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Table 1: - Baseline characteristics i

Occult renal impairment Normal (n =1339) P-value
(n=503)

Age (years) 73.6+6.4 64.1+9.1 <0.01
275 240 48% 149 11% <0.01
Male gender 327 65% 1057 79% <0.01
Estimated glomerular filtration rate (ml/min/1.73 m?) 513+6.6 85.8+23.0 <0.01
Body mass index 216+28 245+3.0 <0.01
Emergency procedure 38 8% 62 5% 0.01
Old myocardial infarction 210 42% 388 29% <0.01
Heart failure 124 25% 240 18% <0.01
Ejection fraction (%) 59.6+14.8 61.6+135 <0.01
Stroke history 119 24% 236 18% <0.01
Peripheral arterial disease 118 23% 213 16% <0.01
Atrial fibrillation 24 5% 62 5% 0.89
Chronic obstructive pulmonary disease 16 3% 21 2% 0.03
Hypertension 346 69% 967 72% 0.67
Diabetes mellitus 215 43% 581 43% 0.83
Hyperlipidaemia 235 47% 761 57% <0.01
~ Anaemia (haemoglobin <12 mg/dI) 203 40% 255 19% <0.01
Current smoker 88 17% 380 28% <0.01
Malignancy 42 8% 74 6% 0.03

Coronary characteristics
Triple-vessel disease 358 71% 853 64% <0.01
Left main disease 141 28% 401 30% 0.42
Chronic total occlusion 212 42% 603 45% 0.27

Proximal left anterior descending artery disease 300

coronary intervention (PCI) or CABG and excludes those with
acute myocardial infarction within a week before the index pro-
cedure [12]. This study was approved by the institutional review
boards or ethics committees of all participating institutions (see
Supplemental Table). Because the subjects were retrospectively
enrolled, written informed consent was not obtained, in accord-
ance with the guidelines for epidemiological studies issued by the
Ministry of Health, Labor and Welfare of Japan. Seventy-three
patients were excluded because of their refusal to participate in
the study when contacted for follow-up [12].

Between January 2000 and December 2002, 9877 patients were
identified as having undergone either PCI (6878 patients) or CABG
(2999 patients) without a prior history of coronary revasculariza-
tion. Among the 2999 patients undergoing CABG, 484 undergoing
concomitant valvular, left ventricular or major vascular operations
were excluded from the current analysis. Among the 2515 patients
undergoing isolated CABG, those with normal SCr levels (0.6-1.1
mg/dl for males; 0.4-0.8 mg/dl for females) were included.
Therefore, the study group comprised 1842 patients with normal
SCr who were undergoing their first isolated CABG.

Data collection and definitions

Demographic, angiographic and procedural data were collected
from hospital charts or databases at the various centres by inde-
pendent clinical research coordinators according to pre-specified
definitions. Baseline clinical characteristics, such as myocardial in-
farction, heart failure, diabetes, hypertension, current smoker
status, atrial fibrillation, chronic obstructive lung disease and ma-
lignancy, were regarded as present when these diagnoses were
recorded in the hospital charts. Left ventricular ejection fraction
(LVEF) was measured either by contrast left ventriculography or

60% 793 59% 0.87

echocardiography. Anaemia was defined as a blood haemoglobin
level of <12 g/d|, as previously described [12].

Estimated GFR (eGFR, ml/min/1.73 m?) was estimated by the
Cockceroft-Gault formula [13, 14]. Renal impairment was regarded
as present when GFR estimated by the Cockcroft-Gault formula
was less than 60 ml/min/1.73 m?, as per the National Kidney
Foundation’s definition [15]. Thus, ORI was defined as an impaired
eGFR (<60 ml/min/1.73 m?) with a normal SCr level.

End-points

An independent clinical events committee adjudicated events.
Death was regarded as cardiovascular in origin unless obvious
non-cardiovascular causes could be identified. Any death during
the index hospitalization was regarded as cardiovascular death.
Myocardial infarction was adjudicated according to the definition
in the Arterial Revascularization Therapy Study [16]. Within 1 week
of the index procedure, only Q-wave myocardial infarction was
adjudicated as myocardial infarction. Stroke was defined as any
new permanent global or focal neurological deficit that could not
be attributed to other neurological or medical processes. In the
majority of patients, strokes were diagnosed by neurologists and
confirmed by computed tomography or magnetic resonance
imaging head scans. Stroke at follow-up was defined as symptom-
atic stroke.

The primary end-point measure was death from any cause.
Secondary end-points were stroke, myocardial infarction, the
need for any revascularization procedures and major adverse car-
diovascular events (MACEs; which include death, stroke or myo-
cardial infarction) during the follow-up period. As in-hospital
end-points, the need for postoperative dialysis and the ratio of
peak postoperative to preoperative Cr >2 were also evaluated.
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Table 2: CABGdata

Occult renal impairment (n = 503) Normal (n=1339) P-value

Off-pump 54.3% 56.3% 043
No. of anastomotic sites 33+12 33211 0.57
Type of bypass grafts

Left internal thoracic artery 90.7% 94.4% <0.01

Right internal thoracic artery 29.0% 31.4% 0.33

Right gastroepiploic artery 21.5% 29.1% <0.01

Radial artery 28.0% 39.1% <0.01

Saphenous vein 67.6% 53.6% <0.01

Statistical analyses

All continuous variables were expressed as the mean * standard
deviation. Differences in baseline characteristics between the two
groups were examined by an unpaired t-test and a Fisher’s exact
test. Categorical variables were presented as number and percent-
age and were compared with a x* test. Cumulative incidence was
estimated by the Kaplan-Meier method, and differences were
assessed using a log-rank test. Qutcomes after CABG in the presence
or absence of ORI were compared by logistic regression or Cox pro-
portional hazards models. Cox proportional hazards models were
adjusted for the following clinically relevant confounders: age,
gender, body mass index, emergency procedure, prior myocardial
infarction, congestive heart failure, stroke, peripheral arterial disease,
atrial fibrillation, chronic obstructive pulmonary disease, malignancy,
hypertension, diabetes mellitus, hyperlipidaemia, anaemia, current
smoker status, on- or off-pump surgery, triple-vessel disease, left
main disease, total occlusion, proximal left anterior descending
artery disease and use of left internal thoracic artery, right internal
thoracic artery, gastroepiploic artery, radial artery or saphenous vein.
They were consistent with previous reports from the current registry.
Continuous variables were dichotomized using clinically meaningful
reference values or median values.

All reported P-values were two-sided. All analyses were con-
ducted by a statistician using SAS software version 9.2 (SAS
Institute, Inc., Cary, NC, USA) and S-Plus version 7.0 (Insightful,
Corp., Seattle, WA, USA). The authors had full access to the data
and take responsibility for its integrity.

RESULTS
Baseline characteristics and operative outcomes

Of the 1842 patients undergoing CABG with normal SCr levels,
503 (27.3%) had ORI. The baseline characteristics of the patients in
the two groups are presented in Table 1. The ORI group included
more elderly patients, but fewer male and lower body mass index
patients. In addition, the ORI group generally included patients
with heart failure, history of stroke and peripheral arterial disease.
Preoperative coronary characteristics were similar between the
groups, except for the ratio of triple-vessel disease. The ratio of
off-pump surgery and the average number of anastomotic sites
per patient were similar between the groups (Table 2). Arterial
grafts in such vessels as the left internal thoracic artery, the gastro-
epiploic artery and the radial artery were used more commonly in
the Normal group.

~ Table3: Observed in-hospital outcomes

Occult renal Normal P-value

impairment (h=1339)
(n=503)
. Death 16 3.2% 13 1.0% <0.01
= Stroke 12 24% 16 1.2% 0.06
~ Myocardial infarction 1 2.2% 16 1.2% 0.11
Need for dialysis 10 2.0% 3 0.2% <0.01

_ Post/pre Cre 22% 47 9.3% 82 6.1% 0.02
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| Table 4 Adjusted I
. fimpa‘if‘mentjv‘s: normal)

95% Cl

Hazard ratio

P-value
~ Death 241 104 557 004
 Stroke 1.76 0.81 3.85 0.15
Myocardial infarction 176 0.81 3.84 0.15
- Need for dialysis 593 1.46 2412 0.01

~ Post/pre Cre 22°

In-hospital outcomes

Observed in-hospital mortality was significantly higher in the ORI
group (3.2 vs 1.0%, P<0.07; Table 3). In-hospital incidence of
stroke in the ORI group tended to be higher than the Normal
group (P=0.06). The need for dialysis after CABG was more
common in the ORI group (2.0 vs 0.2%, P<0.07). In addition,
patients with a ratio of post- to preoperative SCr level of 22 were
more common in the ORI group (9.3 vs 6.1%, P=0.02). A similar
tendency was seen in the adjusted outcomes (Table 4). Adjusted
in-hospital mortality was also significantly higher in the ORI group
(odds ratio [95% confidence interval]: 2.41 [1.04-5.57], P=0.04).
The need for dialysis after CABG was more common in the ORI
group (5.93 [1.46-24.12], P=0.07).
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Figure 1: Kaplan-Meier curves for all-cause death and major adverse cardiovascular events in the presence or absence of occult renal impairment. (A) All-cause
death. (B) Major adverse cardiovascular event (death, stroke or myocardial infarction [Ml])

~ Table5: Hazard ratios for lat

tcomes after CABG in patients with vs without occult renal impairme

Occult renal failure vs Normal

Event (%) ;
Occult renal Normal (n =1339) Hazard ratio 95% Cl P-value
impairment
(n=503)
~ Death 67 13.3% 71 5.3% 172 116 254 <0.01
. Stroke 43 8.5% 73 5.5% 145 0.96 218 0.08
Myocardial infarction 19 3.8% 37 2.8% 138 0.79 2.40 0.26
Any revascularization 59 1M.7% 71 12.8% 0.96 0.71 1.30 0.81
<0.01

. MACE? 108 21.5% 155

: : ‘:jaCom‘pbsi"té of death, stroke or myocardial infarttioh; -

Long-term outcomes

Clinical follow-ups were completed for 98% of cases at 1 year and
for 95% of cases at 2 years. The median follow-up period was 3.7
years. Figure 1 shows the Kaplan-Meier curves for survival and
freedom from MACEs after CABG. Cumulative survival in the ORI
and the Normal groups were 94.4 and 98.1% at 1 year and 83.2
and 93.1% at 5 years, respectively (P <0.01). Similarly, freedom
from MACEs was higher in the Normal group (P < 0.01).

Adjusted all-cause mortality was significantly higher in the ORI
group (1.72 [1.16-2.54}, P < 0.01, Table 5). Adjusted incidence of
stroke, myocardial infarction and need for any revascularization
did not differ between the groups. However, the incidence of
MACEs was significantly higher in the ORI group (1.53 [1.16-2.02],
P<0.01).

DISCUSSION
Principal findings

Preoperative renal impairment is considered an independent risk
factor for mortality and morbidity after CABG [1-4]. SCr is the
most popular test for renal impairment. However, some popula-
tions had impaired renal function despite normal SCr levels. In the
present study, we sought to investigate the impact of ORI on early
and late outcomes after CABG. To the best of our knowledge, this

11.6% 153 116 2.02

is the first report to investigate the late outcome of ORI patients.
In addition, there has been no multicentre registry that has investi-
gated the impact of ORI after CABG.

Observed in-hospital outcomes revealed that ORI was asso-
ciated with high mortality compared with normal renal function.
In addition, patients with ORI were associated with a higher need
for postoperative dialysis and a higher peak postoperative SCr
level. Adjusted in-hospital outcomes also revealed that patients
with ORI were associated with higher mortality and the need for
dialysis after CABG. In terms of late outcomes, patients with ORI
were associated with poor survival compared with those with
normal renal function. In addition, ORI was associated with a high
incidence of major cardiovascular events. These outcomes indi-
cate that routine estimation or measurement of GFR should be
preferred over SCr as a screening method for the detection of
higher-risk patients undergoing CABG. This study is important
because we demonstrated that ORI is an independent risk factor
of death after CABG not only for the in-hospital period but also
for the long term.

The relationship between preoperative renal function and post-
operative outcomes has been reported in a number of studies
[1-4]. SCr level measurement is easy and is the most popular
method used to evaluate preoperative renal function in screening
tests. However, its use has been questioned in several studies,
because it can be normal in spite of impaired renal function and
it may underestimate mild renal dysfunction [5-8]. A more ac-
curate approximation of renal function can be obtained using
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the Cockroft-Gault equation to calculate an eGFR from SCr.
Several studies have reported the greater accuracy of eGFR com-
pared with SCr in estimating the prognosis after cardiac surgery
[10,11,17-19].

Renal dysfunction is an adverse prognostic factor in patients
with coronary artery disease [20]. In patients undergoing CABG,
moderate and end-stage renal dysfunction are recognized risk
factors for increased perioperative mortality and are accounted
for in the commonly used cardiac risk stratification scoring
systems [21, 22]. In addition, severe preoperative renal disease is
associated with a higher incidence of morbidity, need for dialysis
and longer hospital stay after CABG [23]. However, limited infor-
mation exists regarding the influence of normal renal function on
the immediate postoperative mortality and long-term survival of
patients undergoing isolated first-time CABG.

Several reports have investigated the outcomes of normal
renal function to mild renal dysfunction after cardiac surgery.
Wijeysundera et al. [19] reported that among 10751 patients with
normal SCr levels undergoing cardiac surgery using cardiopul-
monary bypass, 13% had ORI. Compared with patients with
normal renal function, those with ORI experienced a more-than
threefold an increased risk of in-hospital mortality and renal re-
placement therapy after cardiac surgery. Wang et al. [10] reported
that among 4603 patients with normal plasma Cr levels undergo-
ing cardiac surgery, 12.3% had ORI and that ORI was associated
with an increased risk of in-hospital mortality, renal failure requir-
ing dialysis and major morbidity, such as cardiovascular, respira-
tory, neurological, renal dysfunction and infection. In addition,
estimated Cr clearance remained a significant predictor of these
outcomes, but plasma Cr level was not a predictor of any outcomes.

Specifically for CABG, Noyez et al. [11] compared the risk strati-
fication by level of SCr with estimated C clearance in 627 patients
undergoing isolated CABG. They concluded that the association
between preoperative renal failure and adverse outcomes after
CABG is stronger with the estimated Cr clearance than with the
routinely used SCr and that routine estimation or measurement of
Cr clearance should be preferred over SCr as a screening method
for the detection of higher-risk patients undergoing CABG. A large
single-centre registry of 9159 patients with normal SCr undergo-
ing CABG by Miceli et al. [17] reported that ORI was associated
with a doubling in the risk of operative mortality, postoperative
renal dysfunction and need for dialysis. In addition, ORI increased
the risk of stroke, arrhythmia and prolonged hospital stay.
However, all of these reports were limited to early outcomes.

There are several important limitations to this study. First and
most importantly, observational studies have problems related to
biases and unmeasured confounders. Muitivariate analyses may
not adequately adjust for these biases. Second, we used the
Cockcroft-Gault equation to estimate GFR because it has been
most generally used in clinical settings. However, we should have
used another method to calculate GFR. GFR can be calculated
based on SCr (the Cockcroft-Gault, the Modification of Diet in
Renal Disease [MDRD] study or Chronic kidney disease
Epidemiology Collaboration [CKD-EP!] equations) or on Cystatin C
[24, 25]. Using SCr has significant disadvantages, such as the inabil-
ity to measure renal function correctly when impairment is 50%
or less. Creatinine generation is proportional to muscle mass and
related to an individual's age, sex, race and weight. On the other
hand, Cystatin C is a cysteine protease inhibitor with a molecular
mass of 13 kDa. It has been shown that cystatin C is a more sensi-
tive marker of GFR changes than SCr because its levels are not
affected by muscle mass, age, inflammation, fever or exogenous

agents. Finally, we have adjusted the differences of patients’ back-
grounds (e.g. age, sex, myocardial infarction, heart failure} using
propensity score analysis. However, the analysis may not ad-
equately adjust for these biases. In addition, our study was non-
randomized; potential confounders may influence our outcomes.

CONCLUSIONS

ORl is an independent risk factor of early and late death as well
as MACEs in patients undergoing CABG with normal SCr levels.
A more accurate evaluation of renal function through a combin-
ation of SCr and eGFR may facilitate a better risk stratification that
can optimize therapeutic strategies.

SUPPLEMENTARY DATA

Supplementary material is available at ICVTS online.
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We read with interest the article 'Impact of occult renal impairment on early and
late outcomes following coronary artery bypass grafting’ by Marui et al. [1]. They con-
cluded that occult renal impairment was an independent risk factor for early and late
death as well as cardiovascular events in patients undergoing CABG with normal cre-
atinine levels. CABG is closely related to renal dysfunction. Serum creatinine level is
the most common test for renal failure. The glomerular filtration rate (GFR) provides
more sensitive information about renal function than the serum creatinine level. The
GFR can be measured by the formula of modification of diet in renal disease (MDRD)
and the Cockeroft-Gault equation. GFR was estimated using the simplified Cockcroft-
Gault equation in the current study [1]. However, the Cockcroft-Gault equation may
estimate lower GFR in younger age groups compared with the MDRD formula, but it
can measure higher GFR in older individuals compared with the MDRD formula [2].
The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) recently pub-
lished an equation for GFR using the same variables (serum creatinine level, age, sex
and race) as the MDRD formula. However, the CKD-EPI equation more precisely
categorized individuals with respect to long-term clinical risk of incident end-stage
renal disease, all-cause mortality, coronary heart disease and stroke compared with
the MDRD formula [3]. In conclusion, renal dysfunction is an important factor in pre-
dicting early and late outcomes following CABG. Novel methods for measurement of
GFR in patients having CABG will enlighten future studies.
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Cardiac regenerative medicine is emerging as a new approach to treat severe cardiovascular
diseases that are resistant to conventional therapies. To achieve fair engraftment and efficient
outcome, the method of cell transplantation is important, as the efficacy of engraftment after
simple needie injection is relatively poor. Using biomaterials (e.g. collagen, fibrin, gelatin or
matrigel) as a scaffold of the transplanted cells is an effective method, and various attempts to
control cell distribution for the creation of tissue-like structure have been made. In this regard,
scaffold-free cell sheet technology using temperature-responsive culture surface is another prom-
ising method because it bears potential for generating three-dimensional tissue-like structure in
vitro. Furthermore, the cell sheet system enables us to elucidate the cellular mechanisms for
cardiac regeneration. Combination of cell therapy and sustained release of growth factors, such
as basic fibroblast growth factor, is another valuable approach for cell engraftment and augmen-
tation of the potential of cell transplantation. Herein, we review various engraftment strategies of
the transplanted cells to achieve more efficient outcome in cardiac cell therapy. We expect that
these advanced modalities with bioengineering technology would largely contribute to cardiac
regenerative medicine.
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Introduction into new therapeutic approaches including cardiac regene-
Cardiovascular disease remains the leading cause of ration?.

death worldwide. A boundary for conventional severe heart With the discovery of various stem cell populations pos-

failure treatments exists in Japan due to the shortage of sessing cardiogenic potential, and the subsequent ability

heart donors". This health problem has prompted research to isolate and expand these cells, the notion of a restor-



Mini Review Strategies in cardiac cell therapy
Inflammation and Regeneration

ative therapy using stem cells has begun to take shape.
Acute ischemic injury and chronic cardiomyopathies lead
to permanent loss of cardiac tissue and following heart fail-
ure. For these pathologic conditions, cell transplantation is
thought to be an ideal therapeutic method for replacing the
lost myocardium3®4, and stem cell research and clinical tri-
als for cardiac cell therapy are now being prioritized?9.

In spite of the substantial knowledge gained through nu-
merous basic research studies, significant barriers to true
cardiac regeneration remain, and the field still lacks suffi-
ciently conclusive results to support full-scale implementa-
tion of such therapies. A major reason for the inadequate
results would be the poor engraftment of the transplanted
cells. Results from these researches have reached the
conclusion that stem cells may be beneficial in the treated
hearts but act primarily through paracrine mechanisms,
including angiogenesis, apoptosis prevention and promo-
tion of healing, rather than through direct differentiation as
initially expected?. The low level of grafted cell survival and
engraftment diminishes their potential, and is a potent tech-
nical limitation for stem cell therapy®. It is reported that
more than 70% of the cells die during the first 48 hours
after needle injection, being progressively lost during the
following days due to the hypoxic, inflammatory, and/or fi-
brotic environment”. Another report indicates that only 5.4
to 8.8% of microspheres directly injected into the beating
myocardium remain just after the injection due to massive
mechanical loss®. Thus, new strategies like combination
of the cells with bioengineering techniques have been de-
veloped and are being subjected to intense research, sug-
gesting that new strategies may improve the efficiency of
stem cell therapies. In this review, we introduce transplan-
tation technologies for effective engraftment of the trans-
plants and attempts to increase the efficacy of cell trans-
plantation. The approaches reviewed here are summarized
in Table 1.

Biomaterials scaffolding the transplanted
cells

Initial experiments were performed by combining the cells
with injectable biomaterials such as collagen, fibrin, or gela-
tin. Matrigel or other factors providing a favorable environ-
ment rich in cytokines and growth factors were also tested.
In general, these early studies showed an increased sur-
vival of the transplanted cells and a greater improvement
of the cardiac function of the transplanted hearts®. How-
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Table 1 Approaches to improve engraftment of transplanted
cells

References

@ Scaffolding with biomaterials

Cell injection with collagen / fibrin / gelatin / Matrigel | 9)

Cellular patches using biomaterials

3D contractile cardiomyocyte-loops using collagen 12)

Organized construct as parallel channels 14)

@ Scaffold-free approaches

Cardiac tissue patches 15)

Cell sheets
Temperature-responsive culture dishes 16), 17), 18)
Fibrin polymer coated culture dishes 19)
Magnetic force-based cell sheets 20)

3D cardiosphere 24)

@ Combinatory approaches with cell transplantation

Sustained release of cytokines (bFGF etc.) 21), 22), 23)
Pericardium wrapping 25)
Omental wrapping 26), 27), 28)

3D: three-dimensional, bFGF: basic fibroblast growth factor

ever, these approaches did not assure complete cell re-
tention or an adequate distribution of the grafted cells. Tech-
niques, like the creation of cell sheets or patches as
microtissues, are now being developed in order to allow,
together with a greater cell survival, a more homogeneous
and organized distribution of the cells'®.

The creation of cellular patches has been developed by
using biomaterials which act as a delivery platform for the
cells, assuring their engraftment and interaction with the
tissue. With hydrogel/extracellular matrix (ECM)-based
matrices, the cells are usually embedded in soluble hydro-
gels matrices that can condensate after temperature
changes, forming a cellularized patch that can be applied
to the heart pericardium. The creation of a patch with mes-
enchymal stem cells (MSCs) entrapped in a collagen-I
matrix was reported, and the application to rat infarcted
hearts induced an increase of cell engraftment and a func-
tional improvement, due to the trophic effect of the MSC
potentiated by increasing their survival in the tissue'.
Three-dimensional (3D) contractile loops of mixed collagen
and neonatal cardiomyocytes, a more-sophisticated ap-
proach, have been successfully created. Implantation of
these loops could support the contractile function of the
damaged heart'?. On the other hand, porous biomaterials,
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Fig.1 The improvement of infarcted heart func-
tion after transplantation of cardiac tis-
sue sheets bioengineered with mouse
ES cell-derived defined cardiac cell popu-
lations

(A): Cross-sections of the sheet. Upper panel: H&E

staining showing cell appearance of the sheet. Lower

panel: Sirius red staining showing intact extracellular
matrix. (B): Immunostaining of sheets for cTnT (red),

VE-cadherin (green), and DAPI. (C,D): Echocardio-

gram (n=9). (C): Representative M-mode image. Note

that infarct anterior wall started to move 2-4 weeks
after transplantation (Tx). (D): Fractional shortening

*Ek

0+ - v 5
PreTx Tx2w Txdw

Parl Mt Central bl
O sham W Tx

(FS). (E): LV pressure-volume loop study 4 weeks
after Tx (n=8). Ees: End-systolic elastance. (F,G):
Capillary formation at Tx-d28. (F): Double staining
for vWF (ECs, green) and ¢TnT (cardiomyocytes
[CMs], red) at peri-Ml and central-Ml areas. Note that
newly formed capillaries are clearly observed in trans-
plantation group (dotted circles). (G): Quantification
of capillary density (capillary number per square mil-
limeter). Peri-MI area (left panel) and central-M! area
(right panel) (15 views each). (H): Triple staining for

vWF, cTnT, and species-specific fluorescent in situ

hybridization (mouse nuclei, yellow) (Tx-d3). Most of the accumulated vWF-positive cells are negative for mouse nuclear staining (arrows). Inset:

higher magnification view.

*#p<0.01; and ***p < 0.001 (unpaired t test), Tp<0.05 and *p < 0.01 (vs. PreTx, paired t test). PreTx; Pretransplantation, Tx2w, Tx4w; 2 and
4 weeks after transplantation, respectively. Scale bars: 200 ym in (B), 100 um in (F) and (H) (main panel), 50 um in (H) (inset). HE, Hematoxylin
and Eosin; ¢TnT, cardiac troponin-T; DAPI, 4,6-diamidino-2-phenylindole; VWF, von Willebrandfactor; MI, myocardial infarction. (quote from ref.

18 with revision)

such as alginate or polymers like poly-glycolide-colactide,
have also been tested as cell scaffolds. Application of
cardiomyocytes derived from embryonic stem (ES) celis
has been reported, where improvements in heart remodel-
ing and function were observed after transplantation'®.
However, their use still presents some drawbacks such as
the lack of control for a homogenous seeding and distribu-
tion of the cells. To solve this problem, new strategies like
microtemplating or electrospinning have been incorporated
in order to create scaffolds that mimic the natural heart
extracellular matrix. A study has reported the creation of a
poly(2-hydroxyethyl methacrylate-co-methacrylic acid) hy-
drogel construct organized as parallel channels that can
direct an aligned cardiomyocyte distribution'®.

Cell sheet technology with temperature-
responsive culture surface

Another promising approach for fair engraftment and con-
struction of 3D tissue-like structure is the creation of cell

sheets or patches without scaffold support. With this ap-
proach, inflammatory reactions against the biomaterials
constituting the scaffolds would be avoided. Stevens et al.
reported a transplantation experiment of scaffold-free and
vascularized human cardiac muscle tissue patches includ-
ing human embryonic stem cell (ESC)-derived cardio-
myocytes and endothelial cells which were created by ro-
tating orbital shaker-based cell culture™.

The generation of cell sheets using two-dimensional cell
culture is more promising because of larger scalability and
accessibility. This technique has been made possible by
using a culture dish covalently grafted with temperature-
responsive polymer poly (N-isopropylacrylamide) (PIPAAm)
which enables the preparation of cell sheets without enzy-
matic digestion'®. The beneficial potential of this technique
has been demonstrated by many experiments of stem cell
therapy such as the transplantation of a monolayer of adi-
pose tissue-derived MSCs to the infarcted rat heart'”. Re-
cently, we have reported a transplantation study of a three-
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layered cardiac tissue sheet bioengineered with ESC-de-
rived defined cardiac cell populations in the infarcted heart
(Fig.1)"®. In both cases, an increase in tissue neovascular-
ization together with a positive attenuation of heart remod-
eling responsible for the improvement in cardiac function
has been demonstrated. Furthermore, our report showed
a cell sheet-based method for prospective elucidation of
the cellular mechanisms of cardiac restoration. The com-
binations of cell types composing the transplanted cell
sheets enabled us to elucidate the regenerative function of
each cell type (for example, the comparison of cell sheets
with or without cardiomyocytes is helpful for the elucida-
tion of the cellular function of cardiomyocytes). This cell-
type controlled analysis led us to identify one of the cellular
mechanisms of cardiac restoration following cell therapy,
namely, that cardiomyocytes are essential for the functional
improvement through neovascularization (Fig.2). These
results indicate that the tissue-like cell sheet system is useful
for the elucidation of cardiac regenerative mechanism as
well as for therapeutic purposes. The cell sheet transplan-
tation would be one of the best approaches for cardiac re-
storative therapy, at least for sub-acute myocardial infarc-
tion which might be restored through potent paracrine ef-
fects.

Another promising technology for collecting scaffold-free
cell sheets is reported using fibrin polymer coated culture
dishes. The fabricated cell sheets from neonatal rat cardio-
myocytes were transplanted onto the heat-injured rats, and
demonstrated successful electrical integration between host
heart and cell sheet postoperatively’. A novel magnetic
force-based cell sheet technology was also developed, and
human MSC-derived cell sheet recently showed therapeu-
tic effects for mouse hind limb ischemia?.

Combination of cell therapy and sus-
tained release of growth factors

The beneficial effects of cell therapy must be further ad-
vanced before this therapy attains its full potential. The
combination of cell therapy and local protein administra-
tion which induces paracrine mechanisms, such as angio-
genesis, is one direction for the enhancement of its thera-
peutic potential. Tabata et al. have developed a sustained
release system of angiogenic cytokines, such as basic fi-
broblast growth factor (bFGF), with biodegradable mate-
rial, gelatin hydrogel, which enables us to control the re-
lease of cytokines during required periods for efficient clini-
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Fig.2 Cell type-controlled sheet analyses

(A): ELISA for VEGF secretion (picogram per10* cells) in culture su-
pernatants of C+E+M and E+M sheets. (B,C): Transplantation of sham
operation (n=9) versus C+E+M sheets (n=9) versus E+M sheets (n=3)
(Tx-d28). (B): Capillary density in peri-MI area (capillary number per
square millimeter). (15 views each). (C): Fractional shortening (FS)

.on echocardiogram (fold increase vs. PreTx). **p<0.01, and ***p<

0.001 (unpaired t test). C: cardiomyocytes, E: endothelial cells, M:
vascular mural cells. N.S., not significant; VEGF, vascular endothelial
cell growth factor. (quote from ref. 18 with revision).

cal outcome?". The sustained release system of bFGF was
applied together with the transplantation of cardiosphere-
derived cardiac progenitor cells for porcine Ml model with
the enhanced functional benefit®?, and with the ongoing
clinical trial, ALCADIA®). Thus, the drug delivery system
using biodegradable biomaterials would be a promising
strategy for the advances of cardiac regeneration with cell
therapy.

Other approaches

It has been recently shown that transplantation of in-vitro
created 3D cardiospheres improves engraftment of the
cardiac progenitors and the in vivo differentiation towards
cardiac and vascular cells?¥. Furthermore, the use of
decellularized tissues as scaffold for cell transplantation
has also been explored. Different tissues such as the bo-
vine pericardium® and omental wrapping® 2» have been
also used as a support for different cell types like the mes-
enchymal cells, with the purpose to improve their paracrine
effect. Suzuki et al. reported that the concomitant omental
wrapping with myocardial cell sheet transplantation for rat
myocardial infarction model enhanced the effects of cell
transplantation mainly due to promoted neovascular-
ization®). However, hurdles still remain for achieving car-
diac cell sources with no immunological risk, and for creat-
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Fig.3 Various methods for cardiac cell transplan-
tation

Efficient cell delivery is essential to maximize the thera-

peutic potential of cell transplantation.

ing patches/organs that can mimic the structure and func-
tion of the heart.

Conclusion

In this review, we have introduced various strategies for
fair engraftment of the transplanted cells after cardiac cell
therapy to achieve more efficient outcome (Fig.3). We sin-
cerely expect that these advanced modalities with bioengi-
neering technologies would largely enhance the efficacy
of cardiac cell therapy and further contribute to cardiac re-
generative medicine.
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Abstract It is well recognized that poor perioperative
blood glucose (BG) control can increase the risk of infec-
tion, cardiovascular accidents, and even death in patients
undergoing cardiac surgery. Since it has been reported that
tight BG control (80-110 mg/dL) yields better outcomes in
critically ill patients, it became a standard of care to control
BG using intravenous insulin infusion in ICU. However, it
has been debated in terms of the optimal target range
whether a strict control with intensive insulin therapy is
better than liberal control. Because strict BG control can
often cause hypoglycemia, which in turn increases the
hospital mortality. In fact, a meta-analysis of randomized
clinical trials concluded that tight BG control was not
associated with significantly reduced hospital mortality but
was associated with an increased risk of hypoglycemia.
According to the current published guidelines, it seems to
be optimal to control BG level of 140-180 mg/dL in ICU.
In terms of more strict BG control (110-140 mg/dL), it
may be appropriate in selected patients as long as this can
be achieved without significant hypoglycemia.
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Diabetes mellitus - Infection - Mortality
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Introduction

Physical stress induces a number of neuro-hormonal
responses to maintain or increase blood glucose (BG) level
(part of the “fight or flight” response). This is especially
true in cardiac surgery, which often involves one of the
most invasive and stressful procedures in modern medi-
cine: cardiopulmonary bypass. However, in diabetic
patients or others with glucose intolerance, the BG level
may increase beyond the optimal range, causing hyper-
glycemia. During or immediately after surgery, hypergly-
cemia can cause numerous complications: abnormal
immune response, vascular malfunction, metabolic acidosis
and even coma. Perhaps one of the most noteworthy
complications is the increased rate of infection, including
deep sternal wound infection (DSWI). It is well known that
poor BG control perioperatively can increase the incidence
of DSWI, which can easily lead to sepsis, multi-organ
failure and even death. In this review, the dangers of per-
ioperative hyperglycemia are discussed, and the most
recent strategies for perioperative BG control are summa-
rized based on the findings of large clinical trials.

The diabetic disadvantage

The prevalence of diabetes mellitus (DM) has increased
dramatically in Western countries over the last several
decades, leading in turn to increased mortality due to car-
diovascular events [1]. This trend is also apparent in Asian
countries, especially in Japan, where the number of DM
patients has increased from 6.9 to 8.9 million (approxi-
mately 7 % of the general population) in the last decade
(a 29 % increase) [2]. The most important life-threatening
complication in DM patients is obviously coronary artery
disease [3]. There has been debate regarding the optimal
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treatment for DM patients with coronary artery disease.
Some favor percutaneous catheter intervention (PCI), while
others favor coronary artery bypass grafting (CABG).
Some studies have shown that CABG yields better long-
term outcomes in DM patients with multivessel disease
[4, 5]. Despite the recent technological advances in PCI,
such as drug-eluting stents, CABG remains the treatment of
choice in many DM patients.

We recently conducted a large multi-institutional clini-
cal study in Japanese patients undergoing isolated CABG,
and reported that DM was associated with higher incidence
of infection and higher mortality [6]. The overall infection
rate was 9.2 % in DM patients versus 6.1 % in non-DM
patients (p = 0.036). In addition, the hospital mortality rate
was 2.1 % in DM patients versus 1.1 % in non-DM
patients (p = 0.124). These results were consistent with the
others based on the STS database analyses. In fact, it has
been reported that DM in patients undergoing open heart
surgery poses a significant risk for hospital mortality and
morbidity, including stroke, DSWI and increased length of
hospital stay [7]. This report found that DM patients were
significantly more likely to die within 30 days following
any of the cardiac procedures included in the study. In fact,
the 30-day mortality in DM patients versus non-DM
patients were as follows: 3.96 versus 2.82 % for isolated
CABG:; 6.63 versus 3.57 % for AVR; and 11.07 versus
5.52 % for MVR, respectively (all differences significant
with p values <0.001). Likewise, the stroke rates for DM
patients versus non-DM patients were as follows: 2.22
versus 1.40 % for isolated CABG; 2.74 versus 1.44 % for
AVR; 3.64 versus 1.94 % for MVR (all differences sig-
nificant with p <0.001) [7]. In addition, DM patients have
worse long-term survival than non-DM patients after sur-
gery [8]. The survival rate of DM patients after CABG and/
or valve replacement was twice as poor as that of non-DM
patients [7]. There is no doubt that DM patients have
unfavorable baseline characteristics such as diffuse coro-
nary artery disease, peripheral artery disease, high body
mass index, and worse preoperative renal function, all of
which could contribute to worse short- and long-term
outcomes as compared to non-DM patients.

Deep sternal wound infection (anterior mediastinitis)

Although surgical site infection is one of the most common
postoperative complications, especially in DM patients,
DSWI (anterior mediastinitis) has a profound impact on
early and late morbidity and mortality. Our previous study
showed that the incidence of DSWI was 2.0 % in DM
patients versus 1.1 % in non-DM patients, which was highly
likely related with increased hospital mortality [6]. Like-
wise, according to the STS database analyses, DM patients
had nearly twice the incidence of DSWI compared to
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non-DM patients. Figures for specific procedures were as
follows: 1.02 versus 0.45 % for isolated CABG; 0.78 versus
0.41 % for AVR; and 0.72 versus 0.35 % for MVR (all
differences significant with p values <0.001) [7]. DSWI
definitely increases the mortality rate, as well as increasing
the length of hospital stay and associated costs. In 1997,
Zerr et al. [9] reported that hyperglycemia in the first 2
postoperative days in DM patients undergoing cardiac
surgery is a significant independent predictor of DSWL

Metabolic consequences of hyperglycemia in DM
patients

Free fatty acids are the primary energy substrate in the non-
ischemic myocardium [10]. In fact, long-chain fatty acids
provide more than six times as much energy as the oxidation
of an equal amount of glucose. Under ischemic conditions,
glucose becomes the primary energy source in the myo-
cardium so that the ischemic myocardium can more effec-
tively utilize the limited supply of oxygen to preserve
cellular integrity and contractile function. This metabolic
shift prevents the increase of toxic products of fatty acids
such as oxygen free radicals and it plays an important role in
myocardial and vascular preservation. In DM patients,
however, glucose uptake and/or transport function is
impaired, which forces the myocardium to rely heavily on
free fatty acid metabolism as its primary energy source. As
a result, the level of free fatty acids and their metabolism is
increased, contributing to an increased level of toxic sub-
strates leading to myocardial and vascular dysfunction.
These detrimental effects are accelerated during the period
of myocardial ischemia that occurs under aortic cross-
clamping during cardiac surgery in DM patients.

Effects of intravenous insulin infusion in cardiac
surgery

Several animal and human studies have reported that intra-
venous insulin reverses the metabolic dysfunctions associ-
ated with DM via several mechanisms, such as stimulation of
myocardial glucose utilization, and anti-inflammatory/anti-
oxidant effects on a cellular and molecular level [10]. This
may be the reason why continuous insulin infusion, in
addition to normoglycemia, improves clinical outcomes in
patients with acute coronary syndrome and CABG. Lazar
et al. [10] demonstrated that BG control (serum glucose:
125200 mg/dL) with glucose-insulin-potassium solution in
patients with DM undergoing CABG improved periopera-
tive outcomes, enhanced survival, and decreased the inci-
dence of ischemic events and wound complications. They
suggested that the presence of insulin itself is important to
improve the metabolism in DM patients, in addition to
maintaining normal glucose levels [11].
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Impact of perioperative BG control in cardiac surgery

Based on a large prospective observational study, Furnary
et al. [12] reported that there was a highly significant
relationship between mortality and postoperative BG levels
rising above 175 mg/dL. Dr. Furnary is in charge of the
Portland Diabetic Project, which is an ongoing prospective
study of over 5,000 DM patients, which aims to show that
tight glucose control from the end of surgery until the 2nd
postoperative day with continuous insulin infusion may
eliminate the diabetic disadvantage [13]. His group found
that tight glucose control with a full 3 days of continuous
insulin infusion (which they termed “the Portland Proto-
col”) significantly reduced mortality (by 65 %), DSWI (by
63 %), and length of hospital stay (average 2-day reduc-
tion). They concluded that DM is not a true risk factor for
the diabetic disadvantage in terms of increased mortality
and morbidity when the perioperative BG level is well
controlled within a certain range according to their proto-
col. The usefulness of perioperative BG control with
intravenous insulin was also shown in patients undergoing
off-pump CABG [14].

How to control the BG level in a timely and effective
manner with insulin: intermitted subcutaneous injection
or continuous intravenous infusion?

There is no doubt that insulin therapy has been the standard
treatment for controlling BG in the acute clinical setting.
Traditionally, regular insulin was given subcutaneously
every 4-6 h according to a certain sliding scale to control
BG in the ICU or ward. In the late 1990 s, however, Fur-
nary et al. [15] reported that continuous intravenous insulin
infusion yielded better BG control than intermittent sub-
cutaneous injection and led to a significant reduction in
DSWI in patients undergoing cardiac surgery. Since that
time, a number of continuous insulin infusion protocols
have been proposed with different target ranges in different
clinical settings [16].

Preoperative BG control

DM patients undergoing cardiac surgery may have differ-
ent levels of diabetic control preoperatively. As a marker of
the level of BG control, hemoglobin Alc is very useful
because it indicates the level of BG for the previous
4-12 weeks. In patients, where their level of hemoglobin
Alc indicates poor levels of BG control, the physician is
faced with a dilemma: should he or she wait until the
hemoglobin Alc level improves before attempting sur-
gery? Halkos et al. [17] reported that an elevated hemo-
globin Alc level (>7.0 %) was strongly associated with
adverse postoperative events such as myocardial infarction,

DSWI, renal failure and cerebrovascular incidents after
CABG. These adverse events are likely due to the higher
associated comorbidities, such as systemic hypertension,
advanced chronic kidney disease and/or peripheral artery
disease in patients with high hemoglobin Alc. They rec-
ommended that in patients with hemoglobin Alc greater
than 8.7 % and not requiring urgent or emergency CABG,
consideration should be given to achieving good BG con-
trol before surgery to minimize morbidity and mortality.
On the other hand, Furnary et al. did not identify the level
of preoperative hemoglobin Alc as an independent sig-
nificant predictor of mortality, DSWI or length of hospital
stay. They only found that preoperative BG level is a risk
factor for DSWI and increased length of hospital stay.
Therefore, they recommended controlling the preoperative
BG level, not the level of hemoglobin Alc. In other words,
they did not recommend waiting until the hemoglobin Alc
is improved before surgery as long as BG is strictly con-
trolled from the day of surgery to the 2nd postoperative day
(three full days) with continuous intravenous insulin infu-
sion [13]. In general, it should be carefully screened if there
are any significant indicators of poor preoperative BG
control, such as highly elevated HbAlc, elevated amount
of urine glucose (10 g/day), and presence of ketone bodies
in urine in elective operations.

Intraoperative BG control: is it necessary?

There have been a few studies on BG control during cardiac
surgery. Doenst et al. [18] reported that a high glucose level
during cardiopulmonary bypass was an independent pre-
dictor of mortality in both DM and non-DM patients. They
also found that a high glucose level during cardiopulmonary
bypass was also an independent predictor of all major
adverse events in both patient groups. In addition, Ghandi
et al. [19] reported, in a retrospective observational study on
409 cardiac surgical patients, that intraoperative hypergly-
cemia was an independent risk factor for perioperative
complications, including mortality, after adjustment for
postoperative glucose concentrations. Each 20 mg/dL
increase in glucose concentration greater than 100 mg/dL
during surgery was associated with a 34 % increase in the
likelihood of postoperative complications. However, they
subsequently conducted the first prospective randomized
study on 400 DM and non-DM patients undergoing
on-pump CABG and showed that intraoperative intensive
insulin therapy with a target range of 80—~100 mg/dL did not
reduce perioperative mortality and morbidity, but rather
increased stroke rate and mortality [20]. As long as the BG
level is in the liberal range (<200 mg/dL) during cardiac
surgery, it may not be beneficial to attempt strict BG con-
trol. Also, caution needs to be taken to prevent profound
hypoglycemia when insulin is given intravenously during
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anesthesia. It has been shown that attempting to maintain
normoglycemia in the setting of insulin infusion may ini-
tiate postoperative hypoglycemia, potentially causing
adverse events [21].

The optimal target range of the BG level in the ICU:
is strict control better than liberal control?

The definitions of “tight,” “strict” and “intensive” BG con-
trol tend to differ in each report, and it has been debated what
target range is optimal. In addition, it should be noted with
caution that the target does not always reflect the actual level
achieved. In a landmark paper, Van den Berghe et al. [22]
conducted the first prospective randomized trial comparing
tight BG control (target 80-110 mg/dL) with intensive insulin
therapy to conventional BG control (180-200 mg/dL) in
critically ill surgical patients. This study included over 1,500
patients, 63 % of whom had undergone cardiac surgery before
ICU admission. They found that tight BG control resulted in a
significant reduction in mortality (10.6 % with intensive
treatment vs. 20.2 % with conventional treatment, p = 0.005)
in patients who required >5 days of ICU care with multiorgan
failure and sepsis. In addition, cardiac surgical mortality was
reduced in those patients requiring >5 days of ICU care with
other conditions. D’ Alessandro et al. [23] published a pro-
pensity analysis that showed that strict BG control signifi-
cantly reduced the EuroSCORE expected mortality in DM
patients undergoing CABG, especially in moderate to high-
risk patients. Their BG target in the ICU was <140 mg/dL. In
terms of long-term outcomes, Lazar et al. [11] showed that
tight perioperative glucose control (125-200 mg/dL) with
glucose-insulin-potassium solution improved not only peri-
operative outcomes, but also long-term survival and freedom
from recurrent angina comparing to the standard therapy
(<250 mg/dL). Based on these studies, itis logical to conclude
thatitis beneficial to maintain BG atless than 180-200 mg/dL
to decrease postoperative morbidity and mortality.

Of course, this begs the question: Exactly how low should
the target be? Since the aforementioned landmark paper by
Van den Berghe et al., it has been widely accepted that tight
BG control with intensive insulin therapy (80—-110 mg/dL)is
better than conventional control in surgery or in the ICU.
However, following this report, several randomized trials
failed to show the benefit of tight BG control with intensive
insulin therapy. In addition, a meta-analysis of 29 random-
ized studies focusing on the benefits and risks of tight glucose
control (very tight: <110 mg/dL or moderately tight:
<150 mg/dL) in critically ill adult patients concluded that
tight glucose control was not associated with significantly
reduced hospital mortality, but was associated with an
increased risk of hypoglycemia [24]. To support these
results, a recent large prospective randomized multicenter
trial (the NICE-SUGAR study) demonstrated that intensive
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BG control with a target of 81-108 mg/dL increased mor-
tality among adults in the ICU compared with conventional
BG control with a target of 180 mg/dL or less [25]. This
study involved over 6,000 patients, however, the mortalities
in the intensive control group and conventional control group
were 27.5 and 24.9 % at 90 days after randomization,
respectively. In both groups, potentially life-sustaining
treatments were withheld or withdrawn in more than 90 % of
the patients who died. In addition, it seems that severe
hypoglycemia commonly occurred in the intensive BG
control group of the study (6.8 %), which raises the question
of the safety and feasibility of the tight glucose control
protocol itself. It has clearly been shown that hypoglycemia
is associated with mortality in the ICU setting [26]. Because
the patients in the study were so sick at the time of enroll-
ment, it is difficult to compare the results of this study with
studies on regular cardiac surgery patients, given the current
acceptable mortality after CABG of around 1-2 %. Based on
a large CABG cohort, Bhamidipati et al. reported that
moderate glycemic control (127-179 mg/dL) was superior
to tight (<126 mg/dL) or liberal (=180 mg/dL) glycemic
control, with decreased mortality and fewer major compli-
cations [27]. They concluded that moderate control is ideal
for the DM patients undergoing CABG. It may be necessary
to conduct a prospective randomized study to compare tight
glucose control and conventional glucose control using more
sophisticated protocols with a minimum risk of hypoglyce-
mia in exclusively cardiac surgery patients to reach a
definitive conclusion.

Is BG variability more important than BG level?

Some studies have shown that variability (wide vacillation)
in BG levels is more important than the achieved BG level
in terms of outcomes. Egi et al. [28] using a large multi-
center cohort of patients and set of glucose measurements,
found that the variability of BG was an independent pre-
dictor of ICU and hospital mortality, and that its predictive
ability was greater than that of the mean BG level. In
addition, Hermanides et al. [29] reported that high BG
variability was closely associated with ICU and in-hospital
death, and also that high BG variability combined with
high mean BG values was associated with highest ICU
mortality. They concluded that in patients who underwent
strict glycemic control, low BG variability seemed pro-
tective, even when mean BG levels remained elevated.

Current published recommendations for perioperative
control of BG levels

The American Diabetes Association published guideline
for the medical care of diabetes patients in 2012 [30].
According to these guidelines, in critically ill patients in
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the hospital, insulin therapy should be initiated for the
treatment of persistent hyperglycemia starting at a thresh-
old of no greater than 180 mg/dL. Also, once insulin
therapy is started, a glucose range of 140-180 mg/dL is
recommended for the majority of these patients. With
regard to more strict control (110-140 mg/dL), it may be
appropriate in selected patients as long as this can be
achieved without significant hypoglycemia.

The STS guidelines recommend that patients with and
without diabetes with persistently elevated serum glucose
(=180 mg/dL) should receive IV insulin infusions to
maintain serum glucose <180 mg/dL for the duration of
their ICU care. All patients who require three or more days
in the ICU because of ventilator dependency, the need for
inotropes, intra-aortic balloon pumps, left ventricular assist
device support, antiarrhythmics, dialysis, or continuous
veno-venous hemofiltration, should receive a continuous
insulin infusion to keep BG at <150 mg/dL, regardless of
their diabetic status. Also, before intravenous insulin
infusion is discontinued, patients should be transitioned to
a subcutaneous insulin schedule using institutional proto-
cols [31]. The American College of Physicians Guidelines
also recommends a target BG level of 140-200 mg/dL in
medical/surgical ICU patients with hyperglycemia [32]. It
does not recommend intensive insulin therapy because of
the high likely hood of hypoglycemia.

Conclusions

In conclusion, hyperglycemia during and/or after cardiac
surgery entails several risks, such as an increased risk of
infection, stroke, and myocardial or vascular dysfunction.
Therefore, BG levels should be maintained at 140-180 mg/dL
with continuous insulin infusion.
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ABSTRACT

Background: The key mechanism of functional mitral regurgitation (FMR) in cardiomyopathy is leaflet tethering
caused by displacement of the papillary muscles (PM) due to left ventricular dilatation. The attendant remodeling proc-
ess is characterized by intraventricular widening between both PM. Recently, surgical ventricular restoration (SVR) has
been proposed as a technique to reduce leaflet tethering by improving ventricular geometry. However, it is unknown
how SVR improve FMR. Methods and Results: From 2003 to 2010, we surgically treated FMR in 100 patients with
idiopathic dilated cardiomyopahy (DCM) or ischemic cardiomyopathy (ICM). Of those, we performed posterior wall
exclusion procedures by either resection (the Batista procedure, n = 13) or plication (n = 19) to approximate papillary
muscle distance in a total of 32 patients (DCM in 17, ICM in 15), and these patients formed the cohort of this study.
There were two 30-day mortalities (6.3%). There was no significant change in left ventricular ejection fraction, however,
the size of the left ventricle, degree of MR, tethering height and distance of PM significantly decreased after operation
and well maintained at the mean follow up of 3.3 + 2.1 years. Conclusions: Posterior wall resection or plication with
PM approximation provides excellent reduction of leaflet tethering and MR. Thus, reduction of PM distance may be

helpful to treat FMR due to leaflet tethering.

Keywords: Cardiomyopathy; Heart Failure Operations; Mitral Regurgitation,; Myocardial Remodeling

1. Introduction

It is increasingly evident that functional mitral regurgita-
tion (FMR) is more likely to recur or persist after mitral
annuloplasty if there is severe mitral leaflet tethering in
patients with idiopathic dilated cardiomyopathy (DCM)
or ischemic dilated cardiomyopathy (ICM) [1]. Several
techniques have been proposed to treat FMR, in addition
to the common technique of mitral annuloplasty (MAP)
using downsized annuloplasty rings. Most of these tech-
niques aim to reduce leaflet tethering, and are thus re-
ferred to as “subvalvular procedures.” To date, proposed
subvalvular techniques used to treat leaflet tethering in-
clude: 1) papillary muscle relocation or approximation
[2,3]; 2) chordal cutting [4]; and 3) surgical ventricular
restoration (SVR) [5]. Each of these techniques can play
an important role in reducing leaflet tethering via differ-
ent mechanisms. As such, it seems practical to use a
combination of these techniques [6,7]. We have aggres-
sively treated patients with FMR using different tech-
niques at our institutions [8,9], and herein we report on
the early and mid-term outcomes of our series of patients,
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focusing mainly on posterior wall exclusion procedures.

2. Materials and Methods
2.1. Patient Selection

From June 2003 to May 2010, a total of 100 patients who
had FMR associated with either ICM (n = 78) or DCM (n
= 22) underwent MAP with various types of SVR pro-
cedures at our institutions. The indications for SVR pro-
cedures included dilated left ventricle (left ventricular
end-diastolic dimension >65 mm by echocardiography),
presence of MR greater than moderate, and presence of
congestive heart failure. According to the size and shape
of the left ventricle and its myocardial condition, we
performed SVR such as overlapping left ventriculoplasty
[6] or septal-anterior wall ventricular exclusion (SAVE)
with endocardial patch reconstruction [10] not only for
patients with ICM due to a previous antero-septal infarct-
tion, but also for those with DCM. The main purpose of
these techniques was to reduce the size and to restore the
left ventricle to a more ellipsoidal shape. However, we
realized that dilatation of the postero-lateral wall accom-
panied by an increased distance between both papillary
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muscles may be a more important cause of mitral leaflet
tethering. Thus, we started to use a procedure to reduce
inter-papillary muscle distance by excluding the posterior
wall. During the study period, a total of 32 patients un-
derwent posterior wall exclusion procedures with either
resection (the Batista procedure) or plication accompa-
nied with papillary muscle approximation (PMA). These
patients formed the cohort of this study. The mean age
was 61.7 + 12.3 years (50% of patients were at the age
>65), and male gender was predominant (75%). Preop-
eratively, all patients underwent coronary angiography,
right-side heart catheterization, and myocardial nuclear
study whenever feasible. Also, cardiac magnetic reso-
nance study with or without gadolinium enhancement
was performed if patients had no permanent pacemak-
ers/defibrillators.

2.2. Echocardiographic Study

All patients underwent transthoracic echocardiography
before and after operation. Standard two-dimensional and
Doppler examination was performed. In addition to the
baseline measurements of left ventricular end-diastole
dimension (LVEDD) and end-systolic dimension (LVE-
SD), left ventricular volumes (end-diastolic: LVEDV;
end-systolic: LVESV) and ejection fraction (EF) were
determined by the modified biplane Simpson’s method.
Degree of mitral regurgitation was assessed quantita-
tively using proximal isovelocity surface area and vena
contracta method [11]. The effective regurgitant orifice
(ERO) and regurgitant volume (RV) were calculated by
the formula. Then, severity of MR was defined according
to the current guideline as none (Grade 0), mild (Grade
1), moderate (Grade 2), moderately severe (Grade 3) and
severe (Grade 4). The surgical indication of mitral valve
procedures was a presence of MR greater than moderate
(ERO > 20 mm* and/or RV > 30 ml). Tethering height
was defined as the distance between the plane of the mi-
tral annulus and the coaptation point. This was measured
in the mid-systolic parasternal long axis view. The dis-
tance between the anterior and posterior papillary mus-
cles was measured with the short-axis view at the level of
the papillary muscle insertion to the endocardial surface
in end-diastole. Intraoperative transesophageal echocar-
diography was performed in all the patients to evaluate
anatomy, valvular competence and cardiac functions
throughout the operation.

2.3. Operative Technique

All procedures were conducted on hearts arrested by
antegrade tapid crystalloid cardioplegia, followed by
tapid blood cardioplegia every 20-30 minutes. In addition,
retrograde blood cardioplegia may be given in patients
with severe coronary artery disease. We do not use ter-
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minal hot shot. First, complete coronary revasculariza-
tion was performed when indicated, and additional ante-
gradecardioplegia was given through saphenous vein
grafts which are anastomosed to target coronary arteries
in those patients. Then, the first incision was made in the
anterior myocardial wall close to the apex parallel to the
left anterior descending artery. This incision was ex-
tended distally beyond the apex and proximally as
needed. The anterior and posterior papillary muscles
were carefully identified and mitral leaflets were exam-
ined. Usually, the distal incision was further extended
towards the posterior wall along to the midline of the
anterior and posterior papillary muscles (Figure 1(a)).

As shown in Figure 1(b), our PMA technique was as
follows: two or three pledgeted 3-0 braided polyester
sutures were passed through the body and base of the
anterior and posterior papillary muscles, and then these
sutures were tied so that both papillary muscles sat side
by side. These sutures were usually passed through pos-
terior wall of the left ventricle in between both papillary
muscles to plicate the posterior wall as well. When the
posterior wall was thin and severely dilated, the incision
was extended towards the base of the left ventricle about
2cm distal to the coronary sinus, then a small section of
the posterior wall was excised as needed (Figure 1(c)).
Several deep and wide mattress sutures using 4-0 poly-
propylene sutures supported by felt strips were used to
approximate the posterior wall to decrease the in-
ter-papillary muscle distance (the Batista procedure; Fig-
ure 1(d)). PMA was occasionally performed to secure
the alignment of both papillary muscles. The left ventricu-
lotomy was then closed with two layers of sutures.
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Figure 1. (a) Initial incision of the left ventriculotomy; (b)
Papillary muscle approximation with posterior wall plica-
tion; (c¢) The incision is extended posteriorly towards the
base of left ventricle; (d) Several deep and wide mattress
sutures supported by felt strips are used to approximate the
posterior wall to decrease the inter-papillary muscle dis-
tance (the Batista procedure).
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