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Exacerbations of Chronic Heart Failure (OPTIMIZE-HF) study
showed that the BNP level at discharge was the best predictor
of 1-year mortality and/or re-hospitalization among older pa-
tients (265 years) hospitalized with HF.!* Increase in BNP is
useful for predicting cardiac events in stable outpatients with
non-ischemic chronic HFE.'* Logeart et al found that when HF
patients have a 70% prevalence of systolic dysfunction of LVEF
(<45%), high BNP at pre-discharge assessment is a strong,
independent marker of death or re-admission after decompen-
sated congestive HF,!¢ which is also consonant with the pres-
ent result that the prevalence of DCM with systolic dysfunc-
tion was 76.9%. In addition, Javaheri et al reported that low
DBP was associated with worse survival in patients with HF
and a decreased ejection fraction.!” Moreover, the Framing-
ham study showed that DBP was negatively correlated with
coronary heart disease and mortality in subjects >60 years old, 8
while DBP <60mmHg was associated with higher CV mortal-
ity in patients with systolic hypertension aged >70 years." Be-
cause low DBP impairs coronary blood flow during diastole,
it could cause myocardial ischemia and the progression of HF.
The present study provided similar results to these findings
mentioned here.

In contrast, the OPTIMIZE-HF trial showed that a lower
SBP at admission was 1 of the predictors for the combined end-
point of death or re-hospitalization within 60-90 days after dis-
charge. DBP, however, was not included among the candidate
variables.?" The Canada community-based study indicated that
a lower SBP was a predictor of mortality among elderly pa-
tients with HF.?! The reasons why we found DBP to be a pre-
dictor of re-hospitalization in the present analysis are as fol-
lows: (1) DBP was not assessed in some other studies; (2) the
present patient cohort (aged 67.2+15.2 years) was younger than
the Canada HF patient cohort (aged 75.3%11.8 years) and the
OPTIMIZE-HF cohort (aged 73.1+14.2 years); and (3) the
mean SBP of the present patients at discharge (112.2+16.3 mmHg)
was lower than that of the Canada HF cohort (148334 mmHg)
or the OPTIMIZE-HF cohort (124.3+24 mmHg). The present
finding that a low DBP may increase the re-hospitalization
rate indicates that DBP can be an important predictor of re-

- hospitalization provided that SBP is not high. Although the
reason for the association of DBP with re-hospitalization for
HF still needs to be elucidated, careful BP monitoring is nec-
essary in patients with HF.

We found that BUN, DBP and plasma BNP are important
predictors of re-hospitalized HF, and further consideration of
what this result means, is needed. First, the prevalence (76.9%)
of DCM in the present study was greater than in the JCARE-
CARD study (24.0%), suggesting that the degree of HF in the
present study was higher than average. Severe HF causes renal
dysfunction, which may increase BUN, suggesting that high
BUN is linked to the severity of HF and, as suggested by car-
dio-renal syndrome, the correction of BUN may become a
target for HF treatment using ACEI or ARB.?>-** In the BEST
study, the use of high-dose loop diuretics (total daily dose
>160mg furosemide equivalents) was associated with signifi-
cantly increased mortality in patients with BUN >21.0mg/dl.’
Patients with a more severe degree of HF generally received
larger doses of loop diuretics and were required to evaluate
volume management strategies. This is in agreement with the
present study (Table 1). In addition, the measurement of plas-
ma BNP has been useful to determine the severity of HF be-
cause BNP is secreted in response to ventricular wall stress.®
Indeed, B-blockers are known to affect plasma BNP, and
Matsumura et al indicated that low-dose regimens of ACEI/
ARB or B-blockers have favorable effects on the prognosis of
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Japanese patients with DCM.?” The decreasing of plasma BNP
would be an excellent strategy in the treatment of HF patients.
In contrast, lower DBP may be the result of altered peripheral
arterial capacitance or resistance and low cardiac output due
to HF. Low DBP can be a swrrogate marker of HF severity but
does not appear to be an appropriate target or guide for HF
treatment.

Study Limitations

The main limitations of this study were its retrospective de-
sign and observational nature. As is the case for all retrospec-
tive analyses, it is possible that unrecognized or recognized
confounders influenced the results despite adjustment for var-
ious factors. Various factors that can alter BUN level, such as
medication dosage, cachexia, a high protein diet, and muscle
wasting, were not assessed. Thus, prospective studies are need-
ed to establish the predictors of re-hospitalization and CV death
such as BUN or DBP. We used serum Cr as a surrogate mark-
er of renal function. The Cockroft-Gault and Modification of
Diet in Renal Disease (MDRD) formulae for eGFR incorpo-
rate age and gender to account for differences in muscle mass.
Because these factors were included in the present regression
model, the predictors might have cancelled each other out, so
we used the serum Cr level as was done in the OPTIME-CHF
trial. Also, Smilde et al compared GFR estimated using differ-
ent formulae with measured GFR in patients with systolic HF
and found that all formulae had inaccuracies,” therefore we
used serum Cr instead of eGFR.

Gonclusions

High serum BUN (222.5mg/dl), high plasma BNP (2250 pg/ml),
and low DBP (<60 mmHg) predict CV events in patients hos-
pitalized for ADHF. These risk factors may be useful to dis-
tinguish low-risk patients from those at high risk who may
benefit from closer monitoring and more aggressive treatment.
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ORIGINAL ARTICLE

Derivation of a mathematical expression for predicting
the time to cardiac events in patients with heart
failure: a retrospective clinical study

Akemi Yoshida!, Masanori Asakura!, Hiroshi Asanuma?, Akira Ishiil, Takuya Hasegawal, Tetsuo Minamino3,
Seiji Takashima?, Hideaki Kanzaki!, Takashi Washio® and Masafumi Kitakaze!

The prognoses for patients with certain diseases are estimated by averaging the results of clinical trials. To investigate the
possibility of deriving a mathematical formula for the estimation of prognosis, we formulated the equation 7= flx;, ..., xp),
where xi, ..., X, are clinical features and = represents the clinical outcome for heart failure (HF). We attempted to determine
the function to mathematically formulate the relationship between clinical features and outcomes for these patients. We
followed 151 patients (mean age: 68.6 + 14.6 years; men: 61.6%) who were consecutively hospitalized and discharged as a
result of acute decompensated HF (ADHF) between May 2006 and December 2009. The mathematical analysis was performed
through a probabilistic modeling of the relational data by assuming a Poisson process for rehospitalization owing to HF and by
linearly approximating the relationship between the clinical factors and the mean elapsed time to rehospitalization. The former

assumption was validated by a statistical test of the data, and the contribution of each parameter was assessed based on the
coefficients of the linear relation. Using a regularization method to analyze 402 clinical parameters, we identified 252 factors
that substantially influenced the elapsed time until rehospitalization. With the probability model based on the Poisson process,
the actual (X; 388 + 377 days) and estimated (¥; 398 + 381 days) elapsed times to rehospitalization were tightly correlated
(Y=1.0076X+6.5531, R2=0.9879, P<0.0001). We established a mathematical formula that closely predicts the clinical
outcomes of patients who are hospitalized with ADHF and discharged after appropriate treatment.

Hypertension Research (2013) 36, 450-456; doi:10.1038/hr.2012.200; published online 20 December 2012

Keywords: heart failure; mathematical model; prognosis; rehospitalization

INTRODUCTION

Studies show that numerous factors, including disease severity,
treatment protocols and the environment, independently determine
patients’ prognoses. For example, in patients with chronic heart
failure (CHF), many studies have shown that various independent
indices of the severity of CHE such as plasma B-type natriuretic
peptide (BNP) level, left ventricular function, exercise tolerance or
New York Heart Association (NYHA) functional class affect the time
to hospitalization or cardiac death.! However, because we could not
identify the elapsed time until hospitalization in certain patients with
CHE, we estimated this time using knowledge of the pathophysiology
of CHEF our experience with previous comparable patients and
Kaplan—Meier plots of their hospitalization in the clinical studies;
we then explained our estimation to each patient. This procedure led
us to conclude that estimating the elapsed time to rehospitalization is
a type of problem that is specific to clinical medical science because
the results and outcomes of biology or basic medical sciences can be

derived from mathematically formulated equations. Furthermore,
other fields of basic science, such as physics and mathematics or
applied sciences, such as mechanics, thermodynamics and fluid
dynamics, are mathematically formulated; the observational phenom-
ena in applied sciences other than medical science can be predicted by
mathematical equations, for example, the law of universal gravita-
tion® The most important issue in deriving a mathematical
expression for relationships among two or more factors is the
prediction of the future value of one variable based on the other
factor(s). All phenomena, such as the severity of CHF and the
patients’ characteristics before the occurrence of clinical events, may
therefore provide a mathematical equation for the clinical outcome if
we can relate factors in the patient’s clinical status to clinical
outcomes such as rehospitalization.

To investigate this possibility, we sought to solve the equation
©=f{x1, ..., %p), where x), ..., x, represent clinical features affecting
the clinical outcome for CHE We attempted to determine the
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function (f) to yield 1, the time to rehospitalization, from the clinical
parameters (xj, ..., x,) reflecting patient characteristics at the time of
discharge.

METHODS

Ethics statement

This study was approved by National Cerebral and Cardiovascular Center
Research Ethics Committee. The Committee decided that the acquisition of
informed consent from the 151 subjects was not required according to the
Japanese Clinical Research Guideline because this was a retrospective observa-
tional study. Instead, we made a public announcement in accordance with the
request of the Ethics Committee and the Guideline.

Subjects and clinical parameters

A total of 486 patients with acute decompensated heart failure (ADHF) were
admitted between May 2006 and December 2009. Because patients who were
admitted for ADHF only once were excluded, the remaining 151 patients were
included in this study. The oldest hospitalization was adopted regarding repeat
patients during this study. The diagnosis of HF was confirmed by an expert
team of cardiologists using the Framingham criteria.” Careful history-taking,
physical examinations, laboratory tests, chest X-rays, electrocardiograms,
Doppler echocardiographic studies, coronary angiography and right heart
catheterization were performed during the hospitalization. The timing of
patient discharge was determined by the expert team of cardiologists in charge
of the HF department; discharge was recommended when the patients
presented no signs of decompensation, such as NYHA functional class <3,
no sign of rales, no galloping rhythm, stable blood pressure and an
improvement in renal function due to an optimal treatment that followed
international guidelines.® Rehospitalization for the enrolled patients was
defined as hospitalization for decompensated HE The primary end point
was the first rehospitalization for decompensated HE

Cardiac catheterization

Left ventricular pressure was recorded with a 5-F pigtail catheter. Left
ventricular volume and ejection fraction were determined with left ventriculo-
graphy with a contrast medium using Kennedy’s formula. Right-sided
catheterization was performed using a 7F Swan—Ganz catheter to measure
pulmonary capillary wedge pressure, mean pulmonary artery pressure (PAP),
right ventricular end-diastolic pressure and mean right atrial pressure. Cardiac
output was measured using the estimated Fick principle and the Thermal
dilution. Systemic vascular resistance and pulmonary vascular resistance were
calculated using the established formulas: systemic vascular resistance = 80 x
(mean pulmonary artery pressure —mean right atrial pressure)/cardiac output
and pulmonary vascular resistance = 80 X (mean pulmonary artery pressure —
pulmonary capillary wedge pressure)/cardiac output.

Echocardiography

Echocardiographic examinations were performed with a Sonos-5500 (Philips
Medical System, Andover, MA, USA), Alpha 10 (Hitachi-Aloka Medical,
Tokyo, Japan), Vivid 7 Dimension (GE Healthcare, Buckinghamshire, UK),
ACUSON Sequoia C256 (Mochida Simens Medical System, Tokyo, Japan) or
Aplio XV (Toshiba Medical Systems, Tochigi, Japan) machine with a 2.5-MHz
probe. Patients underwent a Doppler echocardiographic study for HF at
admission and before discharge. Standard views were recorded, including the
parasternal long-axis, short-axis and apical 4- and 2-chamber views, and
cardiac chamber sizes and left atrial dimensions were evaluated according to
the recommendations of the American Society of Echocardiography.® The
severity of valve regurgitation was quantified on a semicontinuous scale from
none (0) to severe. Pulsed-wave Doppler examination and Doppler tissue
imaging of the mitral annulus was performed. The peak mitral early diastolic
inflow and atrial filling (E and A) velocities and the E-wave deceleration time
were obtained. The sample volumes of the pulsed Doppler tissue imaging were
determined at the septal and lateral margins of the mitral annulus. The peak
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early mitral annular velocities were measured, and then the average values of
the septal and lateral velocities were used as E'.

The mathematical model for the rehospitalization process

To construct a model for future rehospitalization using the basic clinical factors
for the patients, we adopted two working assumptions for the practical
rehospitalization process.

Assumption 1. A mean elapsed time t; from discharge to the rehospitalization
of patient i depends on some of the given clinical factors X' = {x}, ... 1%, ¢ of
the patient, that is, a common subset X; C X' over all patiénts.

The dependency is primarily approximated by the following inverse linear
relation:

1

e
T X By
s

(1)

where the denominator represents the expected frequency of cardiovascular
rehospitalization per day, X} is a set of values of the factors in X for patient i,
B; is the contributing weight of the jth factor to the frequency and y is the
intrinsic frequency for any patient.

Assumption 2. The clinical factors X of patient i are fairly stable between
discharge and rehospitalization. Thus, the expectation value of the mean
elapsed time t; remains nearly constant for patient i. As any event occurring
with a constant frequency in a given time period is generated by a Poisson
process,'® rehospitalization also occurs via this process under Assumption 2.
Thus, the probability density p(f) for the rehospitalization of patient i at an
elapsed time t after discharge is represented by the following exponential
formula:

p)=Lew( - 2) @)

T T

The parameter t; is given by Equation (1) according to Assumption 1.

We next describe the assumption test. Assumption 1 is limited to the
relationship between the parameter t; and the clinical factors Xi. If the
accuracy of the approximation is insufficient, we can easily extend it to a
nonlinear relation such as a higher-order polynomial. Assumption 2 essentially
characterizes the process of the occurrence of rehospitalization and defines the
formula for its probability density p;(t). Accordingly, before the modeling of
the rehospitalization process based on a given data set, a test should be applied
to verify that Assumption 2 actually holds true for the given data set.

With n samples in the data set D= {(X,7;)li=1, ..., n}, where X' is the set
of clinical factor values for patient i, and 7; is the elapsed time at
rehospitalization after discharge, we first compute a histogram of the
rehospitalization occurrences over ¢, that is, the number of rehospitalization
occurrences i in each elapsed time interval ((k —1)At, kAr) (k=1, ..., g) in
the data set. The number of equal-width bins g into which to partition the
sample range [0, gAt] is appropriately chosen to be g=+/n. (Venables and
Repley)*! We also expect a certain value of 7 by Equation (2) under
Assumption 2. The value #y computed from the data set and its value
expected by Equation (2), my, should be consistent if Assumption 2 holds for
the data set. Consistency with #y and 7y is evaluated by the following G-

G=2kaln£f 3)

Because this G-score is known to follow a y? distribution of degree q —2, we
applied a y’test to the null hypothesis that the histogram of the
given data set is consistent with Equation (2), that is, that Assumption 2
holds true for the data set. If the P-value of the test is less than a specific risk
level a such as a=0.05, we conclude that Assumption 2 does not hold for the
data set. This G-test is known to be more rigorous than the well-known
Pearson’s y>-test.

Thus, our problem was to derive the expectation valuemy, (k=1, ..., q)
from Equation (2). We considered that 7; of the patients in D are sampled from
a common population distribution. p,(t). Therefore, the total probability
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distribution of the rehospitalization time P(t) is expected to be a superposition
of Equation (2) for various t sampled from p,(t), as follows, where p(z) is
pi#) in Equation (2) for a general t:

0= [ o= [ piofen( -

We use the following natural conjugate prior distribution for the unknown

po(1):
" exp(— 1/t Zn: ’Ci>
i=1
Iy t—"exp(—— /z i ri>d':

i=1

pe(t)=

where 1; is given by the data set D. The selection of this parameter distribution
is widely considered to be reasonable in Bayesian statistics because it preserves
the exponential shape of the distribution of elapsed times £!3 After several
manipulations, the following P(t) is derived:

(n+1)<éjl«c,->n+l

n n+2
<E T,'-f-f)
i=1

Accordingly, the expectation my is given by the accumulation of P() over
((k—1)At, kAt] as follows:

kAt

P(r)=

mp=n P(t)dt
(k—1)At
n ntl n nt1 (4)
2 2T
=n -—?l—il——————— —-n ._ﬂ_lil_.._
S+ (k—1)At > i+ kAr
i=1 i=1

Using Equations (3) and (4), we tested the validity of Assumption 2 for the
given data set D.

Finally, we describe the modeling algorithm. First, the value of every factor
xji for all patients i=1, ..., # in D was normalized to fit into the interval [0,1]
using the maximum and minimum values. This normalization to eliminate
differences in the factor scales was necessary to allow for the measurement of
the essential contribution of each factor’s variation to 7; Subsequently, we
applied Equations (1) and (2) to the normalized data set Dy to model the
probabilistic rehospitalization process when Assumption 2 holds for the data
set. We determined the model parameters §; and y in Equation (1) to
maximize the following objective function:

n J4 ) 2 )
L(Bi - Byt ) = m[ﬂ (‘_lﬁjx;-ﬂ) exp{ - gﬂjx;w)nﬂ

i=1 \j

—A(}i]ﬂj} +m>
(s)

The first term is the log-likelihood of the model consisting of Equations (1)
and (2) over Dy. The second term is called an L1-regularization term, which
penalizes the coefficients of negligible factors by setting them equal to zero
when the larger hyper-parameter A eliminates more factors.!>* This term
avoids the over-fitting of the model to the data set by selecting a set of effective
factors X% from a given X'. In our study, 4 is tuned to be 0.02 to maintain the
largest value of Equation(5) similarly to the other parameters f; and y.

To seek the optimum parameter values of 8y ...,8; v that maximize the
objective function L(f),...,Bp 7), we applied a simple greedy hill-climbing
algorithm, in which the parameter values are iteratively modified toward their
gradient direction (OL/f;,...,0L/Bp OL/y). When the improvement of L
becomes nearly negligible, the resulting parameter values are taken as the
optima. Because this process depends on the initial values of the parameters,
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we repeated this optimization 100 times starting with random initial values
and selected the result providing the maximum L.

RESULTS

Patients characteristics

Out of the 151 patients, 36 died of cardiovascular events after
rehospitalization during the follow-up period. The remaining 115
patients were readmitted to our hospital at a median time of 296 days
after discharge (range, 3-1891). Among these patients, the HF
etiologies were valvular heart disease (n=38), dilated cardiomyo-
pathy (n = 30), hypertrophic cardiomyopathy (n=22), ischemic heart
disease (n = 20), hypertensive heart disease (n=17) and others. Their
mean age was 68.6% 14.6 years (range, 19-93), and 38% of the
patients were women. The clinical characteristics of the 151 patients
are sumimarized in Table 1.

Validation of the formula

We hypothesized that the time-to-rehospitalization histogram for all
patients (Figure 1) should be distributed exponentially if the
mathematically estimated formula for the prognosis of each patient
is regarded as a Poisson distribution. We therefore validated the
assumptions of the model architecture. The goodness of fit was
controlled by a y’-test, considering that the incidence rates of
rehospitalization or death differ depending on the patients. Thus,
the null hypothesis that the observed frequency is a mixed Poisson
process was tested, as explained in the Methods section. We chose an
elapsed time to rehospitalization of 150 days, which is one-thirteenth
of the range of the time interval [1,1,950] according to the measure of
g=+/n=+/151 & 13. As a result, the P-value was 0.29, which was
far larger than 0.05, and we confirmed that the null hypothesis was
not rejected. Therefore, we concluded that the mathematically derived
estimation formula for the rehospitalization of each patient was a
mixed Poisson distribution.

Factors in rehospitalization for HF

We collected 402 clinical factors (Figures 2 and 3), and 150 out of 402
factors having small effects on the prognosis were automatically
excluded by the regularization method described in the Methods
section. Finally, we selected 252 factors for the analysis (Figures 2 and
3). The estimation results for the attribute coefficients are presented
in bar graph form and numerically.

Regarding underlying diseases in HF, whereas dilated cardiomyo-
pathy (—4.5), hypertrophic cardiomyopathy ( —1.5) and hypertensive
heart disease ( —1.0) had better outcomes, valvular disease (7.4) and
dilated phase hypertrophic cardiomyopathy (2.4) had poor prognoses.
Ischemia (4.4) was the worst trigger of HE Based on laboratory data,
whereas elevated inflammatory response values, such as white blood
cell counts ( —1.6/5.8; at admission/at discharge) or C-reactive protein
levels ( —2.2/8.1; at admission/at discharge), did not indicate a poor
prognosis at admission, these elevated inflammatory response values
at discharge were associated with a poor prognosis. Increases in the
levels of aspartate aminotransferase (6.6), alanine aminotransferase
(3.2), uric acid (6.6) and BNP (4.8) at discharge also indicated a poor
prognosis. Patients who received dopamine (11.9), isosorbide dini-
trate (5.0) or diuretic (2.0) infusions in the acute management of HF
showed worse prognoses. In contrast, the use of dobutamine ( —2.5)
or nitroglycerin ( —2.5) drip infusions resulted in better prognoses.

Regarding oral medications at discharge, the angiotensin-convert-
ing enzyme alacepril ( —4.2), the B-blocker carvedilol ( —7.1, the best
response), the angiotensin receptor blocker telmisartan (—1.6), the
diuretic furosemide ( —4.2), the lipid-lowering drugs pitavastatin



Table 1 Patient characteristics

Population (h=151)

Age (years)* 68.6%14.6
Gender, female, n (%) 58 (38)
Medical history
Frequency of heart failure (time)* 3.2+25
Hypertension 73 (48)
Diabetes mellitus 55 (36)
Hyperlipidemia 45 (30)
Signs at admission
Elevated jugular venous pressure 84 (56)
Sg gallop 85 (56)
Lower extremity edema 76 (50)
NYHA functional class: [I/111/IV 54/44/53
Clinical scenario: 1/2/3/4/5 28/77/34/0/12
Nohria—profile A 2 (1)
Nohria—profile B 108 (72)
Nohria—profile C 28 (19)
Nohria—profile L 13 (9)

Baseline characteristics at admission/at
discharge

Heart rate (beatsmin=1)*

Systolic BP (mm Hg)*

84.4+26.7/73.2+58.3
124.4+31.8/
111.0+15.8
68.5+17.5/59.4+8.4
57.3%13.5/52.3+11.9
46+3.8

Diastotic BP (mm Hg)*
Body weight (kg)*
A Body weight (kg)*

Laboratory factors at admission/at discharge
Hemoglobin (gdl—1)*
Leukocytes (109 [~ 1)*

12.4+£7.7/11.8£2.0
6940+ 2982/
5968 + 2464
28.6+20.7/30.0+19.7
1.27 £0.90/1.24 £0.69
137.6+£3.9/136.8+4.3
7.5£2.0/7.4+2.1
0.92+0.67/0.71+£0.42
1.3£28/0.7+1.8
920+ 956/439+ 548
78+226

Blood urea nitrogen (mgdl—1)*

Creatinine (mgdl—1)*

Sodium (mEg|—1)*

Uric acid (m%di‘l)*

T-bil (mgdl—*)*

C-reactive protein (mgdi~1)*

BNP (pgml—1)*

A BNP (pgmli=1) (1 month after discharge-at
discharge)*

Echocardiographic factors at admission/at discharge
Left ventricular end-diastolic dimension 58.9+13.3/58.3+11.9
(mm)*
Left ventricular end-systolic dimension (mm)*
Fractional shortening (%)*
Ventricular septum thickness (mm)*
Posterior wall thickness (mm)*
Left atrial diastolic dimension (mm)*
Pressure across tricuspid valve (mm Hg)*

47.4%15.2/45.8+14.6
21.2+11.5/23.1+11.4
9.6£2.9/9.6+£2.7
9.8£2.5/9.6+£2.0
499+8.1/47.8+9.3
37.0+£16.3/25.4+10.5

Medication at admission

Use of dopamine, n (%) 10 (6)
Use of dobutamine, n (%) 33 (22)
Use of phosphodiesterase inhibitor, 1 (%) 13 (9)
Use of carperitide, n (%) 32 (21)
Use of nitroglycerin, n (%) 22 (15)
Use of diuretics, n (%) 60 (40)

Abbreviations: BNP, B-type natriuretic peptide; BP, blood pressure; NYHA, New York Heart

Association; T-bil, total bilirubin.

*Plus or minus values are means £ s.d. Clinical profiles were classified as profile A (dry-warm),
B (wet-warm), C (wet—cold) or L (dry-cold).

(—3.3), atorvastatin (—2.9) and ezetimibe (—2.2), the coronary
dilator isosorbide dinitrate (—3.1), the antiallergic fexofenadine
hydrochloride ( —5.1), the sedative-hypnotic triazolam (—3.2), pro-
ton pump inhibitor lansoprazole (—0.9) and all antiflatulents, except
toughmac, led to better prognoses. However, Ca inhibitor nifedipine
(9.4) resulted in the worst outcome, and all diabetes drugs, antiar-
rhythmic drugs, potassium agents, vitamins and purgatives, excluding
senna, were associated with worse prognoses.
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Figure 1 Time-to-rehospitalization histogram for all patients.

Fitting the model to clinical data

The mean actual value for rehospitalization (X) was 388 377 days,
whereas the mean estimated value calculated by the probability model
based on a Poisson process (Y) was 398 + 381 days; X and ¥ were very
tightly correlated (Figure 4). The results showed that the mathema-
tical formula for rehospitalization time is the dependent variable, and
the clinical and personal factors before rehospitalization are the
independent variables.

DISCUSSION

This study provided evidence that the values of numerous factors,
including risk factors at one phase of disease, can be used to construct
a mathematical equation to predict clinical outcomes. We were able to
derive the equation ©=f{x;, ..., x,), where 7 is the time to a future
clinical event and x, ..., x, are clinical factors observed before the
event. In this case, T represents the days until rehospitalization after
discharge, and x;, ..., x, are the clinical and personal factors for
patients hospitalized for ADHE. This study provides evidence that the
clinical outcome of 7 in this context is a function of 252 significant
factors such as plasma BNP levels at and soon after discharge. This
study presents the time to rehospitalization as the dependent variable
and the clinical and personal factors before rehospitalization as the
independent variables.

This study suggests the novel idea that the time to clinical events,
such as rehospitalization or death, can be mathematically formulated
from clinical and personal factors, demonstrating that clinical
medicine can engage in physical science. The novelty of this study
is based on the fact that clinical outcomes have been thought to be
determined mainly from medical knowledge and the experience of the
physicians. It can be argued that the known effectiveness of drugs may
determine the time course of clinical events. Although this is partially
true,’>"17 no one knows how one drug or the combination of several
drugs affects patients with different degrees of severity of a given
disease. It may also be argued that large-scale trials may better depict
clinical outcomes; for example, the patients with BNP levels of <170
pg/ml showed a 20% reduction of rehospitalization compared with
the patients with BNP levels greater than 170 pg/ml.!®1 Evaluating
such results by Kaplan—Meier analysis is common in clinical medicine;
however, this analysis only provides the average tendency of the
average patient to undergo rehospitalization and does not
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Age

Gender

Etiology of HF: dilated cardiomyopathy

Eriotagy of HF: dlated phase hypeniophic cardimyopathy

Eliology of HF: hyperiensive heart disease

Etiology of HF: ischemic heart disease (ICM)

Etiology of HF: hygemogmc cardiomyopathy

Etioloay of HF: cardiac sarcoidosis Laboratory data on admission: creatinin
Etiology of myocarditis aboratory dala on admission: blood urea nirogen

Laboratory data on admission: platelet
Laboratory data on admission: albumin

aboratory data on admission: total bilirubin

Right heart catheterization: body surface area
Lef heart catheterization: systolic aortic pressure
Leftheart ization: diastolic aortic pressure

Laboratory data on admission: AST

Laboratory data on admission; ALT

Left heart catheterizalion: aortic pressure mean
Left bean cathsteriation (CAG): nombar of atiectad vessel

Laboratory data on admission: sodium
Laboratory data on admission: potassium

Etiology of HF: valvular heart disease

Etiology of HF; others

Etiology of HF: valvular heart disease + ICM

Endmvyocardial biopsy: with or without

Comorbidity: diabetes mellitus

Comorbidity: Hypertension

Comorbidity: Hyperlipidernia

Comorbidity: chronic atrial fibrillation

Comorbidity: cerebrovascular disease

Comorbidity: chronic obstructive pulmonary disease

Comorbidity: arteriosclerosis obliterans

Laboratory data on admission: uric acid

Left heart catheterization: LV _ejection fraction

Left heart catheterization: LVEDV/

136.0] -i.159
3.0 0.519 ]
477. 2.252

Left heart catheterization: LVESVI

Prognosis: left ventricle assisting system

432. 0.772

Cardiac resynchronization therapy: this admission

Laboratory data on admission: C-reaclive protein

Cardiac ization therapy: prior admission

Laborato v data on admission: blood sugar

aboratory data on admission: hemogrobin Atc
Laboratory data on admission: BNP

Laboratory data on admission: iron
Laboratory data on admission: UIBC

Laboratory data on admission: ferritin

Laboratary data on admission: free T3

[Implantable cardioverter-defibriltor: this admission

{implantable cardioverter-de fibrilator: prior admission

Pacemaker: this admission

Pacemaker: prior admission

coronary artery bypass graft: this admission

coronary artery bypass graft: prior admission

Perculanecus coronary intervention: this admission

Laboratory data on admission: free T4

y

Family history of cardiovascular disease
Frequency of HF

Number of living with family

Echocardiographic data on admission: LVDd
Echocardiograghxc data on admission: LVDs
I= i i dmigsion: %ES

data on

Partner; with or without

Alcohol intake

Onset type of HF: ADHF (de novo) ]
Onset type of HF: acute on chronic
Onset type of HF: others
Trigger of A. “Volumne over ]
Trigger of ADHF: arrythmia T ]
Triaqer of Al infection
Trigger of AD anemia a
_Trigger of AD others 1
rigger of AD afterload mismatch ]
Jrigger of AD ischernia =
Trigger of ADHF: missed drug B
Trigger of ADHF: chronic change (unclear)
‘Nohria: cold 0 ]
Nohria: wet
Nohria: warm 0 []
Nohria: dry Ki) a
Clinical scenarig: 0 1
Clinical scenario: ]
C nical scenario: H
Clinical scenario; 5 ]
o

Findings on admission; NYHA

Findings on admission; systolic bloed pressure |
Findings on admission: diastolic blood pressure

Echocardiographic data on admission: IVS

Echocardiographic data on admission: PW

Echocardiographic data on admission: LAD

Echocardiographic data on admission: TMF-E

Echocardiographic data on admission: TMF-A

Echocardiographic data on admissi

Echocardiographic data on admissi

Percutaneous coronary inlervention: prior admission

Vascular surgery: this admission
Vascular surgery: prior admission

Vascular disease: aneurysm

0] 3158] B

Ablation: this admission
Ablation: prior admission

Other surgery: prior admission

10 3880 @ ]

Valvular surgery: this admission

Valyular surgery: prior adrnission

10 55141 m

Mitral valve plasty: this admission

Mitral valve plasty: prior admission
[ Tricuspid annuioplasty or valve replscemant: this 3dmission

10] -2491] g§

Echocardiographic data on admission: TRPG
Echocardiographic data on admission: PAEDP

Echocardm rapmc dalaon admnsslon MR grade

Tricuspd o

10T 21267 & |

Aortic valve replacement: this adm;ssmn
Aortic valve replacement: prior admission

arade.

Echucardw raphic data on admission: AS

Echocardiographic data on admission: MS

Medications on admission: beta-blocker

Medications on admission: ACE!

Findings at discharge: systolic blood pressure
Findings at discharge: diastolic blood pressure

Findings at discharge: heart rate

7720] 2451 ®__]

Findings at discharge: bodv weight
Cifferance of body weight {on admission - 5t discharge)

Medications on admission: ARB

Medications on admission: eplerenone

Medications on admission: other diuretics

Medications on admission: spironolactonel

g g o g gy Py gy

tdedications on admission: amiodarone

Medications on admission: wafarine

Medications on admission: statin

Medications on admission: DM (oral drug)

Medications on admission: DM (insulin’
Medications on admission; digoxin

Findings on admission: heart rate

Findings on admission; body weight
Findings on admission: body height

Findings on admission: chest X-ray CTR

Findings on admission: congestion
NAINgGs on ISSI0N; O3 galop

Findings on admission: nocturnal dyspnea

Acute phase treatment: carperitide

Acute phase treatment: dopamine

Acute phase treatment: dobutamin

/Acute phase treatment: isosorbide dinitrate|

Acute phase treatment: nitroglycerin

Acute phase treatment: diuretics venoclysis

ololoiofolol

| Acute phase {reatment: i Winhibitor

Findings cn admission: efevaled jugulsr venous pressure

Findings on admission: lower extremity edema

Findings on admission: coldness of limbs

Findings on admission: respiratory rate

Use of biphasic positive airway pressure

Laboratory data at discharge: leukocyte
Laboratory data at discharge: neutrophil

235000 5.780] &=

Laboratory data at discharge: iymphocyte

5861 02701 & ]

Labaratery data at discharge: hemagrabin
Laboratory data at discharge: platelet

Laboratory data at discharge: albumin

537 136 @ ]

Laboratory data at discharge: total bilirubin
Laboratory data at discharge: AST
Laboratory data af discharge: ALT

575.0
ST1.01 3184 @

Laboratory data at discharge: sodium

Laboratory data at discharge: potassiurm,

85] 03451 @ ]

Laboratory data at discharge: creatinin

Laboratory dala at discharge: blood urea nitrogen |
Laboratory data at discharge: uric acid
Laboratory data at discharge: blood sugar
Laboratory data at discharge: BNP.

16.4]  6.567
172

38326 4.770 5]

aboratory data one month after discharge: creatinin

Use of adaptive servo ventilator
Use of assist device: IABP or PCPS

Use of assist device:le ventricle assisting system

Findings on admission: percutaneous oxygen saturation

Findings on admission: fraction of inspired oxygen

X 1137 1
X -38581 H

Use of blood transfusion
Right baart cathatarzation: pulmanary capilary wedge pressure

ECG (rhythm): sinus rhythm

ECG (rhythm): atrial fibriliation or tachycardia or flutter

ECG (rhythm}: sick sinous syndrome

ECG {rhythm): pacemaker

'ECG (rhythm}: complete atrioventricular biock

Right heart catheterization: right atrium

Right heart catheterization: systolic right ventricle

| [Echocardiographic data at discharge: PW.

Right heart catheterization: diastolic right ventricie

Right heart catheterization: systolic pulmonary artery
Right heart ization: diastolic puimonary ariery

ECG (rhythm): others

Right heart catheterization: mean pulmonary artery

ECG: ventricular tachycardia or fibrillation

ECG: complete left bundle branch block

Laboratory data on admission: leukocytes

Right heart catheterization: cardiac output (c-Fick)

Right headmlhetenza\wn cardiac index {c-Fick}

cardiac output (Thermo)

Laboratory data on admission: neutrophil
_Laboratory data on admission: lymphocvie

Laboratory data on admission: hemoqlobin

cardiac index (Thermoa)

s lcofen| o)

systemic vasclular resftance
[Fight heart izalion: pulmonary vascular resistance ]

F
e el

Laboratory data one month after discharge: BNP
Gtoratory 2ata: Giference of BNP (1 month - a1 dischiga)

23976) -3767] B
1655.3 1570 1

Echocardiographic data at discharge: LVDd
Echacardiographic data at discharge: LVDs
Echocardiographic data at discharge: %FS|
Echocardiographic data at discharge: IVS

Echocardiographic data at discharge: LAD

Echocardiographic data at discharge: AR

Echocardiographic data at discharge: MR

Echocardiographic data at discharge: TR

Echocardiographic data at discharge: TRPG

Echocardiographic data at discharge: IVC

Echocardiographic data at discharge: TMF-E

Echacardiographic data at discharge: TMF-A
Echocardiographic data at discharge: DcT.

Echocardiographic data at discharae: E/E"

181 06431 1

750 6,009 | @

5 091 &

0 4571 1
66.0] 04561 1 |
10 1221 1]
2300 09801 I |
BE0[ 5960
-12¢—>12

Figure 2 Factors influencing the estimation of rehospitalization for HF and the contribution of each parameter. All of the clinical and personal factors for
the patients with HF. Predictor variables with coefficient indicate the factors selected after the application of the regularization method. Negative values
indicate favorable impact on prognosis, whereas positive values indicate undesirable effect. HF, heart failure; ADHF, acute decompensated heart failure;
NYHA, New York Heart Association; CTR, cardiothoracic ratio; ECG, electrocardiogram; AST, aspartate aminotransferase; ALT, alanine aminotransferase;
BNP, B-type natriuretic peptide; UIBC, unsaturated iron-binding capacity; LVDd, left ventricular end-diastolic dimension; LVDs, left ventricular end-systolic
dimension; FS, fractional shortening; VS, interventricular septal thickness; PW, left ventricular posterior thickness; LAD, left atrial dimension; TMF-E, the
peak mitral inflow early diastolic velocity; TMF-A, the peak mitral inflow atrial filling; DcT, deceleration time; TR PG, tricuspid regurgitation pressure
gradient; PAEDP, pulmonary artery end-diastolic pressure; MR, mitral regurgitation; AR, aortic regurgitation; AS, aortic stenosis; MS, mitral stenosis; ACEI,
angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; DM, diabetes mellitus; 1ABP, intraaortic ball
percutaneous cardio pulmonary support; EDVI, end-diastolic volume index; ESVI, end- systohc volume mdex IVC, inferior vena cava respiratory change; E/F,
ratio of peak mitral E-wave velocity to peak mitral annular velocity.

prospectively provide a future clinical outcome for each patient.
Indeed, in the epidemiological study, many biomarkers, such as BNP
levels or C-reactive protein levels in addition to the classical risk

factors, such as hypertension or diabetes mellitus, are known to be

related to cardiovascular events and death. However, Wang et al.
showed that although multiple biomarkers are associated with a high
relative risk of adverse events, even in the combination of these factors
they add only moderately to the prediction of risk in an individual
person. This suggests that the occurrence of cardiovascular events may
not be well predictable or mathematically formulated. On the other
hand, using the formula developed in this study, we can identify the
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day of a clinical event to within a small range, suggesting that we need
more clinical data to predict the future outcomes or obtain the
mathematical formula for the prediction than we expected.

It would be difficult to strictly prove that this mathematical
formula is correct because no gold standard or correct answer is
available in the medical literature. However, there are hints as to the
correctness of this formula. First, we assume that the probability of
rehospitalization follows a Poisson distribution; if this is true, a
histogram of the day of rehospitalization after discharge should follow
a Poisson distribution. We found that the present data for the actual
day of rehospitalization are distributed as a Poisson distribution.
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Figure 3 Factors influencing the estimation of rehospitalization for heart failure and the contribution of each parameter. All of the medications at discharge
for the patients with heart failure. Medications were calculated as ratios of their recommended doses. All drugs were divided into 55 groups. Predictor
variables with coefficient indicate the factors selected after the application of the regularization method. Negative values indicate favorable impact on
prognosis, whereas positive values indicate undesirable effect. HF, heart failure; ADHF, acute decompensated heart failure; NYHA, New York Heart
Association; CTR, cardiothoracic ratio; ECG, electrocardiogram; AST, aspartate aminotransferase; ALT, alanine aminotransferase; BNP, B-type natriuretic
peptide; UIBC, unsaturated iron-binding capacity; LVDd, left ventricular end-diastolic dimension; LVDs, left ventricular end-systolic dimension; FS, fractional
shortening; VS, interventricular septal thickness; PW, left ventricular posterior thickness; LAD, left atrial dimension; TMF-E, the peak mitral inflow early
diastolic velocity; TMF-A, the peak mitral inflow atrial filling; DcT, deceleration time; TR PG, tricuspid regurgitation pressure gradient; PAEDP, pulmonary
artery end-diastolic pressure; MR, mitral regurgitation; AR, aortic regurgitation; AS, aortic stenosis; MS, mitral stenosis; ACEIl, angiotensin-converting
enzyme inhibitors; ARB, angiotensin receptor blockers; DM, diabetes mellitus; IABP, intraaortic balloon pumping; PCPS, percutaneous cardio pulmonary
support; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; IVC, inferior vena cava respiratory change; E/E’, ratio of peak mitral E-wave

velocity to peak mitral annular velocity.

Second, when we compared the day of rehospitalization in a clinical
setting and the calculated day of rehospitalization obtained by the
formula, these two data are well fitted, suggesting that the current
formula is likely to be correct. Third, we prevented over-fitting of the
clinical data using the free variables, indicating the suitability of the
present formula.

We do not believe that this equation is the perfect formula to
predict the day of rehospitalization from numerous variables.
Although we included 402 factors as the free variables, including
factors as diverse as echocardiographic data and marital status, we
may have neglected to include other unknown but important factors
that may determine the day of rehospitalization. We did not include
information on patient genetic backgrounds, such as point mutations
in the myosin heavy chain, or social status, such as occupation or
annual income, private matters, such as hobbies or personal
characteristics, and mental health parameters, such as depression.
The inclusion of these issues may improve the formula presented in

this study; however, the present formula already provides a good fit
with an R? value of 0.9879. Most importantly, the importance of the
possibility of constituting such a mathematical formula in clinical
practice is now clear.

In this study, we assumed that a linear function of each parameter
contributes to the formation of the formula for the clinical outcome.
One might suggest the use of nonlinear functions of all of the factors
to provide a more accurate approximation of the rehospitalization
time. In fact, we performed a nonlinear analysis using this data, and
surprisingly, the nonlinear method using support vectors yielded no
improvement over the present formula using the linear functions of
the factors.

LIMITATIONS

First of all, the factors in this study may have confounded each other,
and we used the regularization method to eliminate automatically the
factors that have weak effects on prognosis. Although the remaining
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Figure 4 Correlation between the clinical data and the values calculated
using the mathematical formula. The clinical data are in excellent
agreement with the calculated times.

factors with strong effects on prognosis could have confounded each
other, the results of this study are probably not weakened because we
obtained a good fitting to the clinical outcome using these factors.
When we consider the clinical and pathophysiological meaning of
each factor, we need to pay attention to each factor independently.

The other main limitation of this study is that the patient
population consists of a retrospective cohort. However, because we
enrolled all of the patients who were admitted to our department
during the entry period, the selection bias may be small. Furthermore,
this is a single-center study, so the formula may be true only in our
institute. However, because (1) approximately one-half of the patients
who were hospitalized during this time were referred from other
hospitals, (2) the nature and treatment of HF did not differ among
the hospitals and (3) our hospital sets a high standard for CHF
treatment and specializes in receiving CHF patients from all over
Japan; we believe that the formula developed in this study may be
generalized. We estimated the day of rehospitalization in this study;
however, the important issue is the ability to make this prediction,
which needs further investigation.

CONCLUSIONS

This study demonstrated that clinical medicine and practice can use a
mathematical formula to predict clinical outcomes or events using
current data. A prospective study is needed to test whether this
formula predicts the day of rehospitalization in CHF patients who are
admitted because of ADHF and discharged after treatment. The
application of these risk factors to individual CHF patients may
distinguish those patients who are at low risk from those who are at
high risk and may benefit from closer monitoring and aggressive
treatment.
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Aims

Methods
and results

The diagnostic performance of cardiac magnetic resonance (CMR) has not been compared with that of other imaging
modalities. Therefore, this study investigated the diagnostic capabilities of CMR and endomyocardial biopsy (EMB) in
patients with heart failure (HF).

We studied 136 patients with cardiomyopathy who underwent both CMR and EMB. 1ndependent diagnoses were
made according to the results of (i) CMR alone; (i) EMB alone; (iii) clinical data plus echocardiogram; (iv) clinical
data, echocardiogram, plus CMR; and (v) clinical data, echocardiogram, plus EMB. These diagnoses were then com-
pared with the final diagnosis (gold standard) that was made using the complete clinical data, including EMB and CMR.
The sensitivities of the diagnosis strategies of (i—v) relative to the final diagnosis were 67, 79, 86, 97, and 100%,
respectively. CMR alone demonstrated better sensitivity for cardiac sarcoidosis and greater specificity for dilated car-
diomyopathy than EMB alone. CMR also tended to show better sensitivity for hypertensive heart disease. There was
no difference between the diagnostic capability of CMR and EMB for hypertrophic cardiomyopathy (HCM). However,
CMR showed excellent sensitivity (100%) for apical and obstructive HCM, whereas EMB displayed better sensitivity
for dilated HCM. Moreover, combined diagnosis with clinical data, echocardiogram, plus CMR achieved superior
agreement with the final diagnosis in comparison with EMB alone.

Conclusion Non-invasive CMR demonstrated excellent diagnostic capability for patients with HF and was as effective as or su-
perior to EMB. In particular, the use of CMR in combination with clinical data unrelated to EMB may provide excellent
diagnostic accuracy for HF.

Keywords Heart failure ¢ CMR e Endomyocardial biopsy e Diagnosis e Aetiology e Cardiomyopathy

Introduction are currently increasing. Accordingly, accurate diagnosis of the

- underlying aetiology of HF is important for appropriate mana-

Heart failure (HF) is a common clinical syndrome caused by : gement and treatment. In addition to conventional clinical

various cardiovascular diseases.” Despite the discovery, develop- - methods, gadolinium-enhanced cardiac magnetic resonance

ment, and adoption of novel therapies for HF, the mortality and : (CMR) and endomyocardial biopsy (EMB) are useful diagnostic
morbidity resulting from this condition have remained high and : modalities for identifying the aetiology of HF. EMB is considered
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to be the gold standard for diagnosing myocarditis as well as
certain infiltrative cardiac diseases, such as amyloidosis, sarcoidosis,
and haemochromatosis. In contrast, CMR is also required to iden-
tify patients with cardiomyopathy accurately, according to the
Consensus Panel Repor'l:.2 CMR is a non-invasive, accurate, and re-
producible imaging technique that can be used to evaluate cardiac
morphology and function, and provide valuable information for
tissue characterization. In addition, several studies have suggested
that CMR techniques using late-gadolinium enhancement (LGE)
are useful for diagnosing various types of cardiomyopathies.
Indeed, both CMR and EMB have demonstrated good performance
in patients with troponin-positive acute chest pain but without cor-
onary artery disease.® However, there have been no reports dir-
ectly comparing the diagnostic utility of CMR and EMB in
patients with HF.

Therefore, we compared the diagnostic capability of CMR and
EMB in HF patients and also assessed the diagnostic performance
of the combined use of CMR and all clinical data in comparison
with EMB alone.

Methods

Selection of patients

A total of 1034 consecutive patients with HF of unknown aetiology
were evaluated between January 2007 and July 2009. Patients who
were admitted to our institution for the management of HF, who
had LV hypertrophy and/or LV dysfunction, and who had received
EMB and LGE CMR were included in this study. Patients were
excluded if they had one or more of the following conditions:

substantial valvular or ischaemic heart disease; congenital heart
disease; constrictive pericarditis; idiopathic restrictive cardiomyopathy;
an ambiguous final diagnosis; dilated cardiomyopathy (DCM) with an
LVEF > 55%; poor-quality CMR; or an inadequate myocardial biopsy.
Of the patients examined, 25 were given an ambiguous final diagnosis
for the following reasons: 17 patients did not receive sufficient detailed
investigations to reach the final diagnosis; 3 patients were suspected as
having arrhythmogenic right ventricular cardiomyopathy (ARVC) but
they did not fulfil the Task Force Criteria;* 3 patients were suspected
as having dilated hypertrophic cardiomyopathy (HCM) but hyper-
trophic stage was not detected; and 2 patients were diagnosed as LV
non-compaction and we excluded these patients because EMB
cannot diagnose this condition. As a result, we enrolled 136 patients
in this study (Figure 1).

For all patients, a careful medical history was collected and physical
examinations, laboratory tests, echocardiography, coronary angiog-
raphy, and right heart catheterization were petformed. EMB and
CMR were also performed in all patients to evaluate evidence of HF.
We identified the aetiology of HF using all possible diagnostic
approaches in addition to EMB and CMR.

This study was approved by our Institutional Research Ethics Com-
mittee. The Committee decided that informed consent from the 136
subjects was not required according to the Japanese Clinical Research
Guidelines because this was a retrospective, observational study.
Instead, we made a public announcement as per the request of the
Ethics Committee.

Aectiology of cardiomyopathy

According to the clinical data, echocardiogram, CMR, and EMB, six
diagnoses were made for each patient, including (i) CMR diagnosis;
(i) EMB diagnosis; (i) the combined diagnosis with clinical data

1,034 patients with heart failure of unknown etiology ‘

46 CAD patients

were excluded

4 v

v 4

180 patients 96 patients 179 patients 533 patients
performed performed performed performed
both CMR and EMB CMR -alone EMB -alone | |neither of both
44 patients were excluded
3 substantial valvular disease
1 congenital heart disease
3 constrictive pericarditis
1 idiopathic restrictive cardiomyopathy
" 2 cardiomyopathy due to endocrine disorder
25 ambiguous Final diagnosis
5 DCM with an LV ejection fraction of more than 55%
2 poor quality CMR
2 failure of myocardial biopsy
A
136 patients enrolled

Figure | Study profile. Flow chart of the 1034 consecutive patients with heart failure of unknown aetiology admitted to our institution. The
chart shows the immediate exclusion of cardiomyopathy due to significant coronary artery disease (CAD) and the further management of these
patients. CMR, cardiac magne’c;c resonance; DCM, dilated cardiomyopathy; EMB, endomyocardial biopsy.
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plus echocardiogram; (iv) the combined diagnosis with clinical data,
echocardiogram, plus CMR; (v) the combined diagnosis with clinical
data, echocardiogram, plus EMB; and (vi) the final diagnosis. The
CMR and EMB diagnoses (i and ii) were established according to the
results of CMR or EMB alone, and the investigators were blinded to
all of the other data. Clinical data were defined as any method that
could be used to diagnose HF other than echocardiography, CMR,
or EMB, such as the collection of a patient’s medical history, laboratory
tests, scintigraphy, and coronary angiography. The final diagnosis (vi)
was made prior to patient discharge by-an expert team of cardiologists
using all of the available data, including the results of EMB, CMR, and
other diagnostic modalities. In addition, an expert team of cardiolo-
gists, who were not specialists in either CMR or EMB but could inter-
pret these studies, was recruited. The final diagnoses were based on
the recommendations of the 2008 European Society of Cardiology
(ESC) report for the classification of cardiomyopathies.® In patients
with several causes of HF, the most significant cause was associated
with the diagnosis.

Each diagnosis was assigned according to one of the following cat-
egories: DCM, HCM, hypertensive heart disease (HHD), ARVC, mus-
cular dystrophy, infiltrative myocardial disease (i.e. amyloidosis and
sarcoidosis), myocarditis, or other causes.

Cardiac magnetic resonance images and
analysis

Images were acquired using a 1.5 T scanner (Sonata, Siemens Medical
Solutions, Erlangen, Germany). The CMR protocol consisted of a
cardiac functional study, spin-echo imaging, and LGE imaging, as previ-
ously described.® For the cardiac functional study, three standard long-
axis slices and a stack of contiguous short-axis slices (slice thickness,
6 mm; slice gap, 4 mm) were acquired as ECG-gated steady-state
free-precession cine images with radial scans and breath-holding.
T2-weighted spin-echo images were acquired using half-Fourier acqui-
sition single shot turbo spin-echo (HASTE) before contrast injection
with an echo time of 82 ms and fat saturation in the same position
as the cine images. LGE images were acquired in the same positions
as the cine images at 2, 5, 10, and 20 min after iv. injection of
0.15 mmol/kg of gadolinium-diethyltriaminepentaacetic acid. The inver-
sion delay time was 300 ms.

The cine and LGE images were evaluated by several observers who
were blinded to the clinical data. The EF and volumes were measured
quantitatively for the left and right ventricles according to the end-
diastolic and end-systolic endocardial contours from a stack of short-axis
cine images using ARGUS software. The LV mass (LVM) was calculated
as the total myocardial volume multiplied by the specific gravity of the
myocardium (1.05 g/mL). The ventricular end-diastolic and end-systolic
volumes (EDV and ESV, respectively) and the LVM were standardized
according to the body surface area (m?%). The presence, location, and
extent of LGE were determined using a standard 17 segment LV
model.” We classified the pattern of enhancement as subendocardial,
midwall (longitudinal stripes), subepicardial, or transmural, as well as
patchy (focal enhancement not following the coronary vascular territor-
ies) or diffuse.

Endomyocardial biopsy and analysis

Biopsy specimens were taken from the endocardium at the right inter-
ventricular septum using Technowood disposable biopsy forceps
(TONOKURA KA KOGYO CO,, LTD, Tokyo, Japan) via the right in-
ternal jugular vein or right femoral vein, as described elsewhere?
Three to five specimens were obtained from each patient. No compli-
cations related to EMB were observed. Biopsy specimens were

immediately fixed in 15% formalin for 24 h, embedded in paraffin,
and cut into 4 wm thick sections. The sections were stained with
haematoxylin and eosin and Masson’s trichrome. Some of the EMB
specimens were frozen for polymerase chain reaction (PCR) analysis
for the detection of enterovirus when myocarditis was suspected.
Congo red staining was added when amyloidosis was suspected. Immu-
nohistochemistry was performed in ARVC, myocarditis, amyloidosis,
dystrophic cardiomyopathy, and some cases of HCM, as appropriate.

While EMB analysis at final diagnosis was made as above using all of
the other data, EMB diagnosis was evaluated using only haematoxylin
and eosin and Masson’s trichrome stains by several cardiac pathologists
who were not aware of the clinical features of the patients in this study.

Diagnosis of cardiomyopathy by cardiac
magnetic resonance or endomyocardial
biopsy
The diagnosis of cardiomyopathy by CMR and EMB was based on well-
established and widely accepted definitions.”'> A CMR diagnosis was
made according to the dimensions, regional and global wall motion,
wall thickness, and the presence and pattern of LGE''~"
an EMB diagnosis was made according to the report for classification
of cardiomyopathies.**">1¢

A histological diagnosis of DCM was performed by examining the
following criteria: interstitial fibrosis, replacement fibrosis, inflamma-
tory cell infiltrates, cellular hypertrophy, and myocardial cell degener-
ation."” Histopathological criteria for HCM included severe myocyte
hypertrophy, myocyte disarray > 10%, plexiform fibrosis, and
nuclear hypertrophy. The diagnosis of HHD was made according to
the presence of moderate myocyte hypertrophy,'® interstitial fibrosis,
and the lack of myocyte disarray. The presence of non-caseating
epithelioid granulomas with giant cells was considered indicative of
cardiac sarcoidosis (CS).'® The diagnosis of myocarditis was based
on the Dallas criteria modified by the Japanese Circulation Society
Guidelines."” Based on this modified version of the Dallas criteria,
the immunohistochemistry was used to characterize the inflammatory
infiltrates. The cut-off for mononuclear cell infiltrates was an inflamma-
tory infiltrate count of at least 5/high power field. We confirmed the
diagnoses of cardiac amyloidosis by electron microscopy and per-
formed immunohistochemistry for amyloid typing. The histology diag-
nosis for ARVC was made according to the Task Force Criteria.*

The characteristics of DCM for CMR included dilation and impaired
contraction of one or both ventricles and an LVEF <55%.%° Moreover,
the wall thickness is normal or decreased. HCM is characterized by
hypertrophy of the left ventricle and occasionally the right ventricle,
normal or reduced LV volume, and normal LV contraction or hyper-
contraction. Apical HCM was regarded as hypertrophy of the apex,
and hypertrophic obstructive cardiomyopathy (HOCM) was regarded
as an obstruction to the LV outflow tract. We defined dilated HCM as’
an LVEF < 50%"% and evidence of wall thickening prior to the study.
Generally, dilated HCM is characterized by a relative wall thickness
with a dilated LV cavity. LV hypertrophy is common in HHD, and add-
itional common findings include a relative wall thickness with or
without a dilated LV cavity. The use of CMR for CS can demonstrate
certain characteristic features, such as septal thinning, ventricular dila-
tation, segmental systolic dysfunction, global systolic dysfunction, or
ventricular aneurysm. We referred to the typical LGE pattern for diag-
nosis of DCM, HCM, HHD, and CS. The typical LGE pattern regarded
a DCM LGE pattern as patchy or longitudinal midwall enhancement, a
HCM LGE pattern as patchy and located at the LV—RV junction, a CS
LGE pattern as a non-ischaemic pattern with enhancement of the
midwall or epicardium at various sites, especially the anteroseptal

whereas
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and inferolateral walls, and a HHD LGE pattern as similar to the DCM
LGE pattern based upon a previous report."® Myocarditis was diag-
nosed when subepicardial and midwall areas demonstrated an
increased signal in the T2-weighted image or when the lateral and
inferolateral walls demonstrated an LGE distribution in the epicardium
toward the mid myocardial wall. ARVC is characterized by regional or
global dysfunction, dilatation, and focal aneurysm of the right ventricle
noted in the 2010 guideline,* whereas amyloidosis is characterized by
concentric hypertrophy with normal or reduced contractility, a thick-
ened interatrial septum, bi-atrial dilation, and a circumferential pattern
of LGE, preferentially involving the subendocardium but occasionally
demonstrating a patchy transmural pattern. Dystrophic cardiomyop-
athy in LGE preserves the subendocardium and is more frequently
located in the LV lateral wall.

Statistical analysis

Continuous variables were expressed as the mean + standard
deviation (SD), whereas categorical variables were expressed as
numbers and percentages. Comparisons between groups were per-
formed using a two-sample t-test for normally distributed continuous
variables and the Wilcoxon test for variables that did not demonstrate
a normal distribution. For categorical variables, we used the x? test and
Fisher's exact test, as appropriate. For each type of cardiomyopathy,
the sensitivity, specificity, diagnostic accuracy, positive predictive
value (PPV), negative predictive value (NPV), and 95% confidence
interval (Cl) for the CMR diagnosis, EMB diagnosis, and combined diag-
nosis with clinical data, echocardiogram, plus CMR were calculated in
comparison with the final diagnosis, which served as the gold standard.
The PPV and NPV were computed using the following formulae:
PPV = true positive/(true positive + false positive); and NPV = true
negative/(true negative + false negative). Diagnostic accuracy was cal-
culated using the following formulae: diagnostic accuracy = (true
positive + true negative)/total. A comparison of the diagnostic
methods was performed using McNemar’s test. The analyses were
performed using JMP version 7 statistical software. All of the presented
95% Cl are two.

Results

Study population and patient
characteristics

A total of 136 patients were studied (Supplementary material,
Table S1). The mean age of these patients was 52 + 17 years
(range 16—81 years): 83 of the patients were male, and 18 patients
suffered from AF. EMB and CMR with LGE were performed in all
patients, and none of the 136 patients was diagnosed with signifi-
cant coronary artery disease. The most common diagnosis was
DCM (54 patients, 40%), which was followed by HCM (36 patients,
26%). The remaining 46 patients were diagnosed with a secondary
cardiomyopathy or HHD. The HCM patients included 4 cases of
apical hypertrophy, 11 cases of HOCM, and 15 cases of HCM in
the dilated phase.

The CMR results revealed asymmetric septal hypertrophy
(septal/free wall thickness ratio > 1.3) in 25 patients (18%), most
of whom had either HCM (84%) or HHD (12%) detailed in the
Supplementary material, Table S71.

The median patient follow-up period was 655 days (range 243~
1143 days), and no diagnoses were changed during this time.

Comparison between cardiac magnetic
resonance, endomyocardial biopsy, and
the combined diagnosis

The sensitivity of EMB, CMR, and the combined diagnosis with clin-
ical data plus echocardiogram, with clinical data, echocardiogram,
plus CMR, and with clinical data, echocardiogram, plus EMB was
67,79, 86,97, and 100% relative to the final diagnosis, respectively.
Table 1 shows the diagnostic performance of CMR, EMB, and the
combined diagnosis with clinical data, echocardiogram, plus
CMR. The use of CMR demonstrated a diagnostic capability com-
parable with EMB for all causes of HF. The highest level of sensitiv-
ity of EMB was for DCM (89%) followed by HCM (75%) and HHD
(36%) (Table 2), whereas the greatest sensitivity of CMR was
observed for DCM (83%) followed by HCM (81%) and CS
(76%). Furthermore, to explore the relative merits of CMR vs.
EMB, we investigated indications of EMB noted in the 2007 guide-
lines.”® EMB demonstrated a better diagnostic yield for DCM and
dilated HCM, whereas CMR demonstrated better diagnostic per-
formance for cases of CS and HHD even when the indication
for EMB was a class |. The diagnostic analysis is listed in Table 3.
We gave six patients with dilated HCM an incorrect diagnosis of
CS and also gave five patients with HHD an incorrect diagnosis
of DCM using CMR. In contrast, we tended to misdiagnose CS
and HHD as DCM and HCM as HHD when using EMB. Specifically,
the six patients with HCM who were misdiagnosed for HHD by
EMB included three patients with HOCM diagnoses, two with
apical HCM diagnoses, and one with a diagnosis of dilated HCM.
Table 2 shows the sensitivity and specificity for the use of EMB,
CMR, and the combined diagnosis with clinical data, echo-
cardiogram, plus CMR. Overall, CMR demonstrated increased
specificity for DCM compared with EMB, and CMR also tended
to be more sensitive for the diagnosis of CS and HHD. In contrast,
EMB demonstrated lower sensitivity than CMR for most diagnoses,
with the exception of DCM.

We also examined the diagnostic accuracy of CMR, EMB, and
the combined diagnosis with clinical data, echocardiogram, plus
CMR (Table 2). The sensitivity of the combined diagnosis with clin-
ical data, echocardiogram, plus CMR was greater than that of EMB
for the detection of HCM, CS, and HHD. The agreement of both
CMR and EMB with a final diagnosis of DCM, HCM, CS, and HHD
was noted to be 72, 58, 23, and 21%, respectively (Figure 2). Con-
versely, both CMR and EMB misdiagnosed 6, 3, 12, and 21% of
patients with DCM, HCM, CS, and HHD, respectively. Importantly,
all of the patients who received accurate diagnoses with EMB alone
were also correctly diagnosed using the combined diagnosis with
clinical data, echocardiogram, plus CMR.

Characteristics and details of cardiac
magnetic resonance

We analysed the frequency of the use of the typical LGE pattern
only in cases in which we diagnosed DCM, HCM, CS, and HHD.
The CMR results revealed a DCM LGE pattern, HCM LGE
pattern, CS LGE pattern, or HHD LGE pattern in 78, 53, 82, and
79% of the patients with DCM, HCM, CS, and HHD, respectively
(Figure 3). In addition, the patients with typical LGE patterns were
more likely to receive an accurate diagnosis. LGE in the papillary
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Table | Agreement of endomyocardial biopsy, cardiac magnetic resonance, or combined diagnosis with clinical data,
echocardiogram, plus cardiac magnetic resonance with final diagnosis in 136 patients based on endomyocardial biopsy

indication
Final diagnoses, n Number
EMB indication (class) I Ma/Iib I
DCM, 54 30 24 26 (87)
HCM, 36 11 25 7 (64)
Dilated HCM, 15 9 6 7 (78)
Obstructive HCM, 11 0 " 0 (0)
Apical HCM, 4 0 4 0 (0)
Sarcoidosis, 17 8 9 2 (25)
HHD, 14 5 9 2 (40)
Others
ARVC, 5 1 4 0 (0)
Myocarditis, 4 4 0 3 (75)
Amyloidosis, 3 0 3 0 (0)
Dystrophic cardiomyopathy, 3 1 2 0 (0)
Total 60 76 40 (67)

EMB diagnosis, n (%)

Combined
diagnosis, n (%)

CMR diagnosis, n (%)

Ma/llb I Ma/lb

22 (92) 24 (80) 21 (88) 51 (94)

20 (80) 6 (55) 23 (92) 35 (97)
5 (83) 4 (44) 5 (83) 15 (100)
9 (82) 0 (0) 11 (100) 11 (100)
2 (50) 0 (0) 4 (100) 4 (100)
4 (44) 6 (75) 7 (78) 17 (100)
3(33) 5 (100) 4 (44) 14 (100)
0 (0) 1(100) 4 (100) 5 (100)
0 (0) 1(25) 0 (0) 4 (100)
2 (67) 0 (0) 3 (100) 3 (100)
0 (0) 1 (100) 2 (100) 3 (100)

51 (67) 44 (73) 64 (84) 132 (97)

ARVC, arrhythmogenic right ventricular cardiomyopathy; CMR, cardiac magnetic resonance; DCM, dilated cardiomyopathy; EMB; endomyocardial biopsy HCM, hypertrophic

cardiomyopathy; HHD, hypertensive heart disease.

muscle was frequently found in patients with HCM or sarcoidosis,
while it was rarely or never seen in patients with DCM or HHD.

Discussion

This was the first study to compare the diagnostic performance of
EMB and CMR in patients with HF. Non-invasive CMR, especially
when combined with clinical data and echocardiogram, may
provide an excellent diagnostic capacity for identifying the under-
lying aetiology in patients with HF, equal to or better than invasive
EMB. Moreover, CMR is a powerful modality which in combination
with clinical data including echocardiogram is sufficient for defining
the pathophysiology of HF.

Although it is important to compare the diagnostic potential of
EMB and CMR across a large number of patients with HF, compar-
isons using a large population have not been possible because it is
extremely difficult to perform both EMB and CMR with LGE in suf-
ficient patients. Our findings revealed that both the invasive EMB
technique and the non-invasive CMR technique demonstrated
good diagnostic performance (67% vs. 79%), whereas the use of
CMR in combination with clinical data including echocardiogram
unrelated to the EMB findings demonstrated excellent diagnostic
performance (97%). Importantly, CMR alone could not surpass

~ the diagnostic accuracy of EMB, which underscores the importance
of EMB. However, the combined diagnosis was more accurate,
which suggests that the use of CMR in combination with clinical
data plus echocardiogram is the most reliable, non-invasive
method for the diagnosis of HF in a routine clinical setting. Thus,
we concluded that CMR is equal to or possibly superior to the
use of EMB for the diagnosis of the underlying aetiology of HF,

especially in patients with sarcoidosis, HHD, others, and those
with a class Il indication for EMB.

These results suggest that CMR should be used more often than
EMB for the initial diagnosis of HF. In addition, the cost of EMB is
approximately three times greater than that of delayed enhance-
ment CMR, and most patients can receive CMR at a clinic but
would require a hospital stay to undergo EMB and perform EMB
with right heart catheterization (which also contributes to the
high cost of EMB). Indeed, the 2009 American College of Cardi-

“ology (ACC)/American Heart Association (AHA) chronic HF

guidelines proposed that EMB should not be performed for the
routine evaluation of patients with HF,** as EMB is often associated
with sampling errors and complications. Therefore, although we do
not deny the usefulness of EMB for the diagnosis of the underlying
aetiology of HF, we suggest that CMR should be used more fre-
quently for this type of diagnosis.

Diagnostic performance of cardiac
magnetic resonance and endomyocardial
biopsy

Although EMB provides suggestive findings in patients with DCM,
HHD, and dystrophic cardiomyopathy, these findings are non-
specific, and a definitive diagnosis cannot be made by EMB per
se. In contrast, cardiac amyloidosis, CS, HCM, and myocarditis
have specific histological characteristics and can be conclusively
diagnosed using EMB alone if myocardial biopsy specimens
contain these lesions (Figure 4). In our study, an accurate and con-
clusive diagnosis of such conditions could be reached using EMB
alone in 38 out of 60 patients (Table 1), and we tended to misdiag-
nose CS and HHD as DCM, and HCM as HHD by EMB (Table 3).
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Table 2 Sensitivity, specificity, positive predictive value, negative predictive value, accuracy of cardiac magnetic
resonance diagnosis, and combined diagnoses with clinical data, echocardiogram, plus cardiac magnetic resonance vs.

endomyocardial biopsy diagnosis

A. Cardiac magnetic resonance vs. endomyocardial biopsy

n Sensitivity rTPF  95% Cl n
CMR EMB
DCM 54 83% 89% 107 0.89-1.28 82
HCM 36 81% 75% 093 0.69-1.26 100
cs 17 76% 35% 046 0.20-1.07 119
HHD 14 64% 36% 056 0.22-143 122

n PPV rPPY  95% CI n
CMR EMB
DCM 54 88% 66%  0.75 0.60-0.93 82
HCM 36 94% 82%  0.87 0.71-1.08 100
(& 17 57% 100%  1.77 1.18-2.66 119
HHD 14 64% 33% 052 0.20—-1.31 122

n Sensitivity rTPF  95% ClI n
Combined EMB
DCM 54 94% 89% 094 0.82-1.08 82
HCM 36 97% 75%  0.77 0.61-0.97 100
cs 17 100% 35%  0.35 0.17-0.74 119
HHD 14 100% 36%  0.36 0.16-0.80 122

n PPV rPPV  95% CIi n
Combined EMB
DCM 54 100% 66%  0.65 0.52-0.81 82
HCM 36 97% 82%  0.84 0.69-1.02 100
CsS 17 924% 100% 1.06 0.93-1.20 119
HHD 14 88% 33%  0.38 0.16-0.89 122

Specificity rFPF 95% Cl
CMR EMB
93% 69% 4.3 1.72-10.7
98% 94% 3 0.48—-18.64
92% 100% © -
96% 92% 0.59-6.81
NPV rNPV  95% CI Accuracy
CMR EMB CMR EMB
89% 90% 1.01 0.89-1.15 89% 75%
93% 91% 098 0.89-1.07 93% 89%
96% 92% 095 0.88—1.02 90% 92%
96% 93% 097 0.90-1.04 93% 86%
Specificity rFPF 95% Cl
Combined EMB
100% 69% - -
99% 94% 6 0.54-67.19
99% 100% O -
98% 92% 5 0.88-28.27
NPV rNPV  95% Cl Accuracy
Combined EMB Combined EMB
96% 90% 094 0.85-1.03 98% 75%
99% 91%  0.92 0.86-0.99  99% 89%
100% 92%  0.92 0.86-0.97 99% 92%
100% 93%  0.93 0.87-0.98  99% 86%

Cl, confidence interval; CMR, cardiac magnetic resonance; CS, cardiac sarcoidosis; DCM, idiopathic dilated cardiomyopathy; EMB, endomyocardial biopsy; FPF, false positive
fraction; HCM, hypertrophic cardiomyopathy; HHD, hypertensive heart disease; NPV, negative predictive value; PPV, positive predictive value; TPF, true positive fraction.
95% Cls were calculated according to the ratio of CMR diagnosis and combined diagnosis to EMB diagnosis. The bold values indicate a significant difference.

These misdiagnoses were attributed to non-specific changes in the
biopsy specimens or the inappropriate sampling of sites separate
from the lesions due to the patchy distribution of the
lesions."””**™*” However, there are merits in the classification
of infiltrating inflammatory cells by either immunohistochemistry
or a PCR method to guide treatment. The ESC 2012 guidelines
also stated that the use of EMB may be needed to confirm the diag-
nosis in patients with suspected myocarditis, sarcoidosis, and
amyloidosis.1

Cardiac magnetic resonance is a safe procedure, and images of
diagnostic quality can be obtained in > 98% of patients.”® The
use of CMR also allowed us to obtain detailed images of not

only functional and morphological abnormalities but also tissue
pathology. In this study, EMB was superior to CMR for diagnoses
of DCM and dilated HCM, whereas CMR demonstrated an
improved diagnostic yield over EMB in cases of non-dilated
HCM, CS, HHD, and other rare diseases (with the exception of
myocarditis). Moreover, this tendency was the same independent
of the EMB indication. In contrast to previous studies demonstrat-
ing a high level of sensitivity and specificity within only a limited
study population, our study observed lower diagnostic agreement
between methods. Because CMR was used to differentiate
between a broad spectrum of diagnostic characteristics in HF
patients, which resembles the clinical setting, CMR alone could
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Table 3 Comparison of cardiac magnetic resonance diagnosis or endomyocardial biopsy diagnosis with final diagnosis

Final diagnosis CMR diagnosis DCM (n = 54) HCM (n = 36) CS(n=17) HHD (n = 14) Others (n = 15)
DCM, n (%) 45 (83) 0 1 5 (36) 0

HCM, n (%) 1 29 (81) 1 0 0

CS, n (%) 2(4) 6 (17) 13 (76) 0 2(13)

HHD, n (%) 3(5) 1 0 9 (64) 0

Others, n (%) 3(5) 0 2 (12) 0 12 (80)

Final diagnosis EMB diagnosis DCM (n = 54) HCM (n = 36) CS(n=17) HHD (n = 14) Others (n = 15)
DCM, n (%) 48 (89) 3(8) 10 (59) 7 (50) 6 (40)

HCM, n (%) 3 (6) 27 (75) 0 2 (14) 1(7)

CS, n (%) 0 0 6 (35) o 0

HHD, n (%) 2(4) 6 (17) 0 5 (36) 2 (13)

Others, n (%) 1 0 1 0 5 (33)

The bold values indicate diagnostic concordance between cardiac magnetic resonance diagnosis or endomyocardial biopsy diagnosis and final diagnosis.

100% +
90% -
30% -
70% A
60% -
50% -
40% -
30% -
20%

Ratie of patients

1(53%)

DCM HCM Sarcoidosis HHD
(B=36) (0=17) (n=14)

B neither diagnosis is correct
2 EMB alone is correct
“both diagnoses are correct
2 CMR alone is correct

Figure 2 Diagnostic capabilities of endomyocardial biopsy
(EMB), cardiac magnetic resonance (CMR), and the combined
diagnosis with CMR and EMB. DCM, idiopathic dilated cardiomy-
opathy; HCM, hypertrophic cardiomyopathy; CS, cardiac sarcoid-
osis; HHD, hypertensive heart disease. The ratio between EMB
and CMR for the diagnosis of DCM, HCM, CS, and HHD.

not assign a correct diagnosis for 28 patients (21%) (Table 1). The
use of CMR tended to misdiagnose HCM as CS, and HHD as
DCM. Additionally, six HCM patients who were misdiagnosed
with CS all had dilated HCM. A study by Hansen et al. suggested
that the use of CMR in CS patients demonstrates similar results
to those obtained in patients with HCM or idiopathic cardiomyop-
athy,”” which is consistent with the present data (Table 3). In the
five cases where HHD was misdiagnosed, they were consistently
misdiagnosed as DCM due to the similarity of the images."°
However, in HCM patients, CMR demonstrated excellent

diagnostic performance (100%) for apical HCM and HOCM,
which suggests that CMR has the ability to evaluate the heteroge-
neous appearance of HCM better than any other imaging modal-
ity, 33" and this represents the main difference between CMR
and EMB. We could not refer to the diagnostic accuracy of CMR
in patients with myocarditis in our study because the number
with myocarditis was too small. On the other hand, Marvorogeni
et al. importantly concluded that both CMR and PCR prove
useful for the detection of myocarditis, while CMR is important
to detect the development of HF3* Our data are consistent with
the previous study®> showing that CMR and EMB have equivalent
ability to reach the diagnosis and judge the pathophysiology.

Although the merits and demerits of CMR differ from those of
EMB, its diagnostic capability was shown to be equivalent or even
superior to that of EMB.

Superiority of the combined diagnosis

The combined diagnosis with non-invasive clinical data provides a
sharp impact on an accurate diagnosis of HF.** Likewise, the com-
bined diagnosis with clinical data, echocardiogram, plus CMR was
shown to be very effective in the current study. Out of 54 DCM
patients, 9 were misdiagnosed by CMR, but 6 of these 9 patients
were correctly diagnosed using the combined diagnostic technique.
Of 36 HCM patients, 7 were misdiagnosed by CMR, although 6 of
these 7 patients were correctly assessed using the combined diag-
nosis (Tables 2 and 3). Moreover, the other misdiagnosed patients
were also correctly assessed using the combined diagnosis.
Regarding the combined diagnosis with echocardiogram, the
present study suggests that even the use of only clinical character-
istics including echocardiogram can provide relatively high diagnos-
tic performance compared with that in a previous report,33 since
our Department is specialized in diagnosing patients with non-
ischaemic HF. However, the addition of CMR and EMB on top
of the clinical information with echocardiogram increases the ac-
curacy to 97% and 100%, respectively. Our original conclusion
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LGE __Cine

Figure 3 Representative cardidc magnetic resonance (CMR) findings. (A) Dilated cardiomyopathy (DCM): midwall longitudinal thin late-
gadolinium enhancement (LGE) in the -anteroseptum wall without wall thickening (arrowheads). (B) Hypertensive heart disease (HHD):
broad, ill-defined, and mild LGE in the midwall of the septum (arrowheads) with LV concentric hypertrophy. (C) Hypertrophic obstructive
cardiomyopathy (HOCM): LGE in the LV—RV junctions of the anteroseptum and inferoseptum (arrowheads). Note: left atrial dilatation, LV
asymmetric hypertrophy, papillary muscle hypertrophy, and LV outflow tract obstruction (arrow). (D) Dilated phase HCM: midwall patchy
LGE in the anteroseptum and inferoseptum (arrowheads) and epicardial LGE in the anterior and postérior regiohs (arrow). (E) Cardiac sar-
coidosis: subepicardial LGE of the anteroseptum with wall thinning and inferoseptum (arrowheads), subendocardial LGE of the lateral region

(thin arrow), and LGE in the papillary muscle {thick arrow).

that CMR provides a diagnostic capability comparable with EMB
seems to be true even with the clinical information including echo-
cardiogram. Furthermore, all of the patients who were correctly
diagnosed by EMB were correctly diagnosed using the combined
technique, which indicates that the combined method was superior
to the use of EMB in this study. Previous studies performed in
populations with only one clinically suspected disease reported
high diagnostic accuracy,'"*** and our results indicate that CMR
would probably be available for a broad spectrum of HF patients,
particularly those with a class [l indication for EMB, for

differentiation between unknown aetiologies. Furthermore, the
knowledge of diseases that are prone to misdiagnosis would in-
crease the diagnostic performance for determining the aetiology
of HF in a routine clinical setting. Although CMR is a non-invasive
method, as is an echocardiogram, it is equal or superior to an
echocardiogram because it can provide specific tissue characteriza-
tion in addition to cardiac morphology and function. Accordingly,
we suggest that it would be better initially to perform CMR in
all patients, especially those with a class Il indication for EMB,
and diagnose the underlying aetiology of HF through the use of
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Figure 4 Representative examples of histologic'a['ﬁndings from endomyocardial biopsies. (A) Dilated cardiomyopathy (DCM): the photo-
micrograph demonstrates feplacemEnt fibrosis..(blue areas, black arrow) and' moderate myocyte hypertrophy (Masson trichrome stain,
bar = 50 pm). (B) Hypertrophic cardiomyopathy (HCM): severe hypertrophy of myocytes, myocyte disarray, and bizarre nuclei are shown
(Masson trichrome stain, bar = 50 pwm). (C) Cardiac sarcoidosis: non-caseating epithelioid granulomas with giant cells (white arrow) are
shown (haematoxylin and eosin stain, bar = 30 wm). (D) Cardiac amyloidosis: amorphous amyloid deposits (blue-grey) in the perimyocytes
were consistent with amyloidosis in the interstitium of the rhyocardium (Masson’s trichrome, bar = 50 um).

CMR and other non-invasive modalities. Then, if the combined
diagnosis fails, EMB can be used as a second diagnostic modality.

Study limitations

This study had several limitations. First, all of the patients with HF
of unknown aetiology were not assigned to receive both EMB and
CMR; EMB was performed to reveal the underlying aetiology of
HF, according to the Scientific Statement,”® whereas CMR was
performed in all patients without contraindications for CMR. Sec-
ondly, we included patients admitted to the Department with HF,
and there were remarkably few patients in our Department who
had coronary artery disease. However, even if such patients had
been included, CMR would have probably been more useful to
diagnose prior myocardial infarction due to spontaneous recanali-
zation or coronary vasospasm than EMB. Thirdly, in the clinical
setting, there are always cases with an ambiguous diagnosis
despite a detailed investigation. We excluded these cases primarily
on the premise that we would achieve a more precise diagnostic
yield by avoiding these cases. Regarding EMB procedures, we
took 3—5 biopsy specimens for each patient in our study, in ac-
cordance with the appropriate guidelines. Additionally, all
samples were taken from the right ventricle according to the
protocol of our facility. In most patients, we took five samples to
decrease sampling error, although the sampling number was
decreased to three specimens in patients with both a pre-existing
LBBB with a high risk for developing complete atrioventricular

block® and obvious idiopathic DCM. The collection of samples
from both ventricles may have increased the significance of the
findings, but we collected the minimum requirement to decrease
the procedural risk of EMB. Finally, this was also a retrospective
study from a single centre. Our findings must be carefully inter-
preted and should be replicated in a prospective, large, multicentre
investigation. Despite these limitations, our study has important
strengths, such as the inclusion of a sufficient number of patients
administered both EMB and CMR, a more precise final diagnosis
using all available data, and broad clinical applications.

Supplementary material

Supplementary material is available at European Journal of Heart
Failure online.
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