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Mitochondrial DNA that escapes from autophagy
causes inflammation and heart failure
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Heart failure is a leading cause of morbidity and mortality in
industrialized countries. Although infection with microorganisms
is not involved in the development of heart failure in most cases,
inflammation has been implicated in the pathogenesis of heart
failure'. However, the mechanisms responsible for initiating and
integrating inflammatory responses within the heart remain
poorly defined. Mitochondria are evolutionary endosymbionts
derived from bacteria and contain DNA similar to bacterial
DNA?"*. Mitochondria damaged by external haemodynamic stress
are degraded by the autophagy/lysosome system in cardiomyocytes®.
Here we show that mitochondrial DNA that escapes from autophagy
cell-autonomously leads to Toll-like receptor (TLR) 9-mediated
inflammatory responses in cardiomyocytes and is capable of indu-
cing myocarditis and dilated cardiomyopathy. Cardiac-specific dele-
tion of lysosomal deoxyribonuclease (DNase) II showed no cardiac
phenotypes under baseline conditions, but increased mortality and
caused severe myocarditis and dilated cardiomyopathy 10 days after
treatment with pressure overload. Early in the pathogenesis, DNase
II-deficient hearts showed infiltration of inflammatory cells and
increased messenger RNA expression of inflammatory cytokines,
with accumulation of mitochondrial DNA deposits in autolyso-
somes in the myocardium. Administration of inhibitory oligodeox-
ynucleotides against TLR9, which is known to be activated by
bacterial DNAS, or ablation of TIr9 attenuated the development of
cardiomyopathy in DNase II-deficient mice. Furthermore, TIr9
ablation improved pressure overload-induced cardiac dysfunction
and inflammation even in mice with wild-type Dnase2a alleles. These
data provide new perspectives on the mechanism of genesis of
chronic inflammation in failing hearts.

Mitochondrial DNA has similarities to bacterial DNA, which con-
tains inflammatogenic unmethylated CpG motifs**”®. Damaged
mitochondria are degraded by autophagy, which involves the sequest-
ration of cytoplasmic contents in a double-membraned vacuole, the
autophagosome and the fusion of the autophagosome with the lyso-
some®. Pressure overload induces the impairment of mitochondrial
cristae morphology and functions in the heart'®". We have previously
reported that autophagy is an adaptive mechanism to protect the heart
from haemodynamic stress®.

DNase 1II, encoded by Dnase2a, is an acid DNase found in the
lysosome'. DNase II in macrophages has an essential role in the
degradation of the DNA of apoptotic cells after macrophages engulf
them™. In the present study, we hypothesized that DNase I in cardi-
omyocytes digests mitochondrial DNA in the autophagy system to
protect the heart from inflammation in response to haemodynamic
stress.

First, we examined the alteration of DNase II activity in the heart in
response to pressure overload. In wild-type mice, pressure overload by
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thoracic transverse aortic constriction (TAC) induced cardiac hyper-
trophy 1 week after TAC and heart failure 8-10 weeks after TAC.
DNase II activity was upregulated in hypertrophied hearts, but not in
failing hearts (Supplementary Fig. 1a). Immunohistochemical analysis
showed infiltration of CD45™ leukocytes, including CD68" macro-
phages in failing hearts (Supplementary Fig. 1b). Then, we stained the
heart sections with PicoGreen!?, anti-LAMP2a and anti-LC3 (ref. 15)
antibodies, which was used for the detection of DNA, lysosomes and
autophagosomes, respectively (Supplementary Figs 1¢, d and 2a). We
observed PicoGreen- and LAMP2a-positive deposits and PicoGreen-
and LC3-positive deposits in failing hearts, but not in hypertrophied
hearts, suggesting the accumulation of DNA in autolysosomes in fail-
ing hearts.

We crossed mice bearing a Dnase2a™* allele' with transgenic mice
expressing Cre recombinase under the control of the o-myosin heavy
chain promoter (a-MyHC)', to produce Dnase2d™**q-MyHC-
Cre™ (Dnase2a™) mice. We used DnaseZaﬂ‘”‘/ﬂ”";oc-MyHC-Cre'
littermates (Dnase2a*’*) as controls. The resulting Drase2a™ mice
were born at the expected Mendelian frequency. In Dnase2a™ mice,
we observed a 90.1% reduction in the level of Dnase2a messenger RNA
(mRNA) and a 95.1% decrease in DNase II activity in purified adult
cardiomyocyte preparation (Supplementary Fig. 3a, b). Physiological
parameters and basal cardiac function assessed by echocardiography
showed no differences between Dnase2a™’* and Dnase2a™~ mice
(Supplementary Table 1). These results indicate that DNase II does
not appear to be required during normal embryonic development or
for normal heart growth in the postnatal period.

To clarify the role of DNase II in cardiac remodelling, Dnase2a™"~
mice were subjected to TAC. DNase II activity was upregulated in
response to pressure overload in Dnase2a*’™ hearts and was lower
in sham- and TAC-operated Drnase2a™ hearts than that in the cor-
responding controls (Supplementary Fig. 3¢c). Twenty-eight days after
TAC, 57.1% of Dnase2a™~ mice had died, whereas 85.7% of
Dnase2a™’" mice were still alive (Fig. 1a). The Dnase2a™ hearts
showed left ventricular dilatation and severe contractile dysfunction
10 days after TAC (Fig. 1b~d and Supplementary Table 2). The lung-
to-body weight ratio, an index of lung congestion, was elevated in
TAC-operated Dnase2a™~ mice (Fig. 1e). The increases in the heart-
to-body weight ratio and cardiomyocyte cross-sectional area by TAC
were larger in Dnase2a”™™ mice than in Dnase2a™’* mice (Fig. 1e, f).
TAC-operated Dnase2a™ hearts showed massive cell infiltration
(Fig. 1f). Immunohistochemical analysis of the hearts showed infiltra-
tion of CD45% leukocytes, including CD68" macrophages (Sup-
plementary Fig. 4a). The mRNA level of interleukin (IL)-6 (II6) was
upregulated, but not other cytokine mRNAs in TAC-operated
Dnase2a™ hearts (Supplementary Fig. 4b). TAC-operated Dnase2a™~
hearts showed intermuscular and perivascular fibrosis with increased
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Figure 1| TAC-induced cardiomyopathy in Dnase2a™'~ mice. a, Survival
ratio after TAC (n = 7-14 per group). b-g, Ten days after TAC. b, Gross
appearance of hearts. Scale bar, 2 mm. ¢, Echocardiography. Scale bars, 0.2 sand
5 mm. Echocardiographic (d) and physiological (€) parameters (n = 7-13 per
group). LVIDd and LVIDs, end-diastolic and end-systolic left ventricular

mRNA expression of a2 type I collagen (Colla2) (Fig. 1g and
Supplementary Fig. 3d). Ultrastructural analysis of TAC-operated
Drnase2a™ hearts showed a disorganized sarcomere structure, mis-
alignment and aggregation of mitochondria, and aberrant electron-
dense structures (Supplementary Fig. 4c). The mRNA levels of atrial
natriuretic factor (Nppa) and brain natriuretic peptide (Nppb) were
higher in TAC-operated Dnase2a™~ mice than in TAC-operated
Drase2a™’* mice (Supplementary Fig. 3d). These data suggest that
DNase II plays an important role in preventing pressure overload-
induced heart failure and myocarditis.

To clarify the molecular mechanisms underlying the cardiac abnor-
malities observed in Dnase2a™' mice, we evaluated the phenotypes in
the earlier time course after pressure overload. Chamber dilation and
cardiac dysfunction developed with time after TAC in Dnase2a™~ mice

TAC|

Dnase2a**  Dnase2a™

Sham v

TA

.
Dnase2a**
sham

Dnase2a**  Dnase2a™-

Figure 2 | Pressure overload-induced inflammatory responses in
Dnase2a™~ mice 2 days after TAC. Mice were analysed 2 days after TAC (a-
c). a, Haematoxylin and eosin-stained heart sections. Scale bar, 100 pm.
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internal dimension, respectively; LVES, left venticular fractional shortening;
HW/BW, heart/body weight. Haematoxylin and eosin-stained (f) and
azocarmine and aniline blue (AZAN)-Mallory-stained (g) heart sections. Scale
bar, 100 pm. Data are mean * s.e.m. *P < 0.05 versus all other groups,

**P < .05 versus sham-operated controls.

(Supplementary Fig. 5a). We chose to perform the analysis 2 days after
TAC to minimize the contributions of operation-related events and
phenomena secondary to the initial and essential molecular event that
induced cardiomyopathy. TAC-operated Dniase2a™~ hearts showed cell
infiltration without apparent fibrosis (Fig. 2a, b) and infiltration of
CD68" macrophages and Ly6G™ cells (Fig. 2c). We detected increases
in the mRNA levels of IL-1f (111b) and II6, but not interferon-f (Ifnb1)
and -y (Ifng) or tumour-necrosis factor (TNF)-o. in TAC-operated
Dnase2a™™ hearts (Supplementary Fig. 6a). To identify the source of
IL-1B and IL-6, we performed in situ hybridization analysis in heart
sections. I11b and II6 mRNA-positive cardiomyocytes were evident in
TAC-operated Drnase2a™'~ hearts (Supplementary Fig. 4d).
Ultrastructural analysis showed aberrant electron-dense deposits
without apparent changes in sarcomeric and mitochondrial structures
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b, AZAN-Mallory-stained sections. Scale bar, 100 pm.
¢, Immunohistochemical analysis using antibodies to CD45, CD68, Ly6G and
CD3. Scale bar, 100 pm.
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in TAC-operated Dnase2a™" hearts (Fig. 3a). At higher magnification,

the electron-dense deposits appeared to be autolysosomes (Fig. 3a).
Immunoelectron microscopic analysis using anti-DNA antibody
showed DNA deposition in autolysosomes (Fig. 3b). In TAC-operated
Dnase2a™~ hearts, we observed PicoGreen- and LAMP2a-positive
deposits and PicoGreen- and LC3-positive deposits (Supplementary
Figs 2b and 6b, c). The PicoGreen-positive deposits were not TdT-
mediated dUTP nick end labelling (TUNEL)-positive (Supplementary
Fig. 6d), indicating that the DNA was not derived from fragmented
nuclear DNA. To label mitochondrial DNA, mice were injected with
5-ethynyl-2'-deoxyuridine (EdU) five times before TAC. EdU, a nuc-
leoside analogue to thymidine, is incorporated into DNA during active
DNA synthesis’”. EQU specifically binds to mitochondrial DNA
during its active DNA synthesis in non-dividing cardiomyocytes. In
TAC-operated Dnase2a™~ hearts, we observed EdU- and LAMP2a-
positive deposits and EdU- and LC3-positive deposits (Fig. 3¢, d and
Supplementary Fig. 2¢), indicating that mitochondrial DNA accumu-
lated in autolysosomes. °

The innate immune system is the major contributor to acute inflam-
mation induced by microbial infection'®. TLR9, localized in the endo-
lysosome, senses DNA with unmethylated CpG motifs derived from
bacteria and viruses. Mitochondrial DNA activates polymorphonuclear
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Figure 3 | Deposition of mitochondrial DNA in autolysosomes in pressure-
overloaded Dnase2a™™ hearts. Mice were analysed 2 days after TAC (a-

e). a, Electron microscopic analysis. Images of mitochondria at higher
magnification are shown in subsets. Scale bar, 1 pm. b, Autolysosome after
incubation with anti-DNA antibody and 10 nm gold staining. Scale bar,
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neutrophils through CpG/TLR9 interactions'”. Immunohistochemical
analysis indicated that TLR9 was co-localized with EdU-positive
deposits (Fig. 3e). TLR9 is activated by synthetic oligodeoxynucleotides
(ODN1668) that contains unmethylated CpG?®, but it is inhibited by
inhibitory ligands, such as ODN2088 (ref. 20), in which ‘GCGTT in
ODN1668 is replaced with ‘GCGGG’. ODN1668 induced increases in
I11b and Ii6 mRNA levels in wild-type isolated adult cardiomyocytes
(data not shown). We, then, examined the effect of ODN2088 on
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) or isoproterenol-
induced cell death using isolated adult cardiomyocytes to eliminate the
contribution of immune cells*. CCCP, a protonophore, induces dissipa-
tion of mitochondrial membrane potential. Isoproterenol caused a loss
of mitochondrial membrane potential in wild-type cardiomyocytes, as
indicated by loss of tetramethylrhodamine ethyl ester signal (Sup-
plementary Fig. 7a). Incubation with CCCP or isoproterenol induced
conversion of LC3-I to LC3-II, an essential step during autophagosome
formation, and treatment with the lysosomal inhibitor bafilomycin A1
led to an even larger increase of LC3-II in CCCP- or isoproterenol-
treated cells than in control cells, indicating that CCCP or isoproterenol
accelerated autophagic flux (Supplementary Fig. 7b). Isolated cardio-
myocytes from Dnase2a™~ hearts were more susceptible than those
from control hearts to CCCP or isoproterenol in the presence of
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200 nm. Arrows indicate labelled DNA. Double staining of heart sections with
EdU (green) and anti-LAMP2a antibody (red) (¢), EdU (green) and anti-LC3
antibody (red) (d) or EdU and anti-TLR9 antibody (red) (e). Arrows indicate
EdU-positive and LAMP2a-, LC3- or TLR9-positive structures. Scale bar,

10 pm.
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inactive control oligodeoxynucleotides (ODN2088 control) (Sup-
plementary Fig. 7c-e). CCCP upregulated the mRNA expression levels
of Il1b and I16 in Dnase2a™" cardiomyocytes (Supplementary Fig. 7f).
Incubation of Dnase2a™” cardiomyocytes with ODN2088 attenuated
the cell death and cytokme mRNA induction by CCCP treatment.
Treatment of the Dnase2a™" cardiomyocytes with 3-methyladenine,
an autophagy inhibitor, and rapamycin, an autophagy inducer, inhibited
and enhanced the induction of the cytokine mRNA by CCCP treatment,
respectively (Supplementary Fig. 7g).

We next examined whether the inhibition of TLR9 can rescue the
cardiac phenotypes in TAC-operated Dnase2a™ mice. Administra-
tion of ODN2088 resulted in the improvement of survival 28 days after
TAC (Fig. 4a). ODN2088 attenuated chamber dilation and cardiac
dysfunction compared with the control oligodeoxynucleotides 4 days
after TAC (Fig. 4b, ¢ and Supplementary Fig. 8a). In addmon,
ODN2088 inhibited infiltration of CD68* macrophages and Ly6G*
cells, fibrosis and upregulation of Il6, Ifng, Nppa and Colla2 mRNAs in
TAC-operated Dnase2a™" hearts (Fig. 4d and Supplementary Fig, 8b-e).
ODN2088 prevented cardiac remodelling for a longer time (end-
diastolic left ventricular internal dimension (LVIDd), in millimetres,
2.74 = 0.03, 2.76 = 0.03; end-systolic left ventricular internal dimen-
sion (LVIDs), in millimetres, 1.37 = 0.03, 1.34 = 0.05; left ventricular
fractional shortening (LVES) (%), 50.1 = 0.7,51.4 = 1.5, before and 14
days after TAC, respectively, n = 6). Furthermore, ablation of TIr9
rescued the cardiac phenotypes in TAC-operated Dnase2a™ mice
(Supplementary Fig. 9).
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To examine the significance of TLRY signalling pathway in the
genesis of heart failure, we subjected TLR9-deficient mice® to TAC.
Ten weeks after TAC, TLR9-deficient mice showed smaller left
ventricular dimensions, better cardiac function and less pulmonary
congestion than in TAC-operated control mice (Fig. 4e, f and
Supplementary Fig. 10a). The extent of ﬁbr051s, the levels of Nppa,
Nppb and Colla2 mRNA, infiltration of CD68" macrophages were
attenuated in TLR9-deficient mice (Supplementary Fig. 10b-e). We
detected no significant differences in the cytokine mRNA levels between
TAC-operated groups (Supplementary Fig. 10f). Furthermore,
ODN2088 improved survival of wild-type mice in a more severe TAC
model (Supplementary Fig. 10g). These data indicate that the TLR9
signalling pathway is involved in inflammatory responses in failing
hearts in response to pressure overload and plays an important role in
the pathogenesis of heart failure.

In this study, we showed that mitochondrial DNA that escapes from
autophagy-mediated degradation cell-autonomously leads to TLR9-
mediated inflammatory responses in cardiomyocytes, myocarditis and
dilated cardiomyopathy. Immune responses are initiated and perpe-
tuated by endogenous molecules released from necrotic cells, in addi-
tion to pathogen-associated molecular patterns expressed in invading
microorganisms®. Cellular disruption by trauma releases mitochon-
drial molecules, including DNA, into circulation to cause systemic
inflammation'. Depletion of autophagic proteins promotes cytosolic
translocation of mitochondrial DNA and caspase-1-dependent
cytokines mediated by the NALP3 inflammasome in response to
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Figure 4 | Inhibition of TLRY attenuated TAC-induced heart failure.

a, Survival ratio of TAC-operated ODN-treated mice (n = 6-10 per group).
b-d, Four days after TAC. b, Echocardiography. Scale bars, 0.2 s and 5 mm.
¢, Echocardiographic parameters. Open and closed bars represent ODN2088
control- and ODN2088-treated groups, respectively (n = 5-8 per group).
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d, Immunohistochemical analysis. Scale bar, 100 pm. TLR9-deficient mice were
analysed 10 weeks after TAC (e, f). e, Scale bars, 0.2s and 5mm.

f, Echocardiographic parameters (n = 6-10 per group). Data are mean * s.e.m.
*P < 0.05 versus all other groups.
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lipopolysaccharide in macrophages®. We observed no significant dif-
ference in the amount of mitochondrial DNA in the blood between
TAC-operated Dnase2a™™ and Dnase2a™’* mice (data not shown),
excluding a possibility that circulating mitochondrial DNA is causing
most of the inflammatory responses mediated by TLR9. The mechan-
isms presented here do not require release of mitochondrial DNA from
cardiomyocytes into extracellular space.

Increased levels of circulating proinflammatory cytokines are asso-
ciated with disease progression and adverse outcomes in patients with
chronic heart failure'. Mitochondrial DNA plays an important role in
inducing and maintaining inflammation in the heart. This mechanism
might work in many chronic non-infectious inflammation-related
diseases such as atherosclerosis, metabolic syndrome and diabetes
mellitus.

METHODS SUMMARY

Animal study. The study was performed under the supervision of the Animal
Research Committee of Osaka University and in accordance with the Japanese Act
on Welfare and Management of Animals (No. 105). The 12- to 14-week-old mice
were subjected to TAC**® and severe TAC using 26- and 27-gauge needles for
aortic constriction, respectively.

Biochemical assays. The DNase II activity was determined by the single radial
enzyme-diffusion method*. The mRNA levels were determined by quantitative
PCR with reverse transcription (RT-PCR)®.

Histological analysis. The antibodies used were anti-mouse CD45 (ANASPEC),
CD68 (Serotec), Ly6G/6C (BD Pharmingen), CD3 (Abcam), DNA (Abcam),
LAMP2a (Zymed), LC3 (ref. 25) and TLR9 (Santa-Cruz). The in situ hybridization
analysis was performed using DIG RNA Labelling Kit and DIG Nucleic Acid
Detection Kit (Roche Diagnostics). Hearts were embedded in LR White resin
for immunoelectron microscopy®®. Heart sections were incubated in PicoGreen
(Molecular Probes) for 1h. Twenty-four hours before TAC, mice were injected
intraperitoneally with 250 pg of EAU every 2 h five times, and EQU was detected
with a Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen).

In vitro and in vivo rescue experiments with the TLR9Y inhibitor.
Cardiomyocytes® were pre-treated with 1 pgml™" inhibitory CpG (ODN2088)
or control (ODN2088 control) oligodeoxynucleotides for 5 h and incubated with
20nM CCCP or 50 pM isoproterenol for 24 h (ref. 20). The cells were loaded with
tetramethylrhodamine ethyl ester (Molecular Probe) at 10nM for 30 min. The
mice were injected intravenously with 500 pg of the oligodeoxynucleotides 2h
before and 2 and 4 days after TAC, and every 3 days thereafter.

Statistical analysis. Results are shown as the mean = s.e.m. Paired data were
evaluated using a Student’s t-test. A one-way analysis of variance with the
Bonferroni post hoc test was used for multiple comparisons. The Kaplan-Meier
method with a log-rank test was used for survival analysis.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Animal study. The study was performed under the supervision of the Animal
Research Committee of Osaka University and in accordance with the Japanese Act
on Welfare and Management of Animals (No. 105).

We crossed mice bearing a Dnase2a™ allele® with transgenic mice expressing
Cre recombinase under the control of the o-myosin heavy chain promoter

(a-MyHC)", to produce cardiac-specific DNase II-deficient mice,
Dnase2a™*%5-MyHC-Cre* (Dnase2a™"). To generate double-knockout mice
of Dnase2a and Tl9, we crossed Dnase2a™ mice with Tl9™' mice®.

The 12- to 14-week-old male mice were subjected to TAC®? and severe TAC
using 26- and 27-gauge needles for aortic constriction, respectively. Non-invasive
measurements of blood pressure were performed on mice anaesthetized with 2.5%
avertin using a blood pressure monitor for rats and mice Model MK-2000
(Muromachi Kikai) according to the manufacturer’s instructions®?. To perform
echocardiography on awakened mice, ultrasonography (SONOS-5500, equipped
with a 15 MHz linear transducer, Philips Medical Systems) was used. The heart
was imaged in the two-dimensional parasternal short-axis view, and an M-mode
echocardiogram of the midventricle was recorded at the level of the papillary
muscles. Heart rate, intraventricular septum and posterior wall thickness, and
end-diastolic and end-systolic internal dimensions of the left ventricle were
obtained from the M-mode image.

Measurement of DNase II activity. The DNase II activity was determined using
the single radial enzyme-diffusion method*. The heart homogenates were applied
to the cylindrical wells (radius, 1.5 mm) punched in 1% (w/v) agarose gel, contain-
ing 0.05mgml™" salmon sperm DNA (Type IIT), 5 pgml ™ ethidium bromide,
0.5 M sodium acetate buffer (pH 4.7) and 10 mM EDTA. After incubation for 48 h
at 37 °C, the radius of the dark circle was measured under an ultraviolet transillu-
minator at 312 nm. DNase II activities for the samples were determined using a
standard curve constructed from the serial dilution of porcine DNase II (Sigma).
Quantitative RT-PCR. Total RNA was isolated from the left ventricle or cultured
cardiomyocytes for analysis using the TRIzol reagent (Invitrogen Life
Technologies). The mRNA levels were determined by quantitative RT-PCR®.
For reverse transcription and amplification, we used the TagMan Reverse
Transcription Reagents (Applied Biosystems) and Platinum Quantitative PCR
SuperMix-UDG (Invitrogen Life Technologies), respectively. The PCR primers
and probes were obtained from Applied Biosystems. The primers used were as
follows: Nppa assay identity, mmo01255747_gl; Nppb assay identity,
mm00435304_g1; Colla2 assay identity, Mm01165187_m]1; Gapdh assay identity,
4352339E; 1l6 assay identity, Mm99999064_ml; IlIb assay identity,
Mmo01336189_m1; Ifubl assay identity, Mm00439546_s1; Ifng assay identity,

Mm99999071_m1; Tnf assay identity, Mm00443260_gl; and Dnase2a assay
identity, Mm00438463_m1. We constructed quantitative PCR standard curves
using the corresponding complementary DNA, and all data were normalized to
Gapdh mRNA content.

Histological analysis. Heart samples were excised and immediately fixed in buf-
fered 4% paraformaldehyde, embedded in paraffin and cut into 5um sections.
Haematoxylin and eosin or AZAN-Mallory staining was performed on serial
sections>, Myocyte cross-sectional area was measured by tracing the outline of
100-200 myocytes in each section®?. For immunohistochemical analysis, frozen
heart sections (5 pm) were fixed in buffered 4% paraformaldehyde. The antibodies
used were anti-mouse CD45 (ANASPEC), CD68 (Serotec), Ly6G/6C (BD
Pharmingen), CD3 (Abcam), LAMP2a (Zymed), LC3 (ref. 25) and TLR9
(Santa-Cruz). For in situ hybridization analysis, the mouse IL-6 (1-636) and
IL-1P (1-810) RNA probes were labelled using a DIG RNA Labelling Kit and
detected using a DIG Nucleic Acid Detection Kit (Roche Diagnostics). For
immunoelectron microscopy, frozen heart tissue was embedded in LR White resin
and the deposited DNA was detected using anti-DNA antibody (Abcam) and
immunogold conjugated anti-mouse IgG (British Biocell International)®. For
DNA detection, heart sections were incubated in PicoGreen (Molecular Probes)
for 1h. We used EdU to detect mitochondrial DNA in the heart section. Twenty-
four hours before TAC, mice were injected intraperitoneally with 250 ug of EdU
every 2 h five times, and EdU was detected using a Click-iT EdU Alexa Fluor 488
Imaging Kit (Invitrogen).

In vitro and in vivo rescue experiments with the TLR9 inhibitor. Adult mouse
cardiomyocytes were isolated from 12- to 14-week-old male mouse hearts as we
previously described®. Cardiomyocytes were pre-treated with 1 pg ml™" inhibitory
CpG oligodeoxynucleotides (ODN2088) (Operon) (5'-TCCTGGCGGGGAA
GT-3") or control oligodeoxynucleotides (ODN2088 control) (5'-TCCTGAGC
TTGAAGT-3') for 5h and incubated with 20 nM CCCP or 50 uM isoproterenol
for 24 h (ref. 20). Cell death was estimated by Trypan blue staining’. To
monitor mitochondrial membrane potential (Ay), the cells were loaded with
tetramethylrhodamine ethyl ester (Molecular Probes) at 10 nM for 30 min before
observation. In in vivo study, the mice were injected intravenously with 500 pg of
the oligodeoxynucleotides 2 h before and 2 days after TAC, and they were analysed
4 days after TAC. To estimate survival, the mice received additional administra-
tion of the oligodeoxynucleotides 4 days after TAC and every 3 days thereafter.
Statistical analysis. Results are shown as the mean *+ s.e.m. Paired data were
evaluated using a Student’s t-test. A one-way analysis of variance with the
Bonferroni post hoc test was used for multiple comparisons. The Kaplan-Meier
method with a log-rank test was used for survival analysis.

©2012 Macmillan Publishersli2gited. All rights reserved
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A 20-year-old young male college student, who was previously
healthy, suddenly fell down and had a cardiopulmonary arrest in a
train on the way to the college. The patient had no previous cardiac
symptoms and no family history of cardiac disease or sudden death.
A bystander immediately started cardiopulmonary resuscitation on
him. Then, an emergency and rescue squad arrived at the scene
after 17 minutes and gave him defibrillation shock because the elec-
trocardiographic monitoring showed ventricular fibrillation. The pa-
tient was transferred to our hospital with sustained ventricular
fibrillation, and finally his sinus rhythm was restored after IABP and
PCPS started.

Transthoracic echocardiogram (TTE) on admission demonstrated
remarkable LV wall thickening (interventricular septum, 24 mm and
LV posterior wall, 22 mm in the parasternal long axis view) and dif-
fuse severe hypokinesis of LV wall motion (LVEF, 10%). The coronary
angiogram demonstrated that the coronary arteries were normal (no
thrombus and no stenosis) and special laboratory data showed that
both anti-B1 adrenoceptor antibody and cardiac-specific autoanti-
body were negative. On day 4 of hospitalization, he underwent endo-
myocardial biopsy from LV posterior wall via left femoral artery
approach. Histological examination of the specimen with hematoxy-
lin and eosin (HE) revealed no accumulation of inflammatory cells

* Corresponding author at: Department of Cardiovascular Science and Medicine,
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such as T lymphocytes but extensive interstitial edema was recog-
nized (Fig. 1). These results did not suggest the possibility of active
myocarditis. However, immunostaining of TNC could be detected in
the interstitial area of biopsy specimens (Fig. 1). The patient was fi-
nally diagnosed with fulminant myocarditis with severe myocardial
interstitial edema. We started steroid pulse therapy from day 4 of
hospitalization for 3 days.

After day 13 of hospitalization, the LVEF gradually increased and
the finding of myocardial edema recognized by TTE was improved.
And mechanical support devices such as IABP and PCPS could be re-
moved on day 14. On day 55, cardiac MRI was performed. Cardiac
MRI revealed delayed enhancement of the endomyocardium of LV,
which indicates the presence of myocardial edema in the region
(Fig. 2). Thereafter, he continued rehabilitation and finally discharged
without severe disorders on day 60.

In the present case, TNC staining was useful to detect myocardial
inflammation associate with acute myocarditis. It was reported that
all patients with fulminant myocarditis (n=11) had flu-like illness
within previous 4 weeks, but our patient had no prior flu-like symp-
toms. Previous study reported that the clinical assessment of the eti-
ology was inaccurate in 31% of the patients with unexplained
cardiomyopathy and that endomyocardial biopsy established the
final diagnosis in 75% of these patients with a high degree of specific-
ity [1]. AHA/ACC guidelines state that endomyocardial biopsy should
be performed in the setting of unexplained, new-onset heart failure
of <2 weeks duration associated with a normal-sized or dilated LV
in addition to hemodynamic compromise {2]. Although his clinical
presentations were compatible with fulminant myocarditis, HE stain-
ing of the endomyocardial biopsy specimens did not demonstrate the
findings of active myocarditis which are focal inflammatory infiltrate
with adjacent myocytolysis according to the Dallas criteria. The Dallas
criteria have been used as the gold standard for the histologic diagno-
sis of myocarditis despite criticism concerning sampling error and
variations in the histologic interpretation by routine staining.

TNC is one of the extracellular matrix glycoproteins and it is sparse
in mature tissue but reappears in association with wound healing or
cancer invasion {3}. In the heart, TNC is expressed only at the very
early stages of embryonic development but reappears in the myocar-
dium under various pathological conditions such as acute myocardial
infarction and acute myocarditis [4]. TNC was specifically expressed
in myocardium during active stage of myocarditis, and then disap-
peared in the healing stage of myocarditis in mouse model. During
myocarditis, several cytokines including interleukin-13 and tumor
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Fig. 1. Histological results of endomyocardial biopsies from left ventricle. A and D, hematoxylin and eosin staining. B and E, immunostaining for T lymphocytes. C and F, immunos-

taining for tenascin C.

Fig. 2. Four-chamber views of contrast-enhanced cardiac MRI on day of 55 hospitaliza-
tion. Delayed enhancements (arrows) were observed in part of the endomyocardium.
Abbreviations: LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

necrosis factor-o are expressed at the early stage and induce the ex-
pression of TNC. TNC could be considered a sensitive marker for active
inflammation [5]. In the present case, immunostaining for TNC in bi-
opsy specimens was useful for the diagnosis of fulminant myocarditis.
Delayed enhanced cardiac MRI imaging, which was performed after
attenuation of myocardial edema and stabilization of hemodynamics,
also suggested the existence of myocardial inflammation.

The authors of this manuscript have certified that they comply
with the Principles of Ethical Publishing in the International Journal
of Cardiology (Shewan and Coats 2010;144:1-2).
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Purpose: To evaluate plaque image characteristics in coronary artery culprit-lesions in subjects with acute
coronary syndromes (ACS), we retrospectively compared coronary arterial images by 64-slice CT before
conventional-coronary-angiogram with those by intravascular ultrasound (IVUS).

Materials-and-methods: Retrospective analysis of coronary arterial images from thirty-one subjects (26-
males, mean age 59.3 £ 12.0 years) exhibiting acute symptoms with suspicion of ACS, where either (1) ECG
was un-interpretable or (2) ECG was non diagnostic/cardiac biomarkers was equivocal; with significant
stenosis on emergent 64 slice CT and subjects were finally diagnosed as having ACS confirmed by
conventional-coronary-angiogram, followed by IVUS before coronary-intervention. After principal culprit-
lesion components were classified into 1) thrombus, 2) soft plaques, and 3) fibrotic plaques by IVUS,
corresponding culprit-lesion CT values were measured (two-observers).

Results: Nineteen and 12 of 31 subjects were finally diagnosed as unstable angina pectoris and non-ST elevation
acute myocardial infarction respectively. Main culprit-lesion components of ACS were identified on MSCT in all
subjects. Culprit-lesion CT values diagnosed as soft plaques by IVUS (n =26, 32.9 4 8.7 HU) were not lower than
those of thrombi (n=18, 43.2 + 10.7 HU, p=0.268); both values were significantly lower than those of fibrotic
plaques (n=7,82.5 £ 22.6 HU) (both p<0.01). Calcification, spotty calcification, and positive arterial remodeling
were observed in 67.7%, 61.3%, 58.1% (IVUS) and 58.1%, 51.6%, 74.2% (MSCT), respectively (all p=NS). CT value
reproducibilities and culprit-lesion areas, were 0.87 and 0.86, respectively (two analyzers).

Conclusions: 64-slice CT can non-invasively evaluate image characteristics in coronary artery culprit-lesions in
ACS subjects accurately; this may help to differentiate soft plaques or thrombi generated by plaque rupture from
fibrotic plaques.

Keywords:

Image characteristics

Plaques in culprit coronary arteries
64 slice CT

Intravascular ultrasound

Acute coronary syndromes

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Evaluation of the characteristics of coronary arterial plaques using
intravascular ultrasound (IVUS) has been recognized as useful for eval-
uating the stability of coronary arterial plaques [ 1,2}. IVUS-derived image
characteristics of plaques in culprit coronary arteries in acute coronary
syndromes (ACS) have been recognized as follows 1) low-echoic plaque,
2) spotty calcification and 3) positive arterial remodeling [3].

However, there are few reports in which plaques in culprit
coronary arteries in ACS were evaluated by non-invasive diagnostic
modalities and compared with evaluation by IVUS. Recently, the
utility of 64-slice multislice computed tomography (CT) (MSCT) has
been established for evaluating coronary artery disease {4-6] as well
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as myocardium [7-9]. There have been several reports in which
comparison of coronary arterial images evaluated by MSCT with
traditional classification by IVUS showed good correlation [10,11].

In this study, to non-invasively evaluate image characteristics of
plaque in culprit lesions in coronary arteries of subjects with ACS, we
compared coronary arterial images by 64-slice CT before conventional
coronary angiogram (CAG) with those by IVUS following CAG and
before coronary intervention.

2. Materials and methods

We retrospectively analyzed coronary arterial images of subjects exhibiting acute
symptoms with suspicion of ACS where either (1) the electrocardiogram (ECG) was un-
interpretable or {2) non diagnostic ECG or cardiac biomarker results were equivocal;
with significant stenosis on emergent 64 slice CT and were finally diagnosed as having
ACS confirmed by CAG, followed by IVUS before coronary intervention.

Exclusion criteria for CT examination in this study were as follows: subjects with 1)
American Heart Association (AHA) criteria Class 1 for indication of emergency
percutaneous coronary intervention including 2) presence of de novo ST elevation in
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Table 1

Baseline characteristics of all subjects.
N 31
Age (years) 593+ 120
Males 26 (83.9%)
Hypertension 21 (67.7%)
Hyperlipidemia 18 (58.1%)
Diabetes mellitus 10 (32.3%)
Smokers 24 (77.4%)

Body mass index 25.043.1

the ECG and referral to our Institute within 12 h after onset, or within more than 12 h
after onset, but still having continuous chest pain; 3) cardiogenic shock; 4) fatal
arrhythmia; 5) renal dysfunction (serum creatinine 22.0 mg/dl); and 6) history of
allergy to iodinated contrast material. Finally, we retrospectively collected data from 31
subjects (26 males, mean age 59.3 & 12.0 years) who were eligible under these criteria.

Average times from the onset of symptoms to hospital arrival were 14.44-23.3 h.
Baseline characteristics of all subjects are shown in Table 1. All patients provided
written informed consents for all procedures in this examination.

2.1. 64-slice CT protocol

All 31 subjects underwent 64-slice CT (Light Speed VCT, GE Healthcare, Milwaukee,
WI, USA) before CAG with IVUS, Subjects whose heart rates were more than 60 beats
per minute, received 2-8 mg propranolol before the MSCT scan.

Contrast material was administered via a 20-gauge needle into the antecubital vein.
Initially, the transit time was measured by injecting 8 ml of contrast material (350 mg/ml
iodine concentration, Omnipaque; Daiichi Sankyo Pharmaceutical Co, Ltd, Tokyo, Japan),
followed by 20 ml of saline, and by repetitively scanning the ascending aorta at the level of
the left main coronary artery; the transit time was determined as the interval from the
start of injection to peak enhancement in the ascending aorta. Depending on this time, the
total volume of contrast material was determined, ranging from 45 to 63 ml depending on
renal function or body weight; this volume was then injected at a rate of 4 ml/s, followed
by 47 ml of saline at 3.5 ml/s with a double channel injection system (Dual Shot, Nemoto,
Tokyo, Japan).

Retrospective ECG-gated enhanced 64-slice CT was then performed with a slice thickness
of 0,625 mm, a gantry rotation speed of 350 ms per rotation, and a tube voltage of 120 kV. The
tube current was increased up to 750 milliamperes (mA) only in 35-80% of the R-to-R interval
of the ECG, where the motion of the heart and coronary arteries tends to be static,

Conversely, the tube current was decreased to less than 300 mA only in 85-30% of the
R-to-R interval, in order to reduce the total radiation exposure. After acquisition, a total of
twenty phases during one cardiac cycle (0-95% of the R-to-R interval of the ECG, 5%
interval) were extracted and all of the optimal cardiac phase data with the minimum
motion artifacts were transferred to a workstation (Virtual place, Aze, Tokyo, Japan).

2.2. Image analysis of coronary arteries by 64-slice CT

We first evaluated the presence of significant stenosis or occlusion of coronary arteries in
all 15 segments according to AHA classifications in axial source images and multi and curved
planar reformation of long- and short-axis images of coronary arteries in MSCT. If there were
2 or more significant stenotic or occluded lesions, we regarded one of them as the culprit
lesion depending on other clinical information, such as the ECG or transthoracic
echocardiogram.

Next, consecutive cross-sectional CT images of the vessels perpendicular to the
stretched curved planar reformation similar to the IVUS images were created; CT values
and area of plaque or thrombi in culprit lesions were measured and presence of
calcification, spotty calcification (Fig. 1) and positive arterial remodeling (Fig. 2) in
MSCT images was evaluated by two experienced cardiologists (LI and H.T.).

The plaque components of the culprit lesions were identified with reference to the
corresponding lesion in IVUS images, using the distance from the ostium or some side
branches and calcification as landmarks for these locations. The details of definition of plaque
components in [VUS are indicated in the IVUS Protacol Section below. If the culprit lesions
were occluded, we measured CT values at the proximal portion of the occluded lesion.

2.3. Definition of calcification and arterial remodeling on CT

Calcification in a culprit lesion was defined as a mass whose CT value was more
than 130 HU and whose area was more than 1 mm? in CT images, according to the
definition of Agatston [12]. Among these calcifications, we defined a spotty calcification
as a mass whose area was less than 5 mm? in CT images [13] (Fig. 1).

The arterial remodeling index (RI) was defined as the ratio of the cross-sectional
area (CSA) of the vessel wall at the culprit lesion site to the CSA of the vessel wall at the
proximal reference site (Fig. 2).

The definitions of vessel wall, culprit lesions and those areas are different from
IVUS, in which the vessel wall was defined as the external elastic membrane (EEM),
while the culprit lesions were defined as the site with minimum residential luminal
points; if the culprit artery was occluded, the culprit area was measured at the most
proximal lesion in occluded lesions.

The presence of positive remodeling was defined in this study as having an RI more
than 1.05, using both MSCT and IVUS [3].

2.4. IVUS protocol

After we detected the culprit lesion by CAG, we performed IVUS for accurate
evaluation of the culprit lesion and decision on an appropriate strategy. Subjects were
classified into those with or without calcification and positive arterial remodeling. IVUS
(TU-C200C, Terumo, Tokyo, Japan) was performed with 40 mH using an intrafocus
catheter and images were obtained with a 0.5 mm/s auto pullback method before
coronary intervention. IVUS was performed on average 31.8:4+68.1h after MSCT
acquisition. Plaque configurations were classified according to IVUS criteria by two
experienced cardiologists (LI. and H.T.), as recently reported [10]. Briefly, the classification
consists of the following three groups: 1) Soft plaque: most of the plaque area is composed
of tissue with an echogenicity lower than that of the adventitia (Fig. 3a); 2) Fibrotic plague:
most of the plaque area is composed of tissue producing echoes as bright or brighter than
the adventitia but without acoustic shadows (Fig. 3b); and 3) Thrombus: most of the
plaque area is composed of thrombus with some mobility. In IVUS images, a thrombus is
usually recognized as an intraluminal mass, often with a layered, lobulated, or
pedunculated appearance (Fig. 3c) [10,14]. We classified all components on the basis of
the above-mentioned three categories, and according to the major components observed
among the severest stenotic lesions by IVUS.

2.5, Definition of calcification on IVUS

In each subject, based on the outcome of the quantification of coronary calcium
deposits in IVUS images, the culprit lesions were categorized as belonging to one of the
following three groups with reference to the definition recently outlined and modified
slightly by us: 1) No calcification: a lesion in which calcium is not detected; 2) Spotty
calcification: a lesion that contains only small calcium deposits within an arc of less
than 90°; and 3) Extensive calcification: extensive calcified lesions with an arc of more
than 90° in one or more cross-sectional images of the lesion.

Fig. 1. Typical images of spotty calcification in culprit coronary arteries on multislice computed tomography (CT). Left figure; axial source images of enhanced CT revealed spotty
calcification (yellow arrow) in low CT area completely occluding the lumen of left anterior descending branch (LAD). Right figure: multiplanar reformation images of short axis of
LAD. Spotty caicification in low CT area completely occluding the lumen of LAD can be observed.
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Proximal reference site

Culprit lesion

Proximal reference site

Fig. 2. Definition of remodeling index (culprit area/proximal reference area) in multislice computed tomography (CT). Curved planar reformation images of left anterior descending
branch (LAD) (left figure) and short axis images perpendicular to long axis of LAD at 1) culprit lesion (middle figure) and 2) proximal reference site (right figure) made from left
figure. Vessel size surrounded by green dots was larger in culprit lesion than in proximal reference site, which suggests presence of positive remodeling. Remodeling index (RI) was
defined as the ratio of the cross-sectional area (CSA) of the vessel wall at the culprit lesion site to the CSA of the vessel wall at the proximal reference site, Positive remodeling
categories were defined as having a remodeling index more than 1.05, which is the same definition used in a study employing IVUS.

2.6, Statistics

All numeric results are expressed as meand standard deviation (SD). Statistical
analysis was performed using one-way ANOVA and Tukey's multiple comparison with
statistical software SPSS (SPSS Japan Inc, version 17.0, Tokyo, Japan) when comparing CT
values among 3 plaque components. Vajues with p<0.05 were considered statistically
significant. We compared the ratio of the presence of coronary calcification to positive
remodeling using the chi-square test. We used Pearson's correlation coefficient for
assessment of inter-observer variability.

3. Results

Among 31 subjects, 19 subjects were finally diagnosed as unstable
angina pectoris and 12 subjects were diagnosed as non-ST elevation
acute myocardial infarction. Culprit coronary arteries diagnosed by
CAG and IVUS were left anterior descending branch in 18 subjects, left
circumflex branch in 8 subjects, right coronary artery in 4 subjects,
and high lateral branch in one subject.

Main components of plaque culprit lesions in ACS were diagnosed to
be thrombus in 18 subjects, soft plaques in 6 subjects, and fibrotic
plaques in 7 subjects by IVUS and were identified by CT in all subjects.

3.1. Comparison of CT values among the three different components of
culprit lesions diagnosed by IVUS

Typical images of each type of plaque by IVUS and corresponding
MSCT images on CAG are shown in Fig. 3. CT values of culprit lesions
diagnosed as soft plaques (n==6) by IVUS were 32.9 +8.7 HU; these
values were lower than those of thrombi, but not significantly (n=18,
43.2+10.7 HU, p=0.268), while both were significantly lower than

those of fibrotic plaques (n=7, 82.5 +-22.6 HU) (both, p<0.01) (Fig. 4).

3.2. Proportion of culprit lesions with calcification and spotty calcification
in coronary arteries detected by IVUS and CT

Calcification was observed in 67.7% of culprit lesions in IVUS and
58.1% of culprit lesions in CT and spotty calcification were observed in
61.3% of culprit lesions by IVUS and in 51.6% by CT; furthermore, these
proportions were not significantly different between IVUS and CT
(p=0.43 and 0.44, respectively) (Fig. 5).
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3.3. Proportion of culprit lesions with positive arterial remodeling in
coronary arteries by IVUS and CT

Positive arterial remodeling was observed in 58.1% of culprit lesions
in coronary arteries by IVUS and in 74.2% by CT; these proportions were
not significantly different between IVUS and CT (both p=0.18) (Fig. 6).

3.4. Inter-observer variability between two observers of ct values and
area of plaque or thrombi in culprit lesions

The correlation coefficient of CT values of plaque or thrombi was
0.87 between two observers (Fig. 7) and the Bland and Altman plot of
CT values of plaque or thrombi in culprit lesions revealed a mean
difference + 28D of 1.5+ 25.4 HU (Fig. 8).

The correlation coefficient of area of plaque or thrombi in culprit
lesions on CT was 0.86 between two observers (Fig. 9) and the Bland
and Altman plot of area of plaque or thrombi in culprit lesions
revealed a mean difference 4 25D of 3.3 4 6.6 mm? (Fig. 10).

3.5. Relationship between area of plaque or thrombi in culprit lesions on
CT and those on IVUS

In this analysis, the measurements of areas of plaque or thrombi in
culprit lesions on CT were averages of the measurements analyzed by
two observers. The correlation coefficient of the areas between CT and
IVUS was 0.49 (Fig. 11) and the Bland and Altman plot of area of
plaque or thrombi in culprit lesions between CT and IVUS revealed a
mean difference -+ 2SD of 4.9+ 11.9 mm?; in addition, CT tended to
overestimate the area of plaque or thrombi in culprit lesions in
coronary arteries compared with IVUS (Fig. 12).

3.6. Other specific findings indicating vulnerabilities of coronary arterial
plaque observed on MSCT only

Recent research has shown that vulnerable plaques tend to have
associated vasa vasorum [15]. Ring enhancement signs observed on
MSCT only may be a sign of the presence of vasa vasorum in coronary
arterial plaques. We found ring enhancement signs in culprit lesions
of coronary arteries in 14 subjects (45.2%) in this ACS population.
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Fig. 3. Typical images of each type of plaque by intravascular ultrasound (IVUS) and corresponding multislice computed tomographic (CT) images with conventional coronary
angiogram (CAG). a. Typical CT images (left upper and lower figures) of soft plaques identified by IVUS (right lower figure) acquired from a 76 year old male. Curved planar
reformation images of left anterior descending branch (LAD) (left upper figure) revealed significant stenosis with non calicified plaques (white arrow heads) in the middle portion of
LAD; short axis images of coronary arteries (left lower figure) were made perpendicular to the long axis of LAD (white bar in left upper figure) in which low CT area (average 36 HU,
surrounded by white circle) occupied more than 50% of cross sectional area (CSA) of the coronary arterial lumen (surrounded by green dots). CAG (right upper figure) also revealed
significant stenosis in the middle portion of LAD (black arrow heads), and at the corresponding site of the black bar in CAG, soft plaque could be observed in IVUS (right lower figure).
Considering the distance from the ostium and presence of the side branch etc. as the landmark of the location of the plaques, we concluded that the soft plaques in IVUS (right lower
figure) correspond to the non-calcified plaques in short axis images of coronary arteries in CT (left lower figure). b. Typical CT images (left upper and lower figures) of fibrotic plaques
identified by IVUS (right lower figure) acquired from a 41 year old male. Curved planar reformation images of LAD (left upper figure) revealed significant stenosis with non-calcified
plaques (white arrow heads) in the middle portion of LAD; short axis images of coronary arteries (left lower figure) were made perpendicular to the long axis of LAD {white bar in
left upper figure) in which low CT area (average 88 HU, surrounded by white circle) occupied more than 50% of CSA of coronary arterial lumen surrounded by green dots. CAG (right
upper figure) also revealed significant stenosis in the middle portion of LAD (black arrow head) and at the corresponding site of the black bar in CAG, fibrotic plaque can be observed
in IVUS (right lower figure). Considering the distance from the ostium and presence of the side branch etc. as the landmark of the location of the plaques, we concluded that the
fibrotic plaques in IVUS (right lower figure) correspond to the non-calcified plaques in short axis images of coronary arteries in CT (left lower image). c. Typical images of thrombi by
IVUS and corresponding CT images. Thrombi were observed in the proximal LAD in IVUS in a 65 year old male and at the corresponding site in CT.Typical CT images (left figures) of
thrombi identified by IVUS (right upper figures) acquired from a 65 year old male. Curved planar reformation images of LAD (left upper figure) revealed complete occlusion with low
CT area (white arrow head) with spotty calcified plaques in the proximal portion of LAD; short axis images of coronary arteries (left upper figures) were made perpendicular to the
long axis of LAD (white bar (1) and (2) in left lower figure) in which low CT area (average 49 HU) occupied 100% of CSA of coronary arterial lumen surrounded by green dots. CAG
(right lower figure) also revealed complete occlusion in proximal portion of LAD (black arrow head) and at the corresponding site of the black bar in CAG, movable thrombi could be
observed in IVUS (right upper figures). Considering the distance from the ostium and presence of the side branch etc. as the landmark of the location of the plaques, we concluded
that the thrombi in IVUS (right upper figures) correspond to the low CT area in short axis images of coronary arteries in CT (left lower image).
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Fig. 4. Comparison of computed tomography (CT) values among three different
components of culprit lesions diagnosed by intravascular ultrasound (IVUS). CT values of
plaques diagnosed as soft plaques (n=8) by IVUS were 32.9 & 8.7 HU, which were lower
than thrombi but not significantly (n==19,43.2 4 10.7 HU, p = 0.268), and both of these CT
values were significantly lower than those of fibrotic plaques (n=6, 82.54 22.6 HU) by
IVUS (both, p<0.01).

4. Discussion

Schroeder et al. [10], reported that in subjects with stable angina
pectoris, coronary arterial plaques diagnosed by IVUS could be
classified by CT values as follows: 1) soft plaques would be less than
50 HU, 2) fibrous plaques would be between 50 and 119 HU and 3)
calcified plaques would be more than 120 HU. Similarly, in this study,
we concluded that even in ACS subjects, coronary arterial soft and
fibrous plaques and also thrombi in culprit lesions of coronary arteries
diagnosed by IVUS may be classifiable non-invasively on the basis of
CT values.

p=0.43

p=0.18

IVUS cT

Fig. 6. Comparisons of percentage positive arterial remodeling in intravascular ultrasound
(IVUS) and multislice computed tomography (CT). Positive arterial remodeling was
observed in 58.1% of culprit lesions in coronary arteries by IVUS and 74.2% by CT; these
percentages were not significantly different between IVUS and CT (both p=0.18).

4.1. Characteristics of culprit lesions in ACS subjects with regard to CT
values, area, calcification and positive arterial remodeling

Rupture of a vulnerable soft plaque containing a large-sized lipid
core has recently been shown to precipitate ACS [16].

In this study involving IVUS, 58% of ACS subjects exhibited a
thrombus estimated to be due to plaque rupture, and 19% exhibited
soft plaques. However, in the remaining 23%, the main components of
culprit lesions were considered to be fibrotic plaques. We speculated
that plaques would usually incorporate not one, but a number of
components and these might often be mixed or connected. In those
subjects who exhibit fibrous plaques in culprit lesions, the lipid cores
of soft plaques may adhere to the fibrotic plaque, which may then
rupture, leading to the precipitation of ACS.

Inter-observer variabilities of CT values and area of plaque or
thrombi in culprit lesions by two observers were excellent. However,
areas of coronary arterial culprit lesions were greater on CT than IVUS.
Similarly, the incidence of positive arterial remodeling tended to be
greater on CT than IVUS, but this was not significant. We speculated that,
in IVUS, we traced the EEM as the outer arterial border and did not
detect the entire adventitial area; this would result in the area on CT

p=0.44
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vuUs cT
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Fig. 5. Comparisons of percentage calcification and spotty calcification in culprit lesions in coronary arteries detected by intravascular ultrasound (IVUS) and multislice computed
tomography (CT). Calcification was observed in 67.7% of culprit lesions in IVUS and 58.1% in CT and spotty calcification was observed in 61.3% of culprit lesions in IVUS and 51.6% in
CT; these percentages were not significantly different between IVUS and CT (p=0.43 and 0.44, respectively).
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values of plaque or thrombi (HU) in culprit lesions. Correlation coefficient of CT values
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being greater than the corresponding area on IVUS. Conversely in CT, we
could not get clear CT images of the arterial walls as with IVUS in some
cases, because of the partial volume effects due to lower spatial
resolution of CT than IVUS, and artifacts due to high CT attenuation from
calcification. Furthermore we could not clearly differentiate EEM from
adventitia of arterial walls on MSCT, because their CT values differed
only slightly.

Therefore we may have traced the outer line of the adventitia as
arterial walls and overestimated the culprit vessel areas in those cases.
There were few plaques in the proximal reference area; therefore the
edges of the vessel lumens were clearer than culprit lesions in enhanced
CT images and we could trace them easily. This may be the reason why the
incidence of positive arterial remodeling was more on MSCT than on IVUS.

Recently, two studies [3,17] have shown that the proportion of
positive arterial remodeling in ACS subjects was more than 80% on MSCT
and less than 50% on IVUS; these results were similar to those of our study.

4.2, Utility of detection of thrombi and differentiation of thrombi from
any plaques in culprit lesions in ACS subjects

The CT values of the culprit lesions diagnosed as thrombi with IVUS
in ACS subjects were approximately 45 HU, and were higher than
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Fig. 8. Bland and Altman plot comparing computed tomographic (CT) values of plaque
or thrombi in culprit lesions between two analyzers. Mean difference + two standard
deviations (SD) was 1.5+ 25.4 HU.
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Fig. 9. Inter-observer variability between two observers of area of plaque or thrombi
(mm?} in culprit lesions on computed tomography (CT). Correlation coefficient of area
of plaque or thrombi in culprit lesions on CT was 0.86 between two observers,

those of soft plaques (but not significantly) and significantly lower
than those of fibrotic plaques. MSCT may be useful to non-invasively
differentiate soft plaques or thrombi from fibrotic plaques in ACS
subjects. It is very difficult to implant stents in lesions with massive
thrombi, but thrombi often exist in most of the culprit lesions in ACS
subjects [18]. If the presence of massive thrombi in culprit lesions
could be identified in advance, without occlusion of culprit arteries on
MSCT, it might be possible to administer anti-coagulation therapy for
a few days and dissolve the thrombi before coronary intervention.
This new strategy should allow us to implant stents in culprit lesions
with fewer thrombi, and long-term patency outcomes for culprit
lesions might improve after coronary intervention in ACS subjects.

The utility of drug-eluting stents has been recently established;
such new stents need to be deployed with care so that they adhere
closely to the internal walls of the artery, for maintenance of patency
[18,19]. Therefore it would be very important to dissolve thrombi
located in culprit lesions before implantation of coronary stents. These
new stents have the potential to be used widely in treatment of ACS
subjects from now on, and this new strategy would facilitate novel
trends in coronary intervention for ACS subjects [20].
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4.3, Utilities of MSCT in the emergency department

The radiation exposure to MSCT for detection of coronary artery
disease is 2.8-18.4 mSv {21}]; we estimated that the radiation dose
from 64 slice MSCT for coronary evaluation was approximately
10 mSv, while doses from coronary angiography and coronary
intervention were approximately 2-3 mSv and 10-15 mSv, respec-
tively. Such exposures cannot be discounted.

We did not routinely perform emergent coronary CT and CAG with
IVUS for all patients who exhibited acute symptoms with suspicion of
ACS on arrival. In our Institute, emergent coronary CT was only
performed in subjects exhibiting acute symptoms with suspicion of
ACS with either (1) un-interpretable ECG or (2) non diagnostic ECG or
equivocal cardiac biomarker results. This is consistent with the
guidelines of the American College of Cardiology Foundation
Appropriate Use Criteria Task Force published in 2010 {22]. According
to these criteria, subjects who have acute symptoms with suspicion of
ACS are divided into three groups, namely 1) coronary heart disease
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Fig. 12. Bland and Altman plot comparing area of plaque or thrombi in culprit lesions on
computed tomography (CT) and intravascular ultrasound. Mean difference 4+ two
standard deviations (SD) was 4.9 4 11.9 mm?.
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(CHD) risk low, 2) CHD risk intermediate, both of which were
appropriate for CT examination, 3) CHD risk high, which was
uncertain for CT examination in both (1) un-interpretable ECG, and
(2) non diagnostic ECG or equivocal cardiac biomarker cases. In fact,
approximately 2-8% of patients with ACS were mistakenly sent home
from the emergency room, and the discharge of such patients may be
associated with increased mortality, according to previous reports
[23,24]. Among subjects who underwent CT in the study, many who
were CHD risk low exhibited normal angiographic findings and could
go home safely without performing CAG. This was because CT
angiography had high negative predictive values for detecting luminal
stenosis [24] (note: The original sentence above has been divided into
two, for clarity). Furthermore, this is why subjects who were CHD risk
low were appropriate candidates for CT examination according to
American College of Cardiology Foundation Appropriate Use Criteria
{22]. A randomized clinical trial showed that the use of cardiac CT
among patients in the emergency Department with a normal ECG and
normal initial cardiac biomarkers led to more rapid discharge and cost
savings compared with a conventional serial biomarker examination
[25].

Therefore we can reduce unnecessary CAG for such subjects.
Indeed subjects with normal CT angiography were not included in this
study. Furthermore we tried to minimize the radiation dose of
coronary CT by using recently developed techniques, for example the
dose modulation technique, as mentioned in Materials and methods,
and also a reduced amount of contrast material in consideration of
renal function. In fact, no subjects developed renal or cardiac
dysfunction after these procedures.

Considering the patient characteristics indicated in Table 1, many
of the subjects in this study were CHD risk intermediate, while the
majoritiy of the rest were CHD risk high, thereby justifying
appropriate CT examination, and some were uncertain, based upon
the criteria [22].

After CT examination, we only performed CAG in subjects who
gave rise to suspicion of ACS based on the results of the emergent
coronary CT in which luminal stenosis was observed. If we found
culprit lesions on CAG, we further performed IVUS in those
responsible coronary arteries as a routine clinical procedure.

If we differentiate characteristics of plaque or thrombi in culprit
lesions in coronary arteries in those subjects from information
obtained non invasively by CT, as mentioned above, we may be able
to plan suitable strategies for coronary intervention. This would be in
addition to obtaining information about myocardium, differentiation
of aortic dissection or pulmonary arterial thromboembolism, known
as triple-rule-out CT.

4.4. Limitations

This was a retrospective-observational study conducted at a single
tertiary medical center with small numbers of subjects.

We may not be able to detect very small degrees of calcification in
MSCT because of the limit of spatial resolution of CT; therefore, while
we may measure some CT values of components such as modest
calcification in plaques, the measurement CT values of plaque or
thrombi in culprit lesions may overestimate the true CT values.

We used the double oblique technique to make CSA images on CT.
However, concerning IVUS, we did not confirm whether the
transducer was parallel to the long axis of the coronary arteries and
CSA images of coronary arteries perpendicular to the long axis may
not have been obtained; this would influence the accuracy of
measurements of plaque area or thrombi.

5. Conclusion

64-slice CT can non-invasively evaluate image characteristics in
culprit lesions in coronary arteries in ACS subjects accurately as
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effectively as traditional diagnoses of IVUS. This may help to
differentiate soft plaques or thrombi due to plaque rupture from fibrotic
plaques.
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Birns ' Left ventricular (LV) fibrosis and stiffening play crucial roles in the development of heart failure with preserved EJeC-
" - tion fraction (HFPEF). Plasma level of digitalis-like factors (DLFs) is mcreased in patlents W|th hypertens:on a principa
underlymg cardlovascular disease of HFPEF. Digitalis-like factors inhibit ion- pumping function of Na*/K'-ATPase and
activate the Ca*" entry mode of l\la“L/Ca2+ exchanger (NCX) Dlgltalls -like factors are known to promote collagen
production in fibroblasts. The aim of this study was to explore whether the pharmacologlcal mh bition of the NCX
entry mode is effective in the prevention of LV fibrosis and i in the development of HH’t:l— -

Methods (i) Dahl salt-sensitive rats fed 8% NaCl diet from age 6 weeks served as hypertensive HEPEF model. In this model,
and resuits 24 h urine excretion of DLFs was greater than that in the age-matched control at compensatory hypertrophic and
' ~heart fallure stages. (u) Contmuous admrmstratlon of ouabain for 14 weeks developed LV fibrosis without affecting
blood pressure in Sprague Dawley rats. (m) Ouabain elevated intracellular Ca?*t concentration through the entry of
extracellular Ca Bt Increased the pwosphorylatlon level of p4 2/44 mitogen- actlvated protein kinases, and enhanced
H- -proline ;ncorporatlon in cardiac fibroblast; and SEA0400, the mhxbltor of the NCX entry mode, suppressed
these ePfects (!v) In the HFPEF model admmlstratlon of SEAO400 at ubdepressor ‘dose |mproved the survival

rate in assouatlon wrch the attenuatlon of LV fibrosis and stiffenmg

Conclusion  Digitalis-like factors and the subsequently activated NCX entry mode may play an important role i in the development
- ~ of hypertensive HFPEF, and the blockade of the NCX entr), mode may be a new therapeutic strategy for this
phenoty:e of heart failure. '

Keywords Heart fa lure o Diastole o Flbros s e Na*/Ca** exchanger o Digitalis-like factors
Introduction has not been established. The progression of left ventricular (LV)
Heart failure with preserved ejection fraction (HFPEF) has poor . stiffening plays a crucial role in the transition from asymptomatic
prognosis and its prevalence has increased over the past two . LV hypertrophy to HFPEF? and is attributed to myocardial fibrosis.*
decades." In spite of its socioeconomic burden, therapeutic strategy  ©  Thus, LV fibrosis is likely a therapeutic target for HFPEF.

T These authors contributed equally to this work.
* Corresponding author. Tel: +81 6 6879 6612, Fax: +81 6 879 6613, Email: kazuhiro@medone.med.osaka-u.acjp
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2011. For permissions please email: journals.permissions@oup.com.
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Digitalis-like factors (DLFs), such as ouabain and marinobufa-
genin, exist in humans. The elevation of plasma tevel of ouabain
was observed in patients with hypertension,” a principal underlying
cardiovascular disease of HFPEF.' Digitalis-like factors promote
collagen production in fibroblasts, and the activation of p42/44
mitogen-activated protein kinases (MAPKs) plays an important
role in collagen synthesis.>® Previous in vitro studies have reported
the DLFs-induced activation of Src-p42/44 MAPKs pathway
through non-pumping function of Na™/K*-ATPase signalosome.*”
However, the binding of DLFs to Na*/K*-ATPase also leads to the
inactivation of its ion-pumping function, and the Na™-lag hypoth-
esis assumes that this process increases intracellular Na* concen-
tration and subsequently raises intracellular Ca®* concentration
([Ca**7) through the change in the mode of Na*/Ca®* exchanger
(NCX) from Ca®* exit (forward) to entry (reverse) mode.® Kome-
tiani et al.” demonstrated that the increase in [Ca**]; leads to the
activation of p42/44 MAPKs in myocytes, although another study
showed contradictory results.'® The relation among these factors
is unknown in fibroblast.

We hypothesized that DLFs are one of risk factors for the
development of HFPEF, and this study aimed at exploring
whether the pharmacological inhibition of the Ca** entry mode
of NCX is effective in preventing the development of LV fibrosis
and the transition to hypertensive HFPEF.

Methods

This study consists of following in vivo and in vitro studies, and details are
provided in the supplementary data.

Study 1: Urinary excretion of DLFs in the HFPEF model.

Study 2: Effects of ouabain on cardiac structure.

Study 3: Effects of ouabain and the NCX inhibitor on cardiac fibroblast.
Study 4: Effects of NCX inhibitor on the HFPEF model.

Results

Study 1: Urinary excretion of digitalis-like
factors in the HFPEF model rats

At the age of 19 weeks of the HFPEF model, the ratio of LV mass
to tibial length and the ratio of lung weight to tibial length were
increased without the decrease in LV endocardial or mid-wall
fractional shortening or the changes in LV end-diastolic dimension
(Table 1). Thus, the HFPEF model of this study protocol
represented the characteristics of the hypertensive HFPEF model
as published in the previous studies.”'" Urinary excretion of
ouabain-like immunoreactivity was significantly higher in the
HFPEF model than in the age-matched control at the age of 13
and 19 weeks (Figure 1A). Urinary excretion of marinobufagenin-
like immunoreactivity also increased at the age of 13 weeks and
tended to be high at the age of 19 weeks in the HFPEF model
rats when compared with the age-matched control (Figure 1B).

Study 2: Effects of ouabain on cardiac
structure in Sprague-Dawley rats

There was no significant difference in systolic blood pressure,
echocardiographic parameters, or a ratio of LV mass to tibial
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Tabie | Echocardiographic and pathological
parameters at the age of 19 weeks in Study 1 (Dahl
salt-sensitive rats)

Control HFPEF P-value
(n=6) model
(n=6)
Systolic blood pressure 129 + 3 232 + 13* <0.001
(mmHg)
LV end-diastolic dimension 93+02 90+10 0.459
(mm)
LV posterior wall thickness at 1.2 £ 0.1 17 +£0.1* 0.003
end-diastole (mm)
LV endocardial fractional 28 +2 27 + 4 0.482
shortening (%)
LV mid-wall fractional 17 +1 1543 0.078
shortening (%)
A ratio of LV mass to tibial 20+ 1 314 2% <0.001
length (mg/mm)
A ratio of lung weight to tibial ~ 35 4+ 2 53+ 17*

0.004
length (mg/mm) :

~ Values are expressed as'mean + SD.
HFPEF, heart failure with preserved gjection fraction; LV, left ventricular.
*P.< 0.05 vs. control group.

length between the ouabain and the control groups; however,
LV area of fibrosis was significantly greater in the ouabain group
than in the control group irrespective of NaCl concentration of
chow (Table 2, Figure 2).

Study 3: Effects of ouabain and SEA0400
on cardiac fibroblast

Intracellular Ca®" dynamics

In normal physiologic saline solution (PSS) (control), the fibro-
blasts responded to bath-applied ouabain with robust Ca** tran-
sient (Figure 3A and D). This Ca®' signal was completely
diminished by removal of Ca’" from extracellular PSS
(Figure 3B and D). Furthermore, SEA0400, an NCX inhibitor
that preferentially blocks the Ca®" entry mode,"? substantially
suppressed the ouabain-induced elevation of [Ca®*]; (Figure 3C
and D). In quite contrast, Ca*™ release stimulated by angiotensin
Il normally occurred in the absence of extracellular Ca**, or in
the presence of SEA0400 (Figure 3A—C). These results suggest
that the ouabain-induced elevation of [Ca>™]; is largely attributed
to the Ca** entry mode operation of the NCX.

*H-proline incorporation and p42/44
mitogen-activated protein kinase activity
*H-proline incorporation (Figure 4A) and the phosphorylation of
p42/44 MAPK (Figure 4B) were promoted by ouabain adminis-
tration in cardiac fibroblasts. SEAO400 suppressed these effects
of ouabain, but did not affect the baseline levels.
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Table 2 H'a:émddk'ynafniyc"and ecHoéardiég 49 |IC parameters at the agé of 20 weeks ‘in‘Study 2 (Sprague-bawley rats)

Low-salt diet

High-salt diet

Control Ouabain P-value Control Ouabain P-value

(n=4) (n = 6) (n=4) (n=6)
Systolic blood pressure (mmHg) 128+ 7 130 + 1 0.959 130 +7 129 + 11 0.818
LV end-diastolic dimension (mm) 85+ 05 9.0+ 03 0.077 95+03 92+03 0.150
LV posterior wall thickness at end-diastole (mm) 1.4 + 0.2 14401 0.915 15+ 0.1 1.6+ 0.1 0.176
LV endocardial fractional shortening (%) 38+6 3542 0.286 39+6 36+3 0.345
LV mid-wall fractional shortening (%) 21+ 4 19+ 1 0.333 21+2 20+ 2 0.322
E/A ratio 19 £ 04 19+08 0.999 16+ 03 15+ 0.1 0412
Deceleration time of mitral E-wave (ms) 46 + 6 45+4 0.700 53+6 55+4 0.459

Values are yexpressed as mean i D

E/A ratio, a ratio of peak early diastolic filling velocity to peak filling velocity at atrial contraction.

Study 4: Effects of Na*/Ca®" exchanger
inhibitor on HFPEF model rats

Survival study

The administration of SEA0400 improved the survival rate of the
HFPEF model (Figure 5A). All of the rats of the untreated group
which died during the protocol were associated with pulmonary
congestion. There were no differences in systolic blood pressure
(P =0.056—-0.801) or heart rate (P = 0.091-0.689) between the
two groups at any age (Figure 5B and C).

Haemodynamic and pathophysiological study

Before data collection, 5 of 14 rats in the untreated group and 2 of
12 rats in the SEA group died with pulmonary congestion. We
could not collect data in one rat of the untreated group and two
rats of the SEA group because of technical failure in the process
of cardiac catheterization. Therefore, data from eight rats in the
untreated group, eight rats in the SEA group, and eight rats in
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the control group were analysed. All echocardiographic and
haemodynamic data are summarized in Table 3. Systolic blood
pressure, heart rate, LV mid-wall fractional shortening, LV end-
diastolic dimension, the ratio of LV mass to tibial length, and the
time constant of LV relaxation were not different between the
untreated group and the SEA group. However, myocardial stiffness
constant, LV end-diastolic pressure, and the ratio of lung weight to
tibial length were significantly lower in the SEA group than in the
untreated group.

The area of LV fibrosis was greater in the untreated group than
in the control group (Figure 6). The mRNA level of type | collagen
was increased by 5.7-fold (P <<0.05), and the hydroxyproline
content of LV myocardium was higher in the untreated group
than in the control group (4.6 + 0.7 vs. 3.3 + 0.5 umollg, P <
0.05). The administration of SEA0400 reduced the area of LV fibro-
sis (Figure 6) in association with the significant decrease in type |
collagen mRNA level by 21% (P < 0.05). Left ventricular hydroxy-
proline content in the SEA group (4.2 + 0.4 umol/g) tended to be
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Figure 2 Post-mortem ratio of left ventrlcular mass to tibial length and area of left ventr!cular fibrosis in Sprague—Dawley rats with and
without the administration of ouabain under low-salt (A) and high-salt (B) diet. The representative photomccrographs of Azan Mallory staining
of the left ventricle are shown below. Data are presented:as mean =+ SD. *P < 0.05 vs. control.

decreased when compared with the untreated group, although the
difference was not statistically significant. The activity of 72 kDa
gelatinase (matrix metalloproteinase-2) was significantly enhanced
in the untreated group compared with the control group and was
attenuated in the SEA group (Figure 7).

Discussion

The principal findings of the present study are (i) daily urinary
excretion of DLFs was increased at compensated hypertrophic
and heart failure stages in the HFPEF model, (i) chronic adminis-
tration of ouabain promoted cardiac fibrosis without the elevation
of blood pressure irrespective of NaCl loading, (iii) ouabain elev-
ated [Ca®™]; through the entry of extracellular Ca®*, and enhanced
collagen production with the activation of p42/44 MAPK in cardiac
fibroblast, (iv) SEA0400 suppressed these in vitro effects of ouabain,
(v} SEA0400 attenuated LV fibrosis and stiffening without the anti-
hypertensive effects and prevented pulmonary congestion and the
increase in LV filling pressure in the hypertensive HFPEF model
rats, leading to the improvement of survival rate.

The prevalence of HFPEF has increased and its prognosis has not
improved during the past two decades.”
studies have shown that LV fibrosis plays a crucial role in the devel-
opment of HFPEF**" indicating that LV fibrosis is a therapeutic
target for this phenotype of heart failure. Although experimental
and small-sized clinical studies have suggested the efficiency
receptor blocker

Experimental and clinical

of angiotensin or angiotensin-converting
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enzyme-inhibitor in the prevention of LV fibrosis and/or
HFPEF,"™"*™ clinical trials have failed to show the reduction of
the primary outcome by these drugs."®"” Thus, another target to
prevent fibrosis is awaited to improve the prognosis of HFPEF.
Digitalis-like factors bind to Na*/K*-ATPase and subsequently
result in the change of the mode of NCX and the increase in
[Caz“*']i.8 Previous experimental studies have shown that DLFs acti-
vate MAPKs and promote collagen production in fibroblasts.>”
Plasma level of DLFs is elevated in a half of patients with hyperten-
sion® and also increases in association with the reduction of ejec-
tion fraction'® or physical stress situations.'”*® This study showed
that the urinary excretion of DLFs was augmented in the hyperten-
sive HFPEF model at compensatory hypertrophic and heart failure
stages, which suggests the enhanced secretion of DLFs and the
elevation of their plasma level in HFPEF*' A close relation
between DLFs and the elevation of blood pressure has been
reported,”** but the current study demonstrated that ouabain
induced collagen synthesis in vitro and promoted LV fibrosis in
vivo without the induction of hypertension. The dose of ouabain
in our in vitro study, Study 3, was likely above the physiological
range, considering its plasma concentration.’ This dose was
chosen on the basis of the previous studies™® to clarify the
effects of ouabain without loss of viability and those of SEA0400
on ouabain-induced phenomenon. The dose of exogenous
ouabain in our in vivo study, Study 2, was determined on the
basis of the previous study,”* and its tissue or plasma concentration
was not assessed in this study. Although this study may not
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