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Clinical Usability of a Compact High Resolution
Detector for High Resolution and Quantitative
SPECT Imaging in a Selected Small ROI
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Abstract- SPECT using compact high resolution detector or
pinhole collimator allows to image physiological functions with
high spatial resolution. However, when field-of-view (FOV) is
smaller than the object, the projection data are truncated by
radioisotope outside FOV. The truncation causes artifact and
overestimation, which decreases quantitative accuracy. Recently
Defrise et al proposed a new truncation-compensated
reconstruction method, that is, the truncated data can be
successfully reconstructed by fulfilling following conditions.
First, FOV contains zero or background counts outside the object
as known value. Second, reconstructed image space is large
enough to contain the whole support of the object. They
demonstrated their theory by 2D X-ray CT simulation. This
study was aimed at evaluating clinical-SPECT usability of a
reconstructed image of a selected small region-of-interest (ROI)
with the above Defrise’s method. This evaluation was performed
by computer simulation with a numerical human brain phantom
and a detector with 2-mm resolution, 48-mm FOV and a parallel
collimator. The projection data were acquired including the area
outside the brain. After adding Gaussian noise, the projection
data were reconstructed by maximum likelihood expectation
maximization (MLEM) method on the reconstruction matrix
large enough to contain the whole support of the brain. This
simulation showed that the truncati comp ted
reconstruction method could provide the image with high
resolution and the counts almost equivalent to that of original
image in the selected small RO1 without the effect of truncation
for human brain. In conclusion, this result suggests that a
compact high resolution detector can be used for quantitatively
r ucting a selected small ROI with clinical SPECT camera.
This technique can also use the pinhole collimator instead of the

2

I. INTRODUCTION
SPECT using compact high resolution detector or pinhole
collimator allows to image physiological functions with
high spatial resolution [1]. However, when such a small field-
of-view (FOV) detector is applied for a large object like
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human, the projection data are truncated by radioisotope
outside the FOV. The truncation causes artifact and
overestimation, which quantitative accuracy. Recently Defrise
et al proposed a new truncation-compensated reconstruction
method [2). They demonstrated their theory by 2D X-ray CT
simulation. The aim of this study was to evaluate clinical-
SPECT usability of a reconstructed image of a selected small
region-of-interest (ROI) with the above Defrise’s method.
This evaluation was performed by 2D computer simulation
with a numerical human brain phantom.

II. MATERIALS AND METHODS

A. Defrise’s truncation-compensated reconstruction theory

Defrise’s  theory compensates the artifact and
overestimation due to truncation and exactly reconstructs for
FOV, by fulfilling the conditions as shown in Fig. 1.
Projection data must be acquired under first condition. And
then, the projection data must be reconstructed by iterative
reconstruction method such as maximum likelihood
expectation maximization (MLEM) method [3] under second
condition.

Truncated Area
| (VFOV contains zero or background Detector
| counts outside the objectas
known value
| @Reconstruction space is large
enough to contain the whole
support of the object.
Detector
Fig. 1. Conditions to compensated artifact and overestimation due to

truncation in Defrise's theory.

B. Computer Simulation

Figure 2 shows the numerical human brain phantom used in
this simulation. Image matrix is 90 pixel X 110 pixel.
Assuming pixel size of 2 mm, the image size is 180 mm ¥
220 mm. Pixel values are | or 0.

A compact high resolution detector is with 2-mm resolution,
48-mm FOV, 24 bins and a parallel-hole collimator.

Science, Nara Institute of Sci and Technology, Japan. P : z :
H. Kudo is with the Deg of Computer Scicnee, Grad o Pm_lt?c:lsm data Ifnr ROI shown by red circle in Fig. 2 we?
g and Information Enginecring, University of Tsukuba, Japen. acquired by a circular orbit shown by green line, over 180°,
978-1-4244-2715-4/08/$25.00 ©2008 |IEEE 4257
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This ROI included the area
outside the brain. After adding Gaussian noise, the projection
data reconstructed by MLEM method, on the reconstruction
matrix of 90 pixel % 110 pixel large enough to contain the
whole support of the brain to satisfy the condition of Defrise’s
theory. To compare with conventional reconstruction method
using small reconstruction matrix, projection data with 24 bin
were also reconstructed on the reconstruction matrix of 24
pixel * 24 pixel. The number of iteration in MLEM
reconstruction was 24 for each method.

To compare with conventional clinical SPECT, untruncated
projection data including the whole of the brain were acquired
by a 220-mm large FOV (22 bin) detector with low resolution
of 10 mm, over 360°, with 3° step and 120 views., After
adding Gaussian noise, the projection data were reconstrucied
by ordered subsets expectation maximization (OSEM) method
[4] which is an accelerated MLEM. The OSEM parameters
were 8 subsets and 3 iterations.

As reference image, untruncated projection data including
the whole of the brain were acquired by a 220-mm large FOV
(110 bin) detector with high resolution of 2 mm, over 360°,
with 39 step and 120 views. After adding Gaussian noise, the
projection data were reconstructed by OSEM method with 8
subsets and 3 iterations. However, this detector is impractical
because it is too expensive if manufactured.

The images obtained in this simulation were visually
compared, and also the profiles of the images were obtained
on line shown by yellow in Fig. 2 to compare quantitatively.

In this simulation, the effects of attenuation, scatter and
blurring by collimator were not considered because this
simulation was aimed at evaluating truncation-compensated
method.

with 3°step and 60 views.

Profile line

Fig. 2. The numerical human brain phantom used in this simulation. The
green line is circular orbit of the small FOV detector over 180°, The red circle
is ROL The yellow line is the position of profiles shown Fig. 4. Pixel values
are | or 0

I1I. RESULTS AND DISCUSSION

Figure 3(a) shows the image reconstructed from untruncated
projection data using the small FOV detector with low
resolution. The obtained image had low resolution. The detail
of brain structure was not observed.

Figure 3(b) shows the image reconstructed from
untruncated projection data using the large FOV detector with
high resolution. The image with high resolution was obtained
and the fine structure was observed. However, such a high
resolution and large FOV detector is impractical because it is
too expensive if manufactured.

Figure 3(c) shows the image reconstructed from truncated
projection data obtained using the small FOV detector with
high resolution. The projection data were reconstructed on the
small reconstruction matrix as conventional reconstruction
method. The reconstructed image had artifact and the pixel
counts were significantly overestimated.

Figure 3(d) shows the image reconstructed from truncated
projection data using the small FOV detector with high
resolution. The projection data were reconstructed on the large
reconstruction matrix as proposed reconstruction method. The
obtained image was with high resolution and the pixel counts
almost equivalent to that of original image without the effect
of truncation in the selected small ROL

c i High dlorge Vigh Hgh
SPECT with low FOVEPECT o mimall FOV and amall FOV
resniution and lange FOV SPECT + nmull BPECT + largw
matrix mwtrioc (Propomed
st}

107

w\
)
]
id

[F] (1] el

Fig. 3. The reconstructed images obtained in this simulation. All images
were displayed with the range of same gray scale [0-1.07] (a) The image
obtained from the untruncated projection data of large FOV detector with low
resolution as conventional clinical SPECT. (b) The image obtaned from the
untruncated projection data of large FOV detector with high resolution as the
reference image. (¢) The image reconstructed from the truncated projection
data of small FOV detector with high resolution, on the small reconstruction
matrix as conventional reconstruction method. (d) The image reconstructed
from the truncated projection data of small FOV detector with high resolution,
by the large reconstruction matrix as proposed reconstruction method

Figure 4 shows the line profiles in a small ROI on the
images obtained from the high-resolution detectors. When the
truncated projection data from small FOV detecior were
reconstructed on the small reconstruction matrix, the obtained
image had extremely high counts on the edge of and the pixel
counts were wholly overestimated. On the other hand, when
the truncated projection data from small FOV detector were
reconstructed on the large reconstruction matrix, the profile of
the image had good agreement with that of the image from the
untruncated projection data.
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—Original image
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Fig. 4. In a small ROL the line profiles on he image obtained by
reconstructing data from high-resolution detector by each method,

IV. CONCLUSION
These results suggest that a compact high resolution
detector can be used for quantitatively reconstructing a
selected small ROI with clinical SPECT camera. This
technique can also use the pinhole collimator instead of the
compact high resolution detector.
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Combination of a High Resolution Detector with

Small FOV and a Low Resolution Detector with

Large FOV for High Resolution and Quantitative
SPECT

Tsutomu Zeniya, Hiroshi Watabe, Member, IEEE, Hiroyuki Kudo, Member, IEEE, Yoshiyuki Hirano, Kotaro Minato,
Member, IEEE, and Hidehiro lida, Member, IEEE

Abstraci— SPECT using compact high resolution detector or
pinhole collimator allows to image physiological functions with
high resolution. However, when region-of-interest (ROI) Is
smaller than the object, the projection data are truncated due to
radioisotope outside ROL The truncation causes artifact and
overestimation, which decrease quantitative accuracy. In theory,
to eliminate the artifact and the overestimation due to truncation,
the untruncated data from another large field-of-view (FOV)
detector can be used even if the detector has low resolution. This
study was aimed at evaluating feasibility of combination of a
small FOV high resolution detector and a large FOV low
resolution detector in clinical circumstance. This evaluation was
performed by computer simulation with a numerical torso
phantom. We tested whether the image in a selected small ROI
(im this case, ROI was heart) can be obtained with high resolution
and without artifact and overestimation. The small FOV detector
with high resolution was with 1.14-mm resolution, 80-mm FOV
and parallel collimator. The whole of heart was included in this
FOV, but the surrounding area was truncated. The large FOV
detector with low resolution has 9-mm resolution, 360-mm FOV
and parallel collimator like conventional clinical SPECT. The
untruncated projections including the whole of thorax were
acquired by this detector. Gaussian noises were added to all
projection data. Data from the small detector were reconstructed
by maximum likelihood expectation maximization (MLEM) as
iterative method, on the reconstruction matrix large enough to
contain the whole of thorax. The reconstructed image from the
large FOV detector was used as an initial image in iterative
reconstruction. The image obtained by our proposed method had
high resolution and the counts almost equivalent to that of
original image in the small ROL In conclusion, this result
suggests feasibility of the combination of two detectors with small
and large FOV to quantitatively obtain high-resolution image of
a selected small RO1 with clinical SPECT.

Manuscript received November 14, 2008, This work was supported in part
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I. INTRODUCTION

PECT using compact high resolution detector or pinhole
Scoliimamr allows to image physiological functions with
high spatial resolution [1]. However, when such a small field-
of-view (FOV) detector is applied for a large object like
human, the projection data are truncated by radioisotope
outside region-of-interest (ROI). The truncation causes artifact
and overestimation, which quantitative accuracy. Truncation-
compensated reconstruction theory proposed by Defrise et al
uses area outside the object with ROl as a prior knowledge to
solve the truncation problem [2]. Defrise’s theory can't be
applied for the case that ROI does not contain the area outside
the object. The aim of this siudy was to evaluate feasibility fo
combination of a small-FOV high-resolution detector and a
large-FOV low-resolution detector in clinical circumstance.
We tested whether the image in a selected small ROI (in this
case, ROI was heart) can be reconstructed with high resolution
and without the effect of truncation by using untruncated data
from the large FOV detector, which do not need to have high
resolution, even if ROl in small FOV detector with high
resolution does not contain the area outside the object. This
evaluation was performed by 2D computer simulation with a
numerical human torso phantom,

II. MATERIALS AND METHODS

A. Support from large-FOV low-resolution detector for

truncation problem

As shown in Fig. 1, our proposed method uses untruncated
data from the large FOV detector with low resolution, in order
to compensate the artifict and overestimation due to
truncation in small FOV detector.

Our proposed approach based on iterative reconstruction
method such as maximum likelihood expectation-
maximization (MLEM) [3] or ordered-subsets expectation-
maximization (OSEM) [4] algorithm is, as follows:

Stepl: the object is reconstructed using OSEM from
untruncated data of the large FOV detector with high
resolution;

Step2: In

the MLEM reconstruction, the image

H. Kudo is with the Dep 1 of Comy Graduate School of  reconstructed from the large FOV detector is used as initial
Systems and Infi ion Ei ,,' 2 Uni y of Tsukuba, Japan,
978-1-4244-2715-4/08/$25.00 ©2008 |IEEE 5229
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reference image and forward-projected, and the reconstruction
matrix is large enough to contain the whole object;

Step3: Truncated data from small FOV detector are used as
real projection in the MLEM reconstruction process.

Large FOV detector
with low resolution
(Untruncated data)

Small FOV detector
, with high resolution

(Truncated data)

Fig. 1. The numerical human torso phantom and schematic diagram of
SPECT system with two kinds of detectors. Untruncated data from low
resolution detector with large FOV are used to compensate the artifact and
overestimation due to truncation in small FOV detector, The white line shows
the small FOV detector and its circular orbit over 180° to image heart with
high resolution. The red line shows the large FOV detector and its circular
orbit over 3607 1o acquire untruncated projection data

B. Computer Simulation

This simulation was performed using the numerical human
torso phantom as shown in Fig. 1. Image matrix is 256 pixels
* 320 pixels. Assuming pixel size of 1.14 mm, image size 360
mm % 290 mm. Pixel values are 3 and | for heart and the
surrounding area.

The small FOV detector with high resolution has 1.14-mm
resolution, 80-mm FOV and parallel collimator. The whole of
heart was included in this FOV, but the surrounding area was
truncated. Projection data of ROI shown by white circle in
Fig. 1 were acquired by a circular orbit shown by white line,
over 180° with 3%step and 60 views. The large FOV detector
with low resolution has 9-mm resolution, 360-mm FOV and
parallel collimator like conventional clinical SPECT. The
projections data including the whole of thorax were acquired
without truncation by this large FOV detector. A red circle in
Fig. 1 shows orbit of the large FOV detector. Projection data
were acquired with 3° step and 120 views over 360°, Gaussian
noises were added to all projection data. Data from the small
FOV detector were reconstructed by MLEM method as
iterative reconstruction method, on the reconstruction matrix
of 256 pixels %320 pixels large enough to contain the whole of
thorax. The reconstructed image from the large FOV detector
was used as an initial image in iterative reconstruction. To
compare with conventional reconstruction method, projection

data with 70 bins were reconstructed on the reconstruction
matrix of 70 pixels x70 pixels. The number of iteration in
MLEM reconstruction was 16.

To compare with conventional clinical SPECT, untruncated
projection data including the whole of the brain were acquired

by a 360-mm FOV (40 bin) detector with low resolution of 9
mm, over 360°, with 3° step and 120 views. After adding
Gaussian noise, the projection data were reconstructed by
OSEM method as one of iterative reconstruction method, with
8 subsets and 2 iterations.

As reference image, untruncated projection data including
the whole of the brain were acquired by a 360-mm FOV (320
bin) detector with high resolution of 1.14 mm, over 360°, with
3° step and 120 views. After adding Gaussian noise, the
projection data were reconstructed by OSEM method as one of
iterative reconstruction method, with 8 subsets and 2 iterations,
However, this detector i1s impractical because it 15 too
expensive if manufactured

The images obtained in this simulation were visually
compared, and also the profiles of the images were obtained
on straight line over heart shown in Fig. | to compare
quantitatively.

In this simulation, the effects of attenuation, scatter and
blurring by collimator were not considered because this
simulation was aimed at evaluating truncation-compensated
method.

Furthermore, we evaluated the rotating angle in the orbit of
small FOV detector. Small rotating angle is desirable because
the detector can be closer to the object when the rotating angle
is smaller as shown in Fig. 2. Therefore, the small rotating
angle improves the sensitivity and the resolution. The rotating
angles of 45 °, 90°, 120°, 150° and 180° were tested. All
projection data were reconstructed by our proposed method.

Fig. 2. The orbits of the detector according to the rotating angles. White
lines are the orbits of detector. The rotating angle is 180° for the cutermost
orbit. The rolating angle is 45° for the innermost orbit.

III. RESULTS AND DISCUSSION

Figure 3(a) shows the image reconstructed from untruncated
projection data using the small FOV detector with low
resolution. The obtained image had low resolution. The heart
was blurred.

Figure 3(b) shows the image reconstructed from
untruncated projection data using the large FOV detector with
high resolution. The clear image with high resolution was
obtained. However, such a high resolution and large FOV
detector is impractical because it is too expensive if
manufactured.

Figure 3(c) shows the image reconstructed from truncated
projection data obtained using the small FOV detector with
high reselution. The projection data were reconstructed on the
small reconstruction matrix as conventional reconstruction
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method. The reconstructed image had artifact and the pixel
counts were significantly overestimated.

Figure 3(d) shows the image reconstructed from truncated
projection data using the small FOV detector with high
resolution. The projection data were reconstructed by
proposed reconstruction method. In the small ROI, the clear
image with high resolution was obtained without the artifact
and the overestimation, and was almost equivalent to the
image from the large FOV detector with high resolution.

Fig. 4. In a small ROL, the line profiles on the image obtained by
ing data from high tution d by each method.

Figure 5 shows the images obtained from projection data
acquired by various rotating angles. The image by rotating
angle of 150° was almost equivalent to that by rotating angle
of 180°. However, the shapes of the hearts were distorted in
the images by the rotating angles less than 120°. Usability of
the rotating angle of 150° was suggested instead of 180°

(large FOV and low hti h

foschution) SPECT
(Commmtind
mconstruction)

{a) ) b) ()
Fig. 3. The ted i btai

images d in this si All images
were d.lupllyvd with the mange of same gray scale [0-3.5] (a) The image
b d from the d projecti dalaoflu’g:l?ovacm&orumhlow
resolution as conventional clmm} SPECT. (b) The image obtained from the
untruneated projection data of large FOV dﬂeclor with high nnolul:ou as the
reference image. (c) The image I from the
data by small FOV d with high resolution, on the small reconstruction
matrix as c 1 tion method. (d) The image reconstructed
from the trmu!ul pmjacuuu d.l.tn ofsmnll FOV detector with high resolution,
by prop

Figure 4 shows the line profiles in a small ROl on the
images obtained from the high-resolution detectors. When the
truncated projection data from small FOV detector were
reconstructed on the small reconstruction matrix, the obtained
image bad extremely high counts on the edge of ROI and the
pixel counts were wholly overestimated. On the other hand,
when the truncated projection data from small FOV detector
were reconstructed by our proposed method, the profile of the
image had good agreement with that of the image from the
untruncated projection data.

6

—Original image

L

—Large FOV

—Small FOV +
proposed recon

Small FOV +
0 conventional
1680 210 recon
Position (pixel)

Pixel count

Fig. 5. The images ired by various
rotating angles. When the rotating mgk is smnllu :Iw mhus of rotation can
be smaller.

IV. CONCLUSION

These results suggested feasibility of the combination of
two kinds of detectors with small and large FOVs
quantitatively obtain high resolution image of a selected small
ROI with clinical SPECT. In other words, the image in a
selected small ROI can be reconstructed with high resolution
and without the effect of truncation by using untruncated data
from the large FOV detector, which do not need to have high
resolution, even if ROI in small FOV detector with high
resolution does not contain the area outside the object.
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Are Cardiac Events During Exercise Therapy for Heart
Failure Predictable From the Baseline Variables?

Isao Nishi, MD; Teruo Noguchi, MD; Shinichi Furuichi, MD; Yoshitaka Iwanaga, MD;
Jiyoong Kim, MD; Hideo Ohya, MD; Naohiko Aihara, MD;
Hiroshi Takaki, MD; Yoichi Goto, MD

Background Exercise training (ET) is an emerging therapy for chronic heart failure, but the baseline patient
characteristics for predicting cardiac events (CEs) during the course of ET remain unknown,

Methods and Results Of the 111 stable heart failure patients who participated in a 3-month ET program, 6
withdrew from the program for cardiac reasons and 9 had transient interruptions in the program because of CEs.
The baseline clinical characteristics of these 15 patients (CE group) and the remaining 96 patients (No-CE group)
were compared. Compared with the No-CE group, the CE group had a significantly higher prevalence of pace-
maker/implantable cardioverter-defibrillators, larger left ventricular end-diastolic diameter (LVEDDs), lower
peak oxygen uptake, greater ventilation drive, and higher plasma brain natriuretic peptide concentration at base-
line, Multivariate logistic regression analysis showed that a larger LVEDD was a significant predictor of the
occurrence of a transient interruption to or permanent withdrawal from the ET prpgram because of CEs, Receiver
operating characteristic curve analysis demonstrated that an LVEDD 265 mm had a sensitivity of 93% and speci-
ficity of 48% in predicting CEs.

Conclusions Patients with a large LVEDD (265mm) at baseline should be monitored carefully during the
course of an ET program. (Circ J 2007; 71: 1035-1039)

Key Words: Cardiac events; Cardiac rehabilitation; Chronic heart failure; Exercise trainin; Predictors

ecent clinical studies have demonstrated that exercise
training (ET) improves functional status, quality
of life, and prognosis of patients with chronic heart
failure!~* Because restricted physical activity promotes
physical deconditioning, which may adversely affect the
clinical status of a patient and exacerbate the exercise intol-
erance of patients with chronic heart failure, ET is recom-
mended as an adjunct to improving the clinical status of
ambulatory patients with current or prior symptoms of
heart failure and a reduced left ventricular ejection fraction
(LVEF)? As might be expected, there are populations of
patients with chronic heart failure who transiently interrupt
or permanently withdraw from ET programs because of car-
diac events (CE). Although we have reported that the rate
of permanent withdrawal from such programs because of
cardiac problems is approximately 5%® other patients may
have a transient interruption to their ET for reasons such as
a transient worsening of the heart failure or arrhythmias.
Only a few reports, however, have investigated the charac-
teristics of patients with chronic heart failure who are likely
to transiently interrupt or permanently withdraw from an
exercise program? Thus, it remains unclear which subgroup
of patients with chronic heart failure is likely to experience
these problems and if the predictors of these problems
could be identified, ET for patients with heart failure would
be safer and more effective.
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accepted April 19, 2007)
Division of Cardiology, National Cardiovascular Center, Suita, Japan
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Accordingly, the purpose of the present study was to
identify such predictors. To this end, we used multivariate
analysis to compare the baseline clinical characteristics of
patients who did or did not transiently interrupt or perma-
nently withdraw from an exercise program.

Methods

Patients

The entry criteria for our exercise cardiac rehabilitation
program for heart failure were: aged 15-80 years, left
ventricular (LV) systolic dysfunction with an LVEF <40%,
reduced exercise tolerance, a well-controlled body fluid
level (euvolemic), and no signs of worsening of heart failure
during the past fortnight, LVEF was determined from left
ventriculography using contrast medium or radioisotope. A
total of |11 patients with heart failure participated in the
program and all gave informed consent to the protocol. The
clinical characteristics of the patients were as follows: 85%
male, between 19 and 72 years old, 98% began as inpa-
tients, and New York Heart Association classes 1-1II.

The Cardiac Rehabilitation Program

The cardiac rehabilitation program for chronic heart
failure was developed by modifying a previously reported
program for acute myocardial infarction®-12 Patients were
enrolled in the ET program when they did not have
ischemic changes on electrocardiography (ECG) or severe
arrhythmia during an initial submaximal exercise test (a
6-min walking test or a treadmill walking test with 0%
slope up to 75% of the predicted maximal heart rate (HR)
or to level 15 [“hard”] of the 620 scale rating of perceived
exertion).
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Cardiac Event
Group 15 pts

Fig |

The exercise program consisted of walking, bicycling
on an ergometer, and calisthenics for 40-60 min/session
and 3-35 sessions/week for 3 months. Exercise intensity
was determined individoally at 30-50% of HR rescrve
(Karvonen's equation: k=0.3-0.5)!" an anaerobic threshold
(AT) level obtained in a maximul symptom-limited cardio-
pulmonary exercise test, or at levels 11-13 (“fairly light” 1o
“somewhat hard”) of the 620 scale rating of perceived
exertion (the original Borg's score), Care was taken to
prescribe a slightly lower level of exercise intensity (30—
40% of HR reserve or an AT level) and lower session fre-
quency (3 sessions/week) to patients with a very low LVEF
(<20%). The exercise program usually began with super-
vised sessions for 2-4 weeks, followed by home exercise
combined with once or twice weekly supervised sessions
for the remaining 8—10 weeks. Home exercise consisted
mainly of brisk walking at a prescribed HR for 30-50min,
3-5 times per week.

Patients were encouraged to attend education classes,
which were held 3 times each week, with lectures given by
physicians, nurses, dieticians, and pharmacists on coronary
artery diseases, secondary prevention, heart failure manage-
ment, diet, smoking cessation, and medication. In addition,
all patients received individual counseling on exercise
prescription, secondary prevention, and daily life activities
by a physician and a nurse at the time of hospital discharge
and at the end of the 3-month cardiac rehabilitation pro-
gram.

Cardiopulmonary Exercise Testing

Patients were scheduled to undergo a symptom-limited
cardiopulmonary exercise test at the beginning and the end
of the 3-month cardiac rehabilitation program. Afler a 2-
min rest on the bicycle ergometer in the upright position,
the patient started pedaling at an intensity of 0W for | min
{warm-up), and then performed an incremental exercise
test with a ramp protocol (10 or 15W/min) unti] exhaus-
tion, Twelve-lead ECG was continuously monitored and
blood pressure was measured every minute with a sphyg-
momanometer. Expired gas was collected and analyzed
continuously with an AE-280S or AE-300S gas analyzer

No Cardiac Event
Group 96 pts

Patient classification by clinical course during the exercise Iraining program for chronic heart failure. pts, patients,

(Minato Co, Osaka, Japan). Peak oxygen uptake (peak
VO2) was defined as the highest VO2 value achieved at
peak exercise. Ventilation (VE) and carbon dioxide output
(VCO2) were measured and the gradient of the VE-VCO:2
relationship (VE/VCO2 slope) was determined,

Echocardiography

All 111 patients underwent echocardiography before the
entry into the ET program, LV internal diameters were ac-
quired from the parasternal short-axis view, approximately
at the mitral chordae level, using direct 2-dimensional mea-
surements or targered M-mode echocardiography provided
that the M-mode cursor can be positioned perpendicular to
the septum and LV posterior wall.

Clinical Course and Patient Categories

Of the 111 patients, 73 patients completed the 3-month
cardiac rehabilitation program and 38 did not (ie, permanent
withdrawal). Of these 38 patients, 24 gave social reasons
(the distance to the institute was too far, return 1o work ete),
7 had non-cardiac medical reasons (lumbago, claudication
ete), 6 experienced cardiac problems, and | left for an
unknown reason (Fig 1). The cardiac reasons provided by
the 6 patients were exacerbation of the heart failure (n=4),
ventricular tachycardia (n=1), and atrial fibrillation (n=1).
Of the 73 patients who completed the program, 9 transient-
ly interrupted the ET for cardiac reasons, including exacer-
bation of heart failure (n=2), implantation of an implanta-
ble cardioverter-defibrillator (ICD) to address ventricular
fibrillation (n=1), discharges of ICD shocks for ventricular
tachycardia (n=1), occurrence of ventricular tachycardia
(n=2), implantation of a pacemaker (n=1), more coronary
artery bypass surgery (n=1), and hypotension (n=1),

The paticnts who transiently interrupted their ET (n=9)
and those who permanently withdrew from the program
(n=6) for cardiac reasons were categorized together as the
CE group (n=15), and the remaining patients were catego-
rized as the no-CE group (n=96). We categorized the 24
patients who permanently withdrew for social reasons into
the no-CE group becanse our previous study® indicated that
there were no differences in baseline clinical data, includ-
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Table 1 Clinical Characteristics and Baseline Data of the 2 Groups Table 2 Predictors of Cardiac Events by Mulivariate Analysis
Cardiae No cardine ORr p value 95%CI
cvent evenr p valoe == S A v TE T
{n=15) {n=96) Pacemaker/ICD 1485 0.678 0.230-9,592
BNP (pgimi) 1.000 0.834 (.998-1.003
Age (years) 52 50k13 NS LVEDD {mwm) 1.085 0.4 1.002-1.175
Male (%) & £ NS Peak VO? (mUmin) 0.998 a.179 0.996- 1,00/
NYHA class (I/8710) (%) 020080 841551 NS VEVCO: siope 1.039 0,439 0.933-1.157
DCM/ISCMQthers (%) 4704001 3 62020 NS
Pacenaker/ICD (%) 27 7 <005 OR, odds ratio; Cl, confidence interval. Other abbreviations as in Table |.
HT (%) 20 15 NS
HL(%) 40 4l N5
IGT/OM (%) 47 3 NS 100 4
Body mass index 09436 227446 NS -
Medication o
Digitalis (%) 50 68 NS o
Diuretics (%) 91 58 NS s
ACEI/ARB (%) 80 9% NS 75 4
feblocker (%) 91 7] NS = o
Ca antagonist (%} 7 13 NS ® £
Nitrare (%) 43 17 NS —
Candiotonic (%) 7 2 NS z
Antiarrhythmic agent (%) 60 6 NS 2 50 -
Baseline data k
BNP {pgiml) 437270 2164266 <0.01 ﬁ
LVEDD (mm) 7549 6618 <000/ @
LVEF (%) 2247 2588 S 25 4
Peak VO2 {ml/min) 899L409 ] 2284438 <05
Puk_l’O:‘i predict (%) 4705133 5968137 <001
VENVCO; siope 378102 298875 <000/
NYHA, New York Heart Assoclation: DCM, dilated cardiomyopathy; I5CM. 0 T -
jschemic candiomyopathy: ICD. implaniable cardioverter-defibrilltor; HT, 0 25 50 75 100
hyg ion; HL, hyperlipidemia; IGT, impaired glucose fol : DM, oy
diabetes mellins: ACEI, anglotensi ing enzyme ihibitors; ARB, 100-Specificity (%)
angiotensin Il receptor blocker; BNP, B-type nateiurciic peptide, LVEDD.
left venrricular end-diastolic diameter; LVEF, lefi ventricular ejection [rc- Fig2. Receiver ing characteristic curve analysis for the left

tion; V02, oxygen uptake; VE, ventilation; VOO, carbon dioxide outpis.
Data are mean 5D, i

BNP data, the peak VO1 data, and the VE/VC0? slope dara were available
foronly 110, 105, and 104 patients, respectively.

ing plasma B-type natriuretic peptide (BNP) level, LV
dimensions, LVEF, and exercise capacity between them
and patients with uneventful completion. Baseline clinical
data were compared between the 2 groups to identify pre-
dictors of transient interruption or permanent withdrawal
for cardiac reasons during the course of the 3-month car-
diac rehabilitation program.

Statistical Analysis

Data are presented as the mean +standard deviation, Sig-
nificant differences were determined by paired or unpaired
t-tests where appropriate. Differences in frequencies were
analyzed with the Fisher exact probability test or the chi-
squared test. Multivariate logistic regression analysis was
performed to determine the significant predictors of tran-
sient interruption in or permanent withdrawal from the ET
program because of CEs. Significant variables detected
using an unpaired t-test, the Fisher exact probability test, or
chi-squared test were included in the multivariate snalysis.
Then, receiver operating characteristic (ROC) curve analy-
sis was performed to determine the best cutoff value that
predicted the CE with the largest sum of sensitivity and
specificity. Statistical calculations were performed using
Statview or SPSS software (Chicago, IL, USA). A p-value
less than 0.05 was considered statistically significant.
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operaly
ventricular end-diastolic diameter (LVEDD) as a predictor of cardiac
events during the exercise program. The LVEDD cutoff value of
265 mm resulted in a sensitivity of 93,3% and specificity of 47.9%.

Results

Ninety patients (10 of the 15 patients in the CE group
and 80 of the 96 patients in the no-CE group) completed
a symptom-limited cardiopulmonary exercise test at the
beginning and end of the program. In these patients, peak
VO: increased significantly from 1,2274452 to 1,372+
$27 ml/min (p<0.001), and the VE/VCOz slope marginally
decreased (29.8+8.0 to 28.8+7.7, p=0.058) after ET.

Table | summarizes the clinical characteristics of the pa-
tients and the baseline data for LV function and exercise
wlerance in both groups. with the no-CE group,
the CE group had a significantly higher prevalence of pace-
makers/ICDs (27 vs 7%, p<0.05), larger LV end-diastolic
diameter (LVEDD) (7529 vs 6628 mm, p<0.01), lower
peak VOz (899+409 vs 1,228:438 ml/min, p<0.05; 47«13
vs 60£14%, p<0.01), greater ventilation drive (VE/VCOz
slope: 37.810.2 vs 29.8+7.5, p<0.01), and higher plasma
BNP concentration (4372270 vs 2164266 pg/ml, p<0.01).

Multivariate logistic regression analysis, which incorpo-
rated pacemaker/ICD implantation, LVEDD, peak VOz,
VE/VCOz slope, and plasma BNP concentration, demon-
strated that a larger LVEDD (odds ratio: 1.085, confidence
interval: 1.002-1.175) was a significant independent predic-
tor of a transient interruption in or permanent withdrawal
from the ET program for cardiac reasons (Table2).

The ROC curve analysis indicated that a cutoff level of
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LVEDD =65mm best predicted CE, with a sensitivity of
93.3% and specificity of 47.9% (Fig2). In addition, this
criterion of LVEDD 265mm had a positive predictive
value of 21.9% and negative predictive value of 97.9% in
the present patient population.

No serious CE, such as death or cardiopulmonary arrest,
occurred during the ET sessions.

Discussion

Major Findings

The major finding of the present study was that the pre-
dictors of the occurrence of CE causing either a transient
interruption or permanent withdrawal during the course of
the 3-month ET program for chronic heart failure were:
pacemaker/ICD implantation, larger LVEDD, lower exer-
cise tolerance, greater ventilation drive, and higher plasma
BNP concentration at baseline. In addition, multivariate
analysis indicated that a large LVEDD was an independent
predictor of CE during the ET program.

Previous Studies

Vanhees et al reported that 4 of 106 patients with an ICD
decided (o terminate rehabilitarion after receiving shocks
for ventricular tachycardia!® In the present patients, all of
whom had a poorly functioning LV, 3 of 7 patients with an
ICD experienced shocks for ventricular tachycardia or
refractory ventricular tachycardia. Therefore, chronic heart
failure patients with implanted pacemakers/ICDs seem to
be more likely to develop CE while participating in an ET
program. However, ET with an appropriate prescription and
careful supervision, rather than restriction of exercise, may
he the recommended course of treatment for these patients,
because cardiac rehabilitation with ET has been reported to
improve exercise capacity and quality of life in patients
with [CDs!®

Webb-Peploe et al demonstrated that complications from
ET were more common in patients with ischemic cardio-
myopathy, larger LV diameters, reduced fractional shorten-
ing, earlier peak mitral flow, lower exercise tolerance, and
greater ventilation drive at baseline? Although the present
results, which show that a larger LV diameter, lower exer-
cise tolerance, and greater ventilation drive were predictors
of CE, agree with the results reported by Webb-Peploe et
al, an ischemic origin and reduced L.V contractile function
were not identified by us as significant predictors of CE.
This discrepancy may be explained by differences in the
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Fig3d. (A) Comparison of plasma B-type
natriuretic peptide (BNP) levels among 96
patients with no cardiac events (No-CE), 7
patients with heart failure (HF) exacerbation/
hypotension, and 7 patients with arthythmic
1 events. (B) Comparison of left ventricular
i | {LV) end-diastolic diameter among the same
sl 3 groups as in | A. *p<fl.05, ** .01
HF Arrhythmia CD?ﬂpasd with Kf:-cCE group. Pl

type of exercise program (home-based exercise in their
study vs supervised exercise in the present study), the exer-
cise intensity (70-80% of maximum HR vs 30-50% of HR
reserve in the present study), and more importantly, the
proportion of patients taking f-blockers (4% vs 92% in the
present study). Thus, the present results may be more rele-
vant for ET in patients with chronic heart failure in the
current era of widely used B-blockers,

Present Study

Using multivariate analysis, we demonstrated that a
larger LVEDD predicts that the patient is at high risk for
transiently interrupting or permanently withdrawing from
an ET for cardiac reasons, In addition, ROC curve analysis
identified the best LVEDD cutoff level to be 265mm. Al-
though the specificity (47.9%) of the criterion of an LVEDD
=65 mm was low, the seasitivity (93.3%) and negative pre-
dictive value (97.9%) were very high. This indicates that if
a patient with heart failure has an LVEDD <65 mm, the risk
is low that they will discontinue the ET program transiently
or permanently for cardiac reasons. This criterion should
help stratify heart failure patients before they start the ET
program.

Why Does LVEDD Represent the Best Predictor?

In the present study, exacerbation of heart failure or hy-
potension (n=7) and arrhythmic events (n=7) were the
main causative factors among the 15 patients who transient-
ly interrupted or permanently withdrew becanse of CE. We
consider that the reason why LVEDD represents the best
predictor among the univariate predictors to be as follows.
Compared with the 96 patients in the no-CE group, the 7
patients with heart failure exacerbation/hypotension had sig-
nificantly higher plasma BNP levels at baseline (339199
vs 216+266pg/ml, p<0.05 by Scheffe’s method), whereas
no significant difference was noted between the 7 patients
with arthythmic events and the no-CE group (360+325 vs
216£266pg/ml, NS) (Fig3). On the other hand, LVEDD at
baseline in the 7 patients with heart failure exacerbation/
hypotension (7411 mm, p<0.05) and the 7 patients with
arthythmic events (75£9 mm, p<0.01) was significantly
greater than that in the no-CE group (66:8mm). These find-
ings suggest that the baseline plasma BNP concentration
can predict exacerbation of heart failure, but not arthythmic
events, leaving the LVEDD as an independent index capa-
ble of predicting both events. Although this finding appears
o disagree with the study of Berger R ct al'” who demon-
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strated that BNP was a predictor of sudden death in patients
with chronic heart failure, the differences in patient popula-
tion, therapeutic interventions, and the clinical endpoints
between the 2 studies may explain the disagreement.

Srudy Limitations

This retrospective study took place in a single center and
the total numbers of patients and events were not large. The
study, however, reflects the common practices for cardiac
patients more accurately than a controlled rundomized
study.

One potential confounder in the present study might be
the combined categorization of uneventful completion
patients and social dropout patients into the same “no-CE
group”. However, an additional analysis of comparison be-
tween the uneventful completion group (n=64) and the CE
group (n=15) yielded similar results to the original analysis;
the CE group had a higher prevalence of pacemakers/ICD
implantations (27 vs 5%, p<0.05), larger LVEDD (7529 vs
678 mm, p<0.01), lower peak YO2 (899£409 vs 1,247+
448 ml/min, p<0.05; 4713 vs 60£14%, p<0.01), greater
ventilation drive (VE/VCO2 slope: 37.8210.2 vs 20.2+7.7,
p<0.01), and higher plasma BNP concentrations (437+270
vs 2412314 pg/ml, p<0.05) than the uneventful completion
group. Therefore, the inclusion of the social dropout pa-
tients into no-CE group would not compromise the present
results.

Because we did not have a control heart failure group that
did not undergo ET, we could not determine whether or not
the CE were precipitated by the ET. This, however, is not a
major concemn because the main scope of the present study
was to determine from the baseline data predictors of CE
during the ET. regardless of the cause of the CE. With
regard to whether or not ET precipitates CE, previous meta-
analyses of prospective randomized studies have demon-
strated that ET reduces the number of major CE in patients
with heart failure!$

Conclusion

Patients who experience CE during ET programs charac-
teristically have an implanted pacemaker/ICD, larger LV
diameter, lower exercise olerance, greater ventilation drive,
and higher plasma BNP concentration. In particular, be-
cause LVEDD is an independent predictor of CEs, patients
with a large LVEDD (265mm) should be monitored care-
fully during the course of an ET program.
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