered CMs sheet(s) were
stacked onto seeded SIS. Construct contraction was observed for an additional 10 days followed by histological analysis. Results: Stacked CM
sheets contracted spontaneously and synchronously with seeded SIS after adherence. A large portion of analysed constructs showed a defined
contraction direction, parallel to the longitudinal axis (seeded SIS: 83%, seeded SIS + 1 sheet: 70%, seeded SIS + 3 layered sheets: 71%). This
finding was in agreement to the histological finding of aligned CMs parallel to the longitudinal axis. The thickness of seeded SIS with and without
three-layered sheets was approximately 800 pm and 500 pm, respectively. Conclusions: By combining layered CM sheets with CM-seeded SIS, a
three-dimensional myocardial patch with contraction in a defined direction was successfully generated. This may represent an intermediate step
to a multiple layered, vascularised contractile myocardial graft.
© 2010 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.
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1. Introduction been made since the late 1950s, engineering a fully
functional and transplantable heart muscle has not yet been
A major aim of tissue engineering is the production of a achieved due to the structural and functional complexity of
functional three-dimensional structure, aimed to restore, native heart muscle [1—3].
support or supersede native tissue function. Thus far, Research conducted by Zimmermann and Zhao [3,4] has
multiple tissue-engineered constructs have been developed suggested three potential approaches to construct func-
and clinically applied since the term ‘tissue engineering’ was tional contractile cardiac tissue: (1) seeding cardiomyo-
first introduced in 1987 [1]. Above all, engineering of cytes (CMs) on a synthetic or biological scaffold; (2) using
myocardial tissue may become a pressing need in an ageing soluble collagen and other extracellular matrix (ECM)
society with increasing cardiovascular morbidity [2]. components to entrap CMs; and (3) stacking CM sheets to
Although several reports of producing cardiac tissue have form multilayered cardiac muscle constructs. With respect

to approach (1), our laboratory has successfully developed
a contracting artificial myocardial tissue by seeding CM on

* Presented at the 23rd Annual Meseting of the European Association for a collagen scaffold [5]. Progress in this direction was
Cardio-thoracic Surgery, Vienna, Austria, October 18—21, 2009.

** Sources of funding: This study was supported by the CORTISS Foundation. ac,hleved thrOUgh the replz'icement Of, the cpllagen scaffold
H.H. received a fellowship from the Japan Heart Foundation and the Uehara with decellularised porcine small-intestinal submucosa
Memorial Foundation. (SIS) as the matrix. When seeded with neonatal rat CM,
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tion with ECM, the maintenance of electrophysiological and
contractile performance, the feasibility of stacking multiple
sheets and the independence from potentially immunogenic
or pathogenic scaffold materials [1,7]. However, the
maximum thickness and strength achievable, relative to
native tissue, remains equivocal. Our laboratory has
investigated the transfer of cell sheets of various origins,
as a regenerative therapy option in different animal models
[8,9] and in a clinical study in Osaka University.

Decellularised porcine SIS is an acellular ECM rich in
collagen, glycosaminoglycans and growth factors, and been
characterised as a complete absorbable biocompatible
framework [10]. As a result of these characteristics, it has
great potential for use in both ex vivo tissue engineering and
in reconstructive surgery. SIS and similar ECM scaffolds, for
example, decellularised porcine urinary bladder matrices
have also been applied in animal models of cardiac repair
[11,12].

Herein, we describe our next step towards an implantable
myocardial patch combining our previous success with CM-
seeded SIS and CM cell sheets.

2. Materials and methods
2.1. Animal care

This work was approved by the Institutional Review Board
and the Institutional Animal Care and Use Committee
protocols of Hannover Medical School. All animals received
humane care in compliance with the European Convention on
Animal Care.

2.2. Decellularisation of porcine SIS

Porcine small intestine was harvested from anaesthetised
German Landrace pigs weighing 20—25 kg and cut into short
segments. After mechanical removal of tunica mucosa and
tunica serosa, segmented intestines were chemically decel-
lularised using a modified method of Meezan et al. [13]. In
brief, decellularisation was performed using 4% sodium-
deoxycholate and 0.1% sodiumazide under continuous
shaking at 4 °C for 2 h. SiSs were washed with phosphate-
buffered saline (PBS) containing 0.1% neomycin sulphate and
1% penicillin—streptomycin solution under continuous shak-
ing for 7 days at 4 °C. Following the last wash, SISs were
sterilised by 150 Gy gamma-ray irradiation for 75 min. Just
before use, they were cut open along the longitudinal axis
and fixed on a 45 mm x 25 mm metal frame.

2.3. Preparation of 'CM-seeded SIS and CM sheet

Neonatal rat CMs were isolated as described previously
[14]. In brief, ventricles from 1- to 2-day-old Sprague Dawley
rats were minced in ADS buffer (116 mM NaCl, 20 mM HEPES,
10 mM NaH,PQ,4, 5.4 mM KCl, 0.8 mM MgSO4 and 5.6 mM
glucose) and enzymatically digested with type Il collagenase
(Worthington, Lakewood, NJ, USA) and pancreatin (Sigma—
Aldrich, St. Louis, MO, USA) at 37 °C. CMs were enriched in
the primary CM isolates either by differential centrifugation
through discontinuous Percoll gradient or with the preplating
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procedure. For preplating, CM isolates in culture medium
were cultivated in flasks for 1 h. Following 1 h, the remaining
supernatant in the flask contained an enriched CM fraction.
Purification of CM by a discontinuous Percoll gradient was
prepared as described before [15] using two density
solutions, 1.062 and 1.082 g ml~", made from Percoll reagent
(GE Healthcare). The collected cells after Percoll
gradient centrifugation were seeded at a density of
1.8 x 10° cells cm™2 onto the submucosa side of SIS fixed
in a metal frame. The SIS with cells were cultivated in 1:4
Dulbecco’s Modified Eagle’s Medium (Gibco, Invitrogen):me-
dium 199 (PAA, Pasching, Austria), 10% foetal calf serum
(PAA), 5% horse serum (Gibco) and 1% penicillin—streptomy-
cin in a humidified 37 °C atmosphere with 5% CO,.

For the generation of cell monolayer sheets, preplated
CMs were cultivated in temperature-responsive dishes as
described before [7]. In brief, CMs were seeded at a density
of 4.0 x 10° cells per poly(N-isopropylacrylamide) grafted
temperature-responsive dish (UpCell; Cellseed, Tokyo,
Japan) with a diameter of 35 mm and incubated in culture
medium for 3 days.

2.4. Transfer of CM sheet onto decellularised SIS

After 3 days of cultivation, CM cell sheets were detached
through a temperature change from 37°C to 20°C for
approximately 30 min. After detachment, one cell sheet
(n =24) or three-layered cell sheets (n=18) were stacked
onto a CM-seeded SIS according to previously described
procedures [7]. Briefly, the entire CM sheet with media was
gently aspirated and transferred onto the SIS. Media was then
gently dropped onto the centre of the sheet to spread the
folded parts. Excess media was aspirated to allow the cell
sheet to adhere to the SIS. After 30 min and using the same
protocol, additional CM sheets were transferred and spread
onto the formerly attached cell sheet. Approximately 30 min
were found to be sufficient for adhesion of the layered
sheet(s). In addition, one CM sheet on an un-seeded SIS
(n =13) and CM-seeded SIS without CM sheet (n = 12) were
prepared. All constructs were incubated at 37 °C for an
additional 10 days and the culture medium was changed
every 2 days.

2.5. Assessment of cell population

Cells after Percoll gradient or preplating were seeded on
10 temperature-responsive dishes (3.0 x 10° cells per dish),
respectively, and incubated in a culture medium as described
above for 1 day. After fixation with 4% formaldehyde, cells
were stained with monoclonal anti-a-sarcomeric actinin
(Sigma) or anti-prolyl-48-hydroxylase (Acris, Hiddenhausen,
Germany). Nuclei were counterstained with 4',6-diamidino-
2-phenylindole (DAPl) (Sigma). The images were photo-
graphed using an inverted research microscope (Axio
Observer A1, Zeiss). Cell population percentages were
calculated by dividing the number of respective cells by
the total number of cells. Four randomly selected optical
fields (0.083 mm?) per dish were analysed and an image
analysis software (ImageJ 1.40 g, Wayne Rasband, NIH, USA)
was used.
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2.6. Microscopic and macroscopic observation

All constructs were observed by means of an inverted
optical microscope (CKX41, Olympus) to count the synchro-
nous contraction rate and to observe the contraction
direction. The contractile direction, within approximately
30° from the longitudinal axis of the SIS, was defined as an
oriented contraction parallel to the longitudinal axis. The
ratio of constructs showing oriented contractions was
calculated by dividing the number of respective myocardial
grafts by the total number of myocardial grafts. Microscopic
images of contracting CM sheets on SIS were recorded using a
motorised inverted research microscope (Axio Observer Z1,
Zeiss). Macroscopic images of contracting myocardial
patches were also recorded using a digital movie camera
(DMX-HD2, SANYO).

2.7. Histological analysis

For assessment of collagen fibre alignment, a small piece
of decellularised SIS was fixed with 4% paraformaldehyde and
stained with anti-collagen | (Sigma) detected by Alexa Fluor
488 (Molecular Probes, Eugene). For characterisation of the
seeded cells and cell sheets on SIS, samples were cut into
approximately 4 cm? squares, fixed with 4% paraformalde-
hyde and stained with Alexa Fluor 488-conjugated phalloidin
(Molecular Probes) or monoclonal anti-a-sarcomeric actinin
and Alexa Fluor 488 (Molecular Probes). Cell nuclei were
counterstained with DAPI. Additional samples were fixed with
10% formalin, embedded in paraffin, cut into 6-pm cross-
sections, and stained with haematoxylin and eosin or
monoclonal anti-connexin 43 (Sigma) and Alexa Fluor 488.
Connexin 43-stained samples were counterstained with DAPI.
Stained sections were analysed and documented using an
inverted research microscope (Axio Observer A1).

2.8. Statistics

All data are presented as mean =+ standard deviation.

3. Results
3.1. Decellularised SIS

Decellularised SIS was pliable, durable and easily
stretched onto a metal frame (Fig. 1(A) and (B)). Collagen
fibres in the decellularised SIS were oriented along the
longitudinal axis (Fig. 1(C)).

3.2. Cell population after Percoll gradient and
preplating

CMs and fibroblasts were identified through staining for «-
sarcomeric actinin and prolyl-43-hydroxylase, respectively.
The cell suspension after Percoll gradient centrifugation
contained 86.9 + 3.8% CM and 10.5 + 1.0% fibroblasts, while
preplating isolates contained 74.6 +£3.6% CM and
21.6 & 5.6% fibroblasts.

SIS were seeded with both CM isolates; however, SIS
seeded with preplated CM isolates resulted in a less
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Fig. 1. Decellularised porcine small-intestinal submucosa (SIS) (A), fixed in a
metal frame such that the long axis of the SIS was parallel to the long axis of the
metal frame (B). Anti-collagen | staining revealed that collagen fibre in SiS
aligned along the longitudinal axis {C). Scale bars: 50 pm.

synchronous contraction pattern and over a shorter duration
than SIS seeded with the Percoll CM isolates (data not shown).
Similarly, CM cell sheets were made with both CM isolates.
Cell sheets and subsequent stacking made with Percoll CM
isolates resulted in a less tight adhesion as shown by cross-
section histological assessment (Fig. 2). Based on these data,
CM from Percoll isolates were used as the cell source for
direct seeding onto the SIS, and CM cell sheets stacked on the
SIS were made with preplated CM isolates.

3.3. Macroscopic and microscopic observation
All Percoll CM-seeded SIS started to contract sponta-

neously 1—2 days after initial CM seeding. After lowering
culture temperature from 37 °C to 20 °C, CM cell sheets

Fig. 2. Haematoxylin and eosin staining of a cross-sectional slice of a myo-
cardial patch made with three-layered Percoll-enriched cardiomyocyte (CM)
sheets on a CM-seeded small-intestinal submucosa (SIS). CM sheets did not
adhere to one another or to the seeded SIS. Scate bars: 200 wm.
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Fig. 3. Macroscopic appeafancé of seeded SIS with three-layered cardiomyo-
cyte sheets.

spontaneously detached as a single unit maintaining
contractility without enzymatic treatment. Initially, a
transferred CM sheet shrank to some extent, and had
asynchronous contractions in multiple directions. As shown
in Fig. 3, the cell sheet could be manipulated to lie flat on
either seeded or un-seeded SIS. After stacking, the cell
sheets placed on SIS collectively contracted in a defined
direction parallel to the longitudinal axis of the SIS
(Supplemental Video 1). The wave-like contraction pattern
was observed for both CM sheets layered on CM-seeded SIS
and un-seeded SIS. All constructs, regardless of the number
of cell sheets, began contracting a few minutes after
transfer. Approximately 50% of all myocardial patches with
one or three cell sheet(s) on CM-seeded SIS contracted until
day 10 after sheet transplantation, while un-seeded SIS with
one CM sheet contracted for only 4 days after cell sheet
transfer. A large proportion of analysed constructs showed
an oriented contraction parallel to the longitudinal axis of
the SIS 3 days after cell sheet transfer; CM-seeded SIS
without cell sheets: 83%, CM-seeded SIS with one CM sheet:
70%, CM-seeded SIS with three-layered CM sheets: 71%.
Macroscopic observation of CM-seeded SIS with three-
layered CM sheets with a defined contraction orientation
and parallel to the longitudinal axis of SIS is shown in
Supplemental Video 2.

Fig. 4. Haematoxylin and eosin staining of cross-sectional slices of myocardial
patches. Small-intestinal submucosa (SIS) was seeded with Percoll cardiomyo-
cytes (CM), cell sheets were made with preplated CM. (A) single CM cell sheet;
(B) decellularised porcine SIS; (C) CM-seeded SIS; (D) CM-seeded SIS with 1 CM
sheet; (E) CM-seeded SIS with three-layered CM sheets. Scale bars: 100 um (A),
200 wm (B—E).

Fig. 5. Immunohistochemical assessment of decellularised small-intestinal
submucosa (SIS) seeded with cardiomyocytes (CM) (A and B), CM sheet
detached from the temperature-responsive dish (C), and CM sheet on seeded
SIS (D and E). Cells were stained with phalloidin (A and C) or anti-«-sarcomeric
actinin (B, D and E). Nuclei were stained with DAPI (A—E). Note orientation of
CM cell sheet on seeded SIS (D and E) and seeded CM on SIS (A and B), which are
consistent with the longitudinal axis of SIS indicated by white arrows. Scale
bars: 50 pm (A, C and E), 100 .m (B and D).

3.4. Histological analysis

Cross-sectional slices stained with haematoxylin and eosin
are shown in Fig. 4. As shown in Fig. 4(A) and (B) respectively,
one CM cell sheet has a thickness of approximately 40—50 um
and a decellularised SIS is approximately 300—500 wm thick. No
remnant cells were detected in the decellularised SIS. Seeded
Percoll CM attached to the decellularised SIS (Fig. 4(C)).
Layered CM cell sheets adhered to each other or to the CM-
seeded SIS (Fig. 4(D) and (E)), and a seeded SIS layered with
three CM sheets measured approximately 600—800 pm thick.

Immunohistochemical analysis with phalloidin and anti-a-
sarcomeric actinin confirmed that the seeded Percoll CM
aligned parallel to the longitudinal axis of the SIS (Fig. 5(A)
and (B)). Although CM in the detached cell sheet appeared
disordered and without alignment (Fig. 5(C)), once attached
to the seeded SIS, the CM within the cell sheet aligned in a
similar direction to the Percoll CM (along the longitudinal axis
of the SIS) (Fig. 5(D) and (E)). These findings support the
macroscopic and microscopic observations reported above.

Fig. 6. Anti-connexin 43 staining revealed gap-junctions throughout three-
layered cardiomyocyte sheets on seeded small-intestinal submucosa (SIS).
Nuclei were counterstained with DAPI. Scale bars: 100 um.
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Anti-a-sarcomeric actinin staining also revealed the typical
striated pattern of the CM in both the Percoll-seeded cells on
SIS and in the CMs of the attached sheets (Fig. 5(B), (D) and
(E)). Immunohistochemical staining with anti-connexin 43
demonstrated a diffuse expression of connexin 43 within the
three-layered CM sheets on the seeded SIS (Fig. 6).

4. Discussion

Cell-transplantation therapy, to treat damaged myocar-
dium, has been widely studied and has resulted in positive,
albeit limited, effects in clinical trials [16]. Despite early
success, problems still remain including method of cell
delivery, poor graft survival, functional integration and post-
transplantation arrhythmias [17]. Moreover, changes in the
ECM, which are regarded to play a pivotal role for cell
survival, differentiation, proliferation, metabolism and
integrative function, are not taken into consideration with
this intervention [18]. The emergence of a second regen-
erative therapy using a combination of cells and ECM provide
greater advantages towards the engineering of a three-
dimensional functional myocardial patch [18,19]. To this
point, the present study demonstrated the feasibility of
generating a contractile myocardial patch by combining a
decellularised biological matrix (SIS) with CM cell sheets.
Moreover, we show that CM sheets can be layered on SIS
without disrupting contractile alignment and function of the
CM. Thus, our results represent an important intermediate
step towards the engineering of a complex, multilayered
contractile myocardial patch.

Decellularised SIS is an ideal matrix for tissue engineering
and remodelling due in part, to its intact ECM. The ECM of SIS
consists primarily of collagens (types |, Il and Vi), and also
glycosaminoglycans, for example, hyaluronic acid, chondroi-
tin sulphate A and B, heparin, and heparan sulphate, and
glycoproteins, for example, fibronectin. In addition, several
cytokines are produced, including basic fibroblast growth
factor and transforming growth factor-g, which together
induce cellular migration, proliferation and differentiation,
early capillary ingrowth and ultimately, endothelialisation. In
addition, decellularised SIS has been previously charac-
terised as a complete absorbable biocompatible framework
with a high resistance towards infection [20,21]. Moreover,
inherent SIS fibre alignment is along the longitudinal axis of
the small intestine [22,23], which enables us to induce a
‘preferred’ cellular alignment without mechanical stimula-
tion. Typically, the native cell alignment in an artificial
tissue-engineered system is accomplished either by mechan-
ical stimulation or by using a patterned scaffold requiring
complex devices or materials [1,4]. When SIS is used;
however, it leads to an orthotropic mechanical behaviour of
the scaffold, with the preferred fibre direction showing great
stiffness and strength [22,23].

Cell sheet engineering is a well-established technique using
cells from various sources, and has already been investigated
in a clinical setting [24]. CM cell sheets are unique due to their
contractile ability. The most distinct advantage of CM cell
sheet engineering is that they can be easily layered while
maintaining electrically communicative pulsation supported
through gap-junctions [7,8]. To this point, anti-connexin 43

467

H. Hata et al. / European Journal of Cardio-thoracic Surgery 38 (2010) 450—455

immunohistochemistry revealed diffuse gap-junctions within
the three-layered CM sheets on the CM-seeded SIS. This
abundant detection of connexin 43 suggested the formation of
an electrical syncytium throughout the cell sheets and
connection with CM seeded on SIS. This finding, in addition
to the intact ECM of the SIS, provides strong support for the
coupling of these two technologies.

Despite initial success, additional questions with respect
to the detailed character of a tissue-engineered heart patch
remain unanswered. First, the strength and durability of the
contractile forces generated by the layered CM sheets are
unknown. These assessments are crucial as the patch is being
generated to replace scar tissue in the left ventricle of the
heart. A previous study has shown that SIS itself or a similar
ECM, for example, porcine urinary bladder matrix, could
substitute for the right ventricular wall [11] or even the left
ventricular wall [12] in a large animal model. However, in
that study, the patches were implanted as four ECM-layered
patches based on the idea that the mechanical behaviour of a
single layer of SIS is insufficient for most load-bearing
applications [22]. Recently, our colleagues reported a
successful implantation of an autologous vascularised matrix
from a porcine small bowel segment without mucosa to the
right ventricular wall of the pig [25]. While it differs from our
myocardial construct in its characteristics, its thickness is
comparable. The results from this study suggest that one SIS
layer may, in fact, be sufficient.

A second question is whether the ECM provided by the SIS
is similar or adaptable to a native-like ECM, to support the
contractility of the ventricle [25]. While the CM cell sheet has
an ECM of ventricular origin, the effect of the intestinal ECM
on myocardial function has not been determined. Cell source
is the subject of the third question. For clinical application,
the use of autologous, allogenic or xenogenic CMs may be
problematic. Of course, this matter is universal in cardiac
tissue engineering and most cell-based therapies. To this
point, embryonic and adult stem cells, or induced pluripotent
stem cell-based approaches will play a central role in the
near future [1].

Finally, the engineering of myocardial heart patch with CM
cell sheets is limited by the thickness generated through
sheet stacking. In this study, a myocardial patch with a
thickness of roughly 800 um was built. Although possible,
more cell sheets can be continuously layered; however,
supplying sufficient oxygen and nutrients will challenge the
viability of a thicker construct. Although these issues will be -
addressed to determine the future clinical application, the
present preliminary study shows the novel development of a
pulsatile, thicker myocardial patch with unidirectional
contractions and proposes a new strategy for regenerative
therapy for cardiac dysfunction.

In conclusion, by combining a CM-seeded matrix with CM
sheets, a multilayered and contracting myocardial graft was
successfully generated. Moreover, our novel myocardial
patch is a good foundation for our ultimate goal; a
vascularised three-dimensional myocardial graft.
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Appendix A. Conference discussion

Dr P. Menasche (Paris, France): Thank you and your colleagues for
providing additional evidence that the expected benefits of cell therapy are
likely to be enhanced by some form of cell scaffolding. That said, | have two
questions.

The first is that if one looks at the improvement in the contraction patterns
in your composite biomaterial, the composite — I'mean the SIS plus the cell
sheets, it turns out that it might simply reflect the fact that you had many more
cells in your combined biomaterial compared with either treatment alone. You
had five times more cells in the combined scaffold. So keeping in mind that the
widespread clinical application of any technique requires it to be as simple as
possible, my naive question is: Would it be conceivable that you would get a
similar result if you simply increased the cell-seeding density on your SIS to
match the final number of cells that you have got when you have combined the
two materials? And that would probably be true also for explaining the
increased thickness. Again you had such a disparity in the numbers of cells
between the groups that it might be one explanation for your results. So is
there any rationale for combining the two scaffolds? And you probably should
tell us what is the contribution of a given material to the other instead of using
just a single material with more cells, contractile cells, on board.

My second question is that you have shown us that there was some
expression of connexin 43. Did you do some dye experiments documenting that
you have an effective transmission of the impulses from one cell to the other?
And more importantly, we realize that this is an in vitro study, but do you have
any in vivo data allowing you to speculate on how these epicardially-delivered
cells would couple with the underlying host cardiomyocytes, because obviousty
this is critical.

Dr Hata: As to your first question, we seeded about 180,000 cells/sq cm
onto SIS and 400,000 cells/cm sq/cardiomyocyte sheet. So, as you mentioned,
these cell numbers do not match. | think we need more cells to generate cell
sheet than to seed on SIS. We seeded cardiomyocyte on SIS for the sake of the
affinity for cardiomyocyte sheets, and we tested also cardiomyocyte sheet on
un-seeded SIS but that construct did not contract longer than 4 days in a
defined direction.

And the reason we used SIS as a scaffold is not only to gain thickness, but
also looking toward the next step in our research utilizing vascularised SIS, so-
called BioVaM. We would like to use such vascularised SIS as our next step, so
we tested the feasibility of SIS in combination with cell sheets.

And as for the second question, in fact we didn’t do any functional testing
or in vivo studies. | think it may be the focus of our future studies. However,
when we think about the animal model, we used here neonatal rat
cardiomyocytes. So when we use a large animal model, we must think about
a suitable cell source, such as iPS cells.

And you mentioned connexin 43 — I’m sorry what was your question?

Dr Menasche: The question is: Do you have any data, or can you speculate,
on how cells which are delivered on the epicardium, which would be delivered
on the epicardium, how you think they could couple with the cardiomyocytes
of the recipient heart which are underneath?

Dr Vaage (Oslo, Norway): Does Axel Haverich want to comment on this?

Dr Haverich: We did implant, also in large animal preparations, the SIS only,
and we have seen coupling there. We only did these experiments to increase the
thickness. Because we can do right atrial, right ventricular replacement at this
point, but for left ventricular replacement we need to increase the thickness and
this is why we have this combined approach. We have done electrophysiology and
put a pacemaker lead on one side of the graft in vitro and have seen propagation
of the impulse. With regard to your connexin question, we have seen propagation
of the contraction towards the other end of the graft. So there is
electrophysiological contact between the cells.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in the online
version, at doi:10.1016/j.ejcts.2010.02.009.
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Posterior maximization and averaging for
Bayesian working model choice in the continual
reassessment method

T. Daimon,*>*' S, Zohar® and J. O’Quigley!

The continual reassessment methed (CRM) is a method for estimating the maximum tolerated dose in a dose-finding study.
Traditionally, use is made of a single working model or ‘skeleton’ idealizing an underlying true dese~toxicity relationship. This
working model is chosen either by discussion with investigators or published data, before the beginning of the trial or simply on
the basis of operating characteristics. To overcome the arbitrariness of the choice of such a single working model, Yin and Yuan
(J. Am. Statist. Assoc. 2009; 104:954-968) propose a model averaging over a set of working models. Here, instead of averaging,
we investigate some alternative Bayesian model criteria that maximize the posterior distribution. We propose three adaptive
model-selecting CRMs using the Bayesian model selection criteria, in which we specify in advance a collection of candidate
working models for the dese-toxicity relationship, especially initial guesses of toxicity probabilities, and adaptively select the
only one working model among the candidates updated by using the original CRM for each working model, based on the
posterior model probability, the posterior predictive loss or the deviance information criteria, during the course of the trial.
These approaches were compared via a simulation study with the model averaging approach. Copyright © 2011 John Wiley &
Sons, Ltd.

Keywords: dose-finding; phase I; posterior model probability; posterior predictive loss; deviance information criterion

1. Introduction

The purpose of a dose-finding clinical trial is to determine the maximum tolerated dose (MTD) of a new agent or
combination of drugs for subsequent use in phase II and phase III trials. For cytotoxic agents, the MTD is in practice a
dose with some given acceptable rate of toxicity, and is determined through a sequential allocation rule.

A number of designs to determine the MTD have been developed for phase I dose-finding trials. Nonparametric
designs such as the standard ‘343’ design [1], its extension ‘A + B’ designs [2], grouped up-and-down designs [3, 4] are
easy to understand and implement since they do not require explicit model specification for a dose~toxicity relationship.
On the other hand, innovative designs have been proposed such as the continual reassessment method (CRM) [5]. These
are often referred to as model-based approaches [6, 7], since a single-parameter working model (sometimes called a
skeleton or an initial guess for the dose-toxicity relationship) needs to be specified prior to the trial beginning. In
practice, only one working model is usually chosen.

For the CRM there are a wide number of choices of model family and the particular parameterization for any model.
Shen and O’Quigley [8] provided sufficient conditions for a broad range of models to correctly locate the MTD for
large samples. Simulations, under an extensive array of possible situations, have shown that the CRM, along with other
recently developed techniques, outperforms the standard ‘343’ designs [9, 10]. Model-based approaches, such as the
CRM, use fewer patients overall, reach the MTD more quickly using fewer patients and treat more patients at and close
to the MTD.
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In various methodological developments for the CRM, its modified versions and applications, an important issue
is the requirement of pre-specification of the working model to be used in the trial. As the toxicity profile is often
unknown for a new drug, such pre-specification is largely arbitrary. O’Quigley and Zohar [11] have pointed out the
risk in choosing a ‘reasonable’ class of working models. A ‘reasonable’ working model is one that would exhibit good
robustness properties. Some working models, while respecting the constraints of Shen and O’Quigley [8], could be
anticipated not to be reasonable in this sense. When the algorithm attempts to distinguish competing dose levels as
candidates for the current estimate of the MTD, the more the spread out, the better the dose levels. As an example, if we
consider three dose levels, two of which are very close while the third is well removed from both of them, then it is easier
deciding in favor of this third dose as opposed to choosing between the other two. If we are given I, the total number of
possible doses then it is usually an idea to spread them as much as we can, specifically, in the case where the doses lie
in the interval (0,1), to roughly divide this interval into [+ 1 subintervals of a similar length. When using the original
CRM proposed by O’Quigley et al. [5], the underparameterized working model is usually chosen for the dose~toxicity
model, combined with the vague prior density. Overall fit is not an important objective of phase I studies [5, 12] and for
this reason such a one-parameter working model is rich enough for the purpose of identification of the MTD.

Some authors have proposed methods either calibrating the working model prior to the beginning of the trial [13, 14]
or while the trial is being carried out [15]. Cheung and Chappell [13] have illustrated that operating characteristics
are less sensitive to some working model choices than others. These authors have developed a numerical technigue to
evaluate the model sensitivity in the CRM in order to choose one working model that will be used in the clinical trial.
Lee and Cheung [14] have recently used indifference intervals, and the working model used in the CRM is then selected
by specifying a range of acceptable toxicity probabilities in addition to the target probability of toxicity. An algorithm
was proposed for obtaining the indifference interval that maximizes the average percentage of correct selection across
a set of scenarios of true probabilities of toxicity and providing a systematic approach for selecting a working model
before the beginning of the trial. A different methodological approach is that of Yin and Yuan [15]. They proposed
a Bayesian model averaging (BMA) approach to obtain the posterior estimates for the true toxicity probabilities by
weighing the estimates from each working model with the corresponding posterior model probability (PMP).

Our aim is to investigate model selection in the CRM in the spirit of Yin and Yuan [15]. The proposed methods can
include all the elicited or possible working models provided by investigators. In this case, there is no need to choose only
one working model prior to the beginning of the trial or to average several working models into a single one during the
course of the trial. Only one working model is adaptively and sequentially selected during the course of the trial, based
on the Bayesian model selection criteria. The model selection criteria used in our approach are the posterior predictive
loss (PPL) [16], the deviance information criterion (DIC) [17] and the PMP [15, 18].

In Section 2 the original CRM is briefly described. In Section 3 Bayesian model selection criteria are introduced, and
three adaptive model-selecting CRMs are proposed. In Section 4 we compare these approaches with the original CRM
and the CRM using the Bayesian model averaging [15], through a simulation study with several scenarios.

2. Basic method

The basic structure of the CRM was described by O’Quigley ef al. [5], where the details can be found. Here we recall
the main ideas.

Let n be the number of patients included in the trial on [ fixed ordered doses, dy, ..., d;. During the trial, a pair of
two random variables (X ;, Y;) is observed for the jth patient (j =1, ..., n), where X; is a dose administered to the jth
included patient, which takes a real value x;e{dy,...,ds}, and Y; is a binary response variable for toxicity after the
patient is administered dose x ;, where it takes one for a toxic response and zero otherwise.

The probability of suffering from toxicity, for the jth patient, at dose x;, is given by

R(xj)=Pr(Y;=1|X;=x))~y(x;,a), j=1,...,n,

where R(x;) is the true probability of suffering from a toxicity and ¥/(x;, @) only provides a working approximation to
R(x;). We restrict our attention to a simple working model [12], given by ¥/(d;,a)=0of; i=1,..., 1. A single value of
a; for dose level i is usually pre-specified by investigators such that oy <oy fori=1,...,7—1, and a (O<a<oo) is
a parameter to be estimated. After the first j included patients’ data Q;={(x;, y);l=1,...,j} (j=1,...,n) (pairs of
dose and response) are obtained, the posterior density for parameter a is given by

Flaly) = L(Qj)g(a)

s

f L(©Q))g(a)da
0

Copyright © 2011 John Wiley & Sons, Ltd. Statist. Med. 2011

470



T. DAIMON, S. ZOHAR AND J. O

where L{£);) is the likelihood, given by L(Q,»):H‘l’:] {(xr, )P — g, a)}-¥0_ and g(a) represents a vague prior.
In O’Quigley et al. [5] a gamma prior is suggested and, mostly, it is enough to consider the special case of the gamma
g(a)= f(a|Qp) =exp(—a), that is, we assume a unit exponential distribution for the prior of a.

If a is estimated by a@; = j;fo af(al€d;)da after the observation of the jth patient, the estimated probability of toxicity
for patient j treated at dose X ; =x; is given by R(x )=y (x;,a;). The CRM allocates the dose level with the estimated
toxicity probability closest to any target 8% (from 0 to 1), to the (j + 1)th patient, and hence estimates the MTD as the
dose level at which (n+1)th patient would be treated.

3. Model-selecting continual reassessment methods

To overcome the arbitrariness in pre-specification of a single working model, especially for a phase I trial in which initial
guess of the toxicity probabilities is rarely accurate, as well as to avoid poor pre-specification, our proposal consists of the
following procedures: (1) to use all elicited or possible working models corresponding to initial guesses of the toxicity
probabilities given by investigators before the start of the trial, (2) to update each of them by the CRM simultaneously,
(3) to select one working model out of them, automatically and adaptively by using some criterion, during the course
of the trial, and (4) to estimate the MTD based on the selected working model and allocate the estimated MTD to each
included patient.

In the following, three Bayesian model selection criteria: the PPL [16], the DIC [17] and the PMP [15, 18], are proposed
and adapted to the sequential feature of dose-finding designs, and a Bayesian model averaging CRM (CRM-BMA),
which has been recently proposed by Yin and Yuan [15] is described. A dose-finding algorithm of the model-adaptive
CRM using either of the above three criteria are given at the end of the section.

3.1. Posterior model probability

Suppose that there exists a set of M working models corresponding to initial guesses of [ toxicity probabili-
ties for the available doses, di,...,d;, which reflects investigators’ quite different opinions, before the start of
the trial, on the underlying true probability of toxicity associated with each of the doses. Let us denote these as
{0115 -osar 1)y oo, (01,814 ..., g p). Then the mth working model used in the CRM is given by

W(d;, am)= O‘ffﬁz s
where a,, is the parameter for the mth working model. In the same way as the original CRM (see Section 2), after the
first j included patients’ data Q; (j=1, ..., n) are obtained, the posterior density for the parameter ay, is given by
Ly (Qj)g(am)

3
[) Ly, (Q j )g (am)dam

3

f(amIQj):

where L,,(€;) is the likelihood for the mth working model, given by L, ()= FI{=1 (Wxp, am) P =Yg, am)} 320,
and g(ay) = f(am|Q0) = exp(—am).

Under the mth working model a Bayesian estimator of the toxicity probability, for the jth included patient, at the /th
dose d;, is given by 0;; » =/(d;, ajn), where a; ;= jO°° am f(am|Qj)day,. For the mth working model we hold d;+ ,
such that

i* = argmin [0;; , — 0.
ie(l,....0)

Here, let us consider selecting only one working model and allocating the dose level found on it to (j +1) th included
patient. A simple idea for selecting one working model out of a set of M working models would be to use the PMP.
That is, we can select the working model with the highest PMP value. This method was briefly mentioned by Yin and

Yuan [15], where the normal prior was used, and the estimation method for the toxicity probabilities was different from
ours. Denoting the mth working model as M,,, the PMP for the mth working model is defined by

oo
Pr(M,) / Ly (Q j ) f(amQ j Yday,
Pr(Mu[Q))= 0

= ) (1
M PrM,) fo L(Q) f(an|2)dary
where Pr(M,,) is such that Zi:l:l Pr(M;;) = I and represents the probability that the mth working model is true. Pr(M,,) =

1/M indicates the probability for each model and in this case the PMP results in the ratio of the marginal likelihoods.
We call the CRM using this PMP criterion as the CRM-PMP.
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In this connection, the BMA estimate for the toxicity probability, for the jth included patient, at dose level i, under
model M,,, can be derived from the PMP, and be applied to find the dose (see [15] for the details):

- M
eij = Z v(d;, &j,ln)Pr(anin.)-

==

Thus, we then find the dose d;x = such that

FEs : 0 *
igyma = argmin |0;—07|.
ie(l.....D)

The BMA approach automatically assigns a higher weight to a better-fitting model. In Section 4 we will use it for
comparisons with other approaches.

3.2. Posterior predictive loss

With prediction in mind, we can think of the unknown as a future observation which is a rephcate of the jth patient’s
toxicity data y;. If we denote it by y fl for the mth working model and assume y; and yr i have the same distribution,
we can define a modification of the posterior predictive loss criterion that was proposed by Gelfand and Ghosh [16], as
follows:

PPL;, mwmmF ALy m[A(\ A jm;y Q. ajm)]s (2)

jm?
where the expectation in equation (2) is with respect to the posterior predictive distribution associated with v, j, ’m,
given by,

P20 = / PO ) £ (@l Q)da,

where p() ) m!am) is assumed to be a Bernoulli distribution with probability ocf';;L of y ) 5. m =1, denoted by Bern[a, ’;’n] and
o j ;1 an action for the jth included patient under the mth working model, trying to accommodate both y; and what

we predict for y 5, 5; Here, for yrel and &/ j ,,, with a univariate loss function A(y, /), we can define

A()’],eg,,ﬁf;m,ﬂj,a] m)= A()’lep 9‘71 m)+qA(VJ &‘/J m)  q=0,

j.mr

where the specified weight ¢ indicates the relative regret for departure from y; compared with departure from vrep In

particular, the case when ¢ =0 represents that the action <7 ; ,, is a ‘guess’ for y. i p . If we take o7 j p, as yj to a\«Old the
arbitrariness of choice of g, we no longer require minimization over .« ; ;; in equa‘uon (2), and further can define the
loss function using the logarithm of the product of the likelihood ratio for each patient:

(0 Gxt, ) Yo {1 = ey, i )} 00
A(y;cm’ j”liQI’aj = A(Vmp y),)mlo n m m -
=1 Y am) P (1= v am)) "

Therefore we can redefine PPL; ,,; in equation (2) as:
. - ep _ (e
0g / {lﬁ(xz, al,nz)})"m { 11— l/'/(xl, al‘m)}( Yim)
L p— S T
I=1 {l//(xz, (l/,m)}'” {l —Yix;, a,,m)}( 1)

The expectation over Yo , can be calculated using the Monte Carlo integration. Thus, we can select the working model
with the smallest value of the PPL in equation (3). We call the CRM based on the PPL criterion as the CRM-PPL.

PPL}m“‘b v niQjm 3)

3.3. Deviance information criterion
The deviance information criterion for the jth included patient under the mth working model is defined by
DICj.m :2ﬁj.m 'Dj,m, (4)

where D jm is the posterior mean of the log-likelihood, given by D jm=Eq,10;[-2log L(Q},ay)] and Dj ;=
—21logL(},a; ). So we can select the working model with the smallest value of the DIC. The CRM using the DIC
is called as the CRM-DIC. The computations about the PPL and the DIC were performed using WinBUGS [19] in our
example and simulation.
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3.4. The dose-finding algorithm of the model-adaptive CRM

Given either of these above criteria, the dose-finding algorithm of the model-adaptive CRM proceeds as follows:

Step 1: Determine the starting dose. For example, for safety reasons the lowest dose level may be often chosen.

Step 2: Apply the CRM as shown in Section 2 to each of all elicited or possible working models at every observation
following the inclusion of each patient or cohort of patients.

Step 3: Select one working model out of the working models that were updated by the CRM in Step. 2, through use
of either of the PMP, the PPL or the DIC.

Step 4. Allocate the dose found by the selected working model in Step 3, to the next cohort of patients. Repeat Steps
2-4 until the last patient’s data are observed.

We could add a stopping rule after Step 3 in the above algorithm, if necessary, in the same way as the original CRM.
That is, the trial can be terminated for safety if given the first j included patients’ data Q;, the lowest dose d; is too toxic:

Pr(y(dy, @ m)>0%)>0.9, &)

where m* denotes the index of the selected working model. If the BMA approach is used, a stopping rule is given by

M
> Pr((dy, ajm)>0")Pr(M,1€2;)>0.9. ©)

m=1

4. A simulation study

We evaluated the performance of different model-selecting CRMs, i.e. the CRM based on the PMP (CRM-PMP), the
CRM based on the PPL (CRM-PPL), and the CRM based on the DIC (CRM-DIC), through a simulation study with nine
scenarios representing the underlying dose—toxicity relationships used in Section 3 of Yin and Yuan [15]. Two additional
scenarios were studied, in which either a flat dose—toxicity curve up to the targeted MTD or a steep dose—toxicity curve
were considered.

Under each scenario eight dose levels were chosen, and four sets of initial working models shown in the following:

{0.02,0.06,0.08,0.12,0.20, 0.30,0.40, 0.50), working model 1,
(0.01,0.05,0.09,0.14,0.18,0.22,0.26, 0.30), working model 2,
(0.10, 0.20,0.30, 0.40, 0.50, 0.60,0.70, 0.80), working model 3,
(0.20,0.30, 0.40, 0.50, 0.60, 0.65,0.70, 0.75), working model 4

We refer to the individual CRMs using each of these toxicity probabilities, respectively, as CRM 1, CRM 2, CRM 3 and
CRM 4. We set not only these CRMs but also the CRM based on the Bayesian model averaging (CRM-BMA), proposed
by Yin and Yuan [15], as controls for comparisons with our proposed model-selecting CRMs. In the CRM-BMA, the
prior working model probability for each of CRM 1-4 was assigned % which was the same as that of Yin and Yuan [15].
The number of simulated trials was 1000. In each trial the first patient was allocated to dq, and the maximum sample
size with a stopping rule was 30. For the model-selecting CRMs and the CRM-BMA, the stopping rules were based on
equations (5) and (6), respectively. For CRMs 1-4, equation (5) was used for each pre-specified working model. The
performance was evaluated through the percentage of correct selection (PCS), i.e. the percentage of the recommended
dose levels at the end of the trial, associated with the true MTD. In addition we estimated the mean-squared error (MSE)
of the estimated toxicity probability to the true at the estimated MTD as

‘%0 {(The estimated toxicity probability), — (The true toxicity probability)}?
= 1000 '
N=1

The target toxicity probability was 6% =0.3. In Tables I and II, the scenarios, the PCS, the average number of DLTs,
and the average sample size are given.

Scenario 1 had the MTD at d7. The CRM-DIC as well as CRM 3 had a PCS over 70 per cent, and all the other
designs had PCSs >53 per cent. In Scenario 2, CRM 3 behaved the best, whereas CRM 2 the least well. Our proposed
model-selecting CRMs and the CRM-BMA lie between the two designs. In particular the CRM-DIC and the CRM-BMA
showed PCSs about 45.6 per cent, with almost 30 per cent of patients treated at the MTD (shown in the supplementary
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Percentage of correct selection
Design 1 2 3 4 5 6 7 8 None Ave. # tox. Ave. # pats
Scenario 1 002 003 004 0.06 0.08 0.1 0.3 0.5
CRM 1 0.0 0.0 0.0 0.0 0.4 143 67.6 17.7 0 8.6 30
CRM 2 0.0 0.0 0.0 0.0 2.0 20.7 5835 23.8 0 8.8 30
CRM 3 0.0 0.0 0.0 0.3 1.6 187 734 6.0 0 6.1 30
CRM 4 0.0 0.0 0.0 0.2 1.6 19.6 64.3 14.3 0 6.4 30
CRM-PMP 0.0 0.0 0.0 0.3 1.0 159 65.7 17.1 0 8.4 30
CRM-PPL 0.0 0.0 0.0 0.2 1.5 18.1 679 12.3 0 6.2 30
CRM-DIC 0.0 0.0 0.0 0.2 0.6 204 711 7.7 0 7.4 30
CRM-BMA 0.0 0.0 0.0 0.1 1.0 17.0  66.0 15.9 0 8.0 30
Scenario 2 0.02 006 008 0.12 0.2 0.3 0.4 0.5
CRM 1 0.0 0.0 0.1 1.4 23.0 452 25.1 5.2 0 9.3 30
CRM 2 0.0 0.0 0.5 6.1 24.5 36.8 23.1 9.0 0 9.2 30
CRM 3 0.0 0.0 0.5 4.1 304 506 14.0 0.4 0 7.3 30
CRM 4 0.0 0.0 0.5 5.0 341 40.7 17.3 2.4 0 7.0 30 .
CRM-PMP 0.0 0.1 0.6 4.3 20.5  42.8 26.7 5.0 0 9.0 30
CRM-PPL 0.0 0.0 0.5 4.7 31.6 432 18.2 1.8 0 7.0 30
CRM-DIC 0.0 0.0 0.2 5.2 26.6 45.6 19.3 3.1 0 8.4 30
CRM-BMA 0.0 0.0 0.2 3.2 248 456 22.3 39 0 8.5 30
Scenario 3 0.06 015 0.3 0.55 0.6 0.65 0.68 0.7
CRM 1 0.8 267 516 18.8 1.5 0.2 0.0 0.0 0.4 10.8 29.9
CRM 2 0.1 24.1 624 12.4 0.4 0.1 0.0 0.0 0.5 10.2 29.9
CRM 3 0.3 19.2 68.2 11.4 0.4 0.1 0.0 0.0 0.4 9.4 29.9
CRM 4 0.3 19.2 694 10.2 0.4 0.0 0.0 0.0 0.5 9.0 29.9
CRM-PMP 04 207 63.8 13.5 1.0 0.2 0.0 0.0 0.4 10.2 29.9
CRM-PPL 0.4 199 693 10.0 0.0 0.0 0.0 0.0 0.4 9.0 29.9
CRM-DIC 0.1 21.2 65.7 12.1 0.4 0.1 0.0 0.0 0.4 10.1 29.9
CRM-BMA 0.5 221 64.2 12.2 0.5 0.0 0.1 0.0 0.4 10.0 29.9
Scenario 4 02 03 0.4 0.5 0.6 0.65 0.7 0.75
CRM 1 . 203 409 21.4 8.6 1.2 0.1 0.0 0.0 7.5 10.4 28.2
CRM 2 13.4 49.1 23.5 4.1 0.7 0.0 0.0 0.0 9.2 9.8 28.1
CRM 3 15.5 45.7 26.5 5.1 0.3 0.0 0.0 0.0 6.9 9.5 28.3
CRM 4 16.8 45.7 23.5 4.5 0.3 0.1 0.0 0.0 9.1 8.9 27.8
CRM-PMP 154 45.1 25.2 4.8 0.0 0.0 0.0 0.0 9.5 10.0 27.6
CRM-PPL. 167 46.8 23.7 4.6 0.5 0.0 0.0 0.0 7.7 9.4 28.3
CRM-DIC  16.0 45.1 25.3 43 0.7 0.1 0.0 0.0 8.5 10.1 28.1
CRM-BMA 183 453 23.4 4.3 0.7 0.0 0.0 0.0 8.0 10.1 28.1
Scenario 5 0.1 02 03 04 0.5 0.6 0.7 0.8
CRM | 1.3 277 318 30.5 7.1 0.4 0.1 0.0 1.1 10.6 29.7
CRM 2 1.2 271 414 23.1 4.9 0.8 0.0 0.0 1.5 9.9 29.6
CRM 3 1.0 230 459 25.0 3.6 0.3 0.0 0.0 1.2 9.4 29.7
CRM 4 1.2 224 485 24.0 2.2 0.1 0.0 0.0 1.6 8.9 29.6
CRM-PMP 1.2 237 463 23.0 4.0 0.5 0.0 0.0 1.3 10.0 29.7
CRM-PPL 1.3 246 46.7 21.8 38 0.2 0.0 0.0 1.6 8.9 29.6
CRM-DIC 1.4 221 468 24.6 3.8 0.0 0.0 0.0 1.3 9.8 29.7
CRM-BMA 0.9 235 438 24.3 6.0 0.3 0.0 0.0 1.2 9.8 29.7
Scenario 6 0.02 003 005 0.07 0.3 0.5 0.7 0.8
CRM 1 0.0 0.0 0.0 11.3 70.6 17.8 0.3 0.0 0 9.7 30
CRM 2 0.0 0.0 0.1 20.5 57.1 20.5 1.7 0.1 0 9.4 30
CRM 3 0.0 0.0 0.0 11.1 73.2 15.7 0.0 0.0 0 8.4 30
CRM 4 0.0 0.0 0.0 11.5 711 16.9 0.5 0.0 0 7.9 30
CRM-PMP 0.0 0.0 0.0 11.8  69.7 18.2 0.3 0.0 0 9.4 30
CRM-PPL 0.0 0.0 0.0 11.9 70.6 17.0 0.5 0.0 0 7.9 30
CRM-DIC 0.0 0.0 0.0 12.8 70.6 16.5 0.0 0.1 0 8.9 30
CRM-BMA 0.0 0.0 0.0 13.7 68.8 17.4 0.1 0.0 0 9.0 30
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Design 1 2 3 4 5 6 7 8 None Ave. # tox. Ave. # pats
Scenario 7 003 007 01 015 02 0.3 0.5 0.7

CRM 1 0.0 0.0 0.2 37 284 549 12.6 0.2 0 9.2 30
CRM 2 0.0 0.0 1.0 9.9 30.8 415 15.2 1.6 0 9.1 30
CRM 3 0.0 0.0 1.0 67 305 54.0 7.8 0.0 0 7.3 30
CRM 4 0.0 0.0 0.9 9.6 355 426 11.3 0.1 0 7.1 30
CRM-PMP 0.0 0.0 0.5 69 27.8 525 12.0 0.3 0 8.8 30
CRM-PPL 0.0 0.0 1.1 89 328 452 11.8 0.2 0 7.1 30
CRM-DIC 0.0 0.0 0.7 83 323 5046 8.1 0.0 0 8.1 30
CRM-BMA 0.0 0.0 0.4 6.1 279 533 12.2 0.1 0 8.5 30
Scenario 8 0.02 003 005 006 007 0.09 0.1 0.3

CRM 1 0.0 0.0 0.0 0.0 0.0 0.8 13.3 859 0 7.1 30
CRM 2 0.0 0.0 0.0 0.0 0.1 1.3 126  86.0 0 7.3 30
CRM 3 0.0 0.0 0.0 0.3 1.5 4.9 313 62.0 0 4.4 30
CRM 4 0.0 0.0 0.0 0.3 1.2 32 244 709 0 5.0 30
CRM-PMP 0.0 0.0 0.0 0.1 0.7 1.6 12.7 849 0 7.0 30
CRM-PPL 0.0 0.0 0.0 0.3 1.1 32 259 695 0 4.7 30
CRM-DIC 0.0 0.0 0.0 0.2 0.5 2.7 27.1 695 0 6.3 30
CRM-BMA 0.0 0.0 0.0 0.1 0.7 1.1 148 833 0 6.7 30
Scenario 9 0.4 0.5 0.6 0.7 0.8 0.9 0.95 0.99

CRM 1 35.7 4.7 0.2 0.1 0.0 0.0 0.0 0.0 593 8.6 18.1
CRM 2 18.5 6.5 0.2 0.0 0.0 0.0 0.0 0.0 738 8.0 16.5
CRM 3 37.2 7.2 0.4 0.0 0.0 0.0 0.0 0.0 552 8.5 18.7
CRM 4 30.4 6.0 0.2 0.0 0.0 0.0 0.0 0.0 634 7.6 16.9
CRM-PMP 290.1 8.0 0.4 0.0 0.0 0.0 0.0 0.0 625 8.3 17.0
CRM-PPL  31.2 52 0.2 0.0 0.0 0.0 0.0 0.0 634 8.2 18.2
CRM-DIC 284 8.1 0.6 0.0 0.0 0.0 0.0 0.0 629 8.4 : 18.1
CRM-BMA 322 6.3 0.0 0.1 0.0 0.0 0.0 0.0 614 8.4 18.3
Scenario 10 0.2 0.21 022 023 024 025 0.3 0.35

CRM 1 1.8 2.8 2.7 5.1 12.4 16.8 255 27.9 5.0 8.1 28.7
CRM 2 1.9 4.5 5.4 9.0 109 1.1 184 335 53 8.2 28.7
CRM 3 2.8 6.4 8.1 14.1 16.3 247 182 4.5 4.9 6.9 28.7
CRM 4 2.3 7.9 12.5 19.1 16.3 144 139 6.7 6.9 6.7 28.3
CRM-PMP 1.9 4.7 5.7 8.0 9.2 145 221 28.1 5.8 7.9 28.6
CRM-PPL 2.6 8.5 114  19.1 16.3 163 134 6.2 6.2 6.8 28.5
CRM-DIC 1.7 5.2 6.1 9.9 107 18.4 221 20.8 5.1 7.8 28.7
CRM-BMA 5.9 4.3 6.4 9.5 122 17.9  20.0 22.6 1.2 7.6 28.8
Scenario 11~ 001  0.05 010 6.3 0.5 0.6 0.7 0.8

CRM 1 0.0 0.7 15.1 63.6 20.1 0.4 0.1 0.0 0.0 10.4 30
CRM 2 0.0 0.3 182 59.0 20.0 23 0.2 0.0 0.0 9.7 30
CRM 3 0.0 0.0 136 698 16.3 0.3 0.0 0.0 0.0 9.0 30
CRM 4 0.0 0.0 131 709 15.8 0.2 0.0 0.0 0.0 8.5 30
CRM-PMP 0.0 0.0 149 66.6 17.3 1.2 0.0 0.0 0.0 9.8 30
CRM-PPL 0.0 0.2 141 678 17.5 0.4 0.0 0.0 0.0 8.5 30
CRM-DIC 0.0 0.0 13.9 70.2 15.1 0.8 0.0 0.0 0.0 9.5 30
CRM-BMA 0.0 0.1 14.3 65.1 20.1 0.4 0.0 0.0 0.0 9.4 30

material).? In Scenario 3, all designs except CRM 1 had high PCSs (>62 per cent). In Scenarios 4 and 5, all designs
except CRM 1 had close PCSs. If we had to compare among the model-selecting CRMs and the CRM-BMA, the
CRM-PPL behaved the best overall. CRM 2 performed the least well in Scenario 6, associated with a PCS almost
10 per cent lower than the other designs. In Scenario 7, the CRM-BMA had a relatively higher PCS, compared with
the model-selecting CRMs. In Scenario 8, the CRM-PMP and the CRM-BMA had a relatively higher PCS, but the
CRM-PPL and the CRM-DIC gave lower PCSs compared with other designs. In Scenario 9, in which d; was associated
with a toxicity probability higher than the target, showed that the used stopping rules could stop the trial earlier with

YSupporting information may be found in the online version of this article.
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no dose recommendation in over 55 per cent of trials. Using a flat dose—toxicity relationship as in Scenario 10 showed
that all designs except CRM-DIC overestimated or underestimated the MTD. In Scenario 11, in which the underlying
dose—toxicity curve had a steep slope, the CRM-DIC as well as CRM 4 yielded a PCS >70 per cent. For all the scenarios,
the average number of observed toxicities was similar within each scenario.

The more spaced out the dose levels, in terms of coding, the easier for the method to distinguish one level from
another. In practice our suggestion would be to roughly divide the interval (0,1) into I-1 equal intervals (for the
examples here taken from Yin and Yuan [15] this is 84+ 1=09). If we assess the performance in terms of the percentage
of recommendations, at the MTD, one level below the MTD and one level above the MTD, then there is very little to
choose between the different models. They behave much the same. If we only consider the percentage recommendation
at the MTD itself, then the working model CRM 2, in scenarios 1, 2 and 6, while performing well, does perform less
well than other model choices. For the model CRM 2, the spacing is much tighter than for the other choices and this is
most likely the explanation for the differences in performance. Model choice CRM 1 performs less well than the other
choices in scenarios 3, 4 and 5, and, again, in these cases, the MTD was located in a region where the model choice
bunched up the dose levels. At other scenarios, when the MTD was located in an area corresponding to more spread
determined by the model, the performance was comparable. For model choice CRM 3 and CRM 4, where the levels were
spread widely, the performance was in all cases satisfactory. The model-selecting CRMs and the CRM-BMA may help
reduce the influence of a less than fortunate model specification. In practice, when we utilize the model-selecting CRMs
or the CRM-BMA, one way to identify a less than optimal working model is to plot values of the used criterion, say,
PMP, PPL, or DIC, for each pre-specified working model, against accumulating patients or cohorts (see [15]). A great
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Figure 1. Comparison of the MSEs at the estimated MTD under Scenarios 1-6.
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Figure 2. Comparison of the MSEs at the estimated MTD under Scenarios 7-11 (except Scenario 9).

difference in the values exceeding some threshold might give us a reason for being cautious in the use of a particular
working model during the course of a trial.

Figures 1 and 2 show the boxplots of the MSEs at the estimated MTD under each scenario (except Scenario 9 with
early stopping). Our proposed model-selecting CRMs and the CRM-BMA tended to yield the narrower quartile ranges
than the worst-performed CRM.

5. Conclusions and discussions

The results of the above section show that the poor pre-specification of the toxicity probabilities in a single CRM design
could have a negative impact on both the MTD estimation and the dose allocation to each patient. The model-selecting
CRMs as well as the CRM-BMA may help to reduce the potential for errors following such specification.

We have investigated a model-selecting CRM design, in which we use multiple working models together with model
selection, based on the Bayesian model selection criteria, such as the PMP, the PPL and the DIC. The results of the
simulation study show that all of the three proposed designs can provide a compromise solution between the best-
performing and worst-performing model. In other words, it may be possible to improve the robustness of the CRM to
poor pre-specification of a single working model. The Bayesian model averaging CRM will average several working
models into a single one unlike the model-selecting CRMs. From the results of the simulation study, it appears that the
former performs better under some scenarios and the latter under others. Roughly, over the class of working models,
there are two kinds of simple summaries, the mean and the mode; the Bayesian model averaging CRM being the mean
and the model-selecting CRMs being the mode. An immediate question is which one of these summaries is to be
preferred. For the cases we have studied here there is no clear cut answer to this and no clear cut winner. Although
only speculative, we believe that if it were possible to identify and include all possible dose~toxicity curves, as well as
all potential working models, in a comparative study, there would still be no clear cut winner. The comparison is more
complex but not fundamentally all that different from a comparison of summary measures for some given unimodal
random variable U with density f(x). We could consider E(U) or u,, : f(un)> f(u),u e where % is the support of
U. If the variable is symmetric then the two measures coincide. If positively skewed then E(U) will be more sensitive
to larger values of u than u,,. This may be an argument in its favor when we would like the impact of the larger values
to be given due weight but an argument against it when these larger values are considered potentially too influential.
In that case u,, would be much less sensitive to the larger values. At the time of writing not enough is known about
the distribution of the variable of interest—in this case the set of potential working models—to be able to provide firm
recommendations. As more becomes known through real studies and accumulated experience, it may be possible in the
future to provide sharper indications.

Copyright © 2011 John Wiley & Sons, Ltd. Statist. Med. 2011

477




