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Background. This study described a method for tracking and compensating respiratory
motion in cadmium-zinc-telluride (CZT) cameras. We evaluated motion effects on myocardial
perfusion imaging and assessed the usefulness of motion compensation in phantom and clinical
studies.

Methods. SPECT studies were obtained from an oscillating heart phantom and 552 patients
using CZT cameras with list-mode acquisition. Images were reformatted in 500-ms frames, and
the activity centroid was calculated as respiratory signal. The myocardial perfusion, left ven-
tricular (LV) wall thickness, and LV volume were assessed before and after the motion
compensation technique.

Results. In phantom studies, we documented only minimal bias between simulated and
measured shifts. Significantly reduced tracer activity, increased wall thickness and decreased
volume in scans with 15 mm or more axial shifts were noted. In clinical studies, there was a
higher prevalence of significant motion after treadmill exercise. The motion compensation
technique could successfully compensate those motion artifacts.

Conclusion. The described method allows for tracking and compensating respiratory
motion in CZT cameras. Significant respiratory motion is still not uncommon using CZT
cameras, especially in patients who underwent treadmill tests. Motion blurring can be com-
pensated using image processing techniques and image quality could be significantly improved.
(J Nucl Cardiol 2015;22:308–18.)
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INTRODUCTION

The myocardium is constantly moving during single

photon emission computerized tomography (SPECT)

myocardial perfusion imaging (MPI). This movement is

mainly due to patient motion, respiration, myocardial

contraction, and upward creeping. These motions may

blur projection images, reduce image resolution, and

cause image artifacts.1-5

Previous investigations have reported that cardiac

movements during respiration are dominated by cranial-

caudal motion, and its excursion distance ranges from 4

to 18 mm using cardiac magnetic resonance imaging6

and cardiac positron emission tomography (PET).7 Sev-

eral motion-tracking techniques, including external

tracking systems and data-driven analytical methods,

have attempted to measure respiratory motion. External

tracking systems rely on additional equipment to generate

respiratory signals, such as electrodes,5 video tracking

systems,8 and elastic straps,9 which may not correlate

well with internal organ motion. Analytical methods,

such as tracking activity center-of-mass (COM),10-13

calculating cross-correlation functions,14 and a posteriori

gating for PET based on time-activity curve,15,16 require

only emission data from scanners. However, their utility

is limited for conventional SPECT due to discrepant

projections and insufficient count rates.10

The recently introduced cardiac SPECT camera

utilizes solid-state cadmium-zinc-telluride (CZT) detec-

tors.17 The miniature detector and multi-pinhole collimator

design enables simultaneous acquisition of angular data in

19 projections without detector rotation, which resembles

PET. This may reduce the inconsistency between different

angular projections owing to patient motion. The efficient

collimation system provided a fivefold-increased myocar-

dial count rate and allowed a shortened scan time,18,19

which might theoretically reduce patient movements.

Nevertheless, the respiratory motion remained despite

shortened imaging time. In addition, improved image

spatial resolution of the system may augment a motion-

dependent partial-volume effect.20

In this study, we designed an algorithm to track

respiratory motion and to compensate the three-dimen-

tional (3D) motion in CZT cameras without auxiliary

equipment. We validated this proposed technique on a

physically oscillating cardiac phantom, and further

applied to patient studies.

MATERIALS AND METHODS

Study Design and Subjects

This study included three parts. First, we designed a data-

driven algorithm for respiratory motion tracking and motion

compensation. Second, we validated this method by using a

physically oscillating cardiac phantom, mimicking the respi-

ratory motion, to evaluate the motion artifacts and the

performance of motion compensation technique. Finally, we

applied this tracking and compensation methods in human

images, evaluated the prevalence of respiratory motion of

clinical significance, and assessed the performance of motion

compensation technique.

The CZT Camera and Image Processing

All SPECT images were acquired using a CZT gamma

camera (Discovery NM530c, GE Medical System Israel, Tirat

Hacarmel, Israel)17 which was equipped with 19 pinhole

collimators and 19 CZT detectors that covered the heart from

right anterior oblique to left posterior oblique views. Each

detector contained 32 9 32 pixilated (2.46 9 2.46 mm) CZT

elements. A built-in electrocardiography monitor was used for

collecting cardiac gating signals.

Two energy windows were set asymmetrically (-14% to

?23%) at 70 keV and symmetrically (-9% to ?9%) at

167 keV for 201Tl according to the factory settings. Data were

stored in both list mode and frame mode. Images were

transferred in DICOM format and processed by a built-in

application (Myovation for Alcyone, GE Healthcare) on the

XelerisTM workstation. SPECT data was resampled along the

short, vertical long, and horizontal long axes for display.

The Respiratory Motion Tracking Algorithm
and Quality Control

We developed an in-house program to extract the list-

mode data from the dataset. Events within the energy window

described previously were divided in 500-ms frames. We back-

projected each event to 19 object planes, which were,

respectively, parallel to the corresponding image planes, the

surface of 19 CZT detectors, and intersected at the common

focal point of multi-pinhole system.

After back-projection, our in-house program automati-

cally selected a spherical volume of interest (VOI) enclosing

the heart (Figure 1A) with an option of manual adjustment in

some cases with prominent extracardiac activities. We calcu-

lated the axial COM for each frame by averaging the axial

positions of back-projected events in the VOI. The calculation

resulted in an axial motion curve of heart. Because the

sampling frequency is far below the sampling frequency for

cardiac contraction, no low-pass filter was applied. In addition,

we determined the respiratory rate by recognizing the fre-

quency component with maximum amplitude after fast Fourier

transform.

To assess the motion tracking quality of clinical scans, we

calculated the signal-to-noise ratio (SNR) of detected motion

curve. We divided mean square amplitude of normalized axial

motion curve within the VOI (signal) by mean square

amplitude of the curve outside the VOI (noise). We proposed

the SNR of more than 2 as good tracking quality in the current

study, and only scans with SNR [ 2 were included for imaging

analysis.
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Measurement of 3D Displacements in
Respiratory-Gated Images

We sorted those 500-ms frames according to calculated

axial COM; the sorted frames were divided into eight equal-

sized respiratory gates (gate 1 to gate 8, representing end-

inspiration to end-expiration) with each gate containing 12.5%

of total frames; and respiratory-gated SPECT images were

reconstructed (Figure 1B). The SPECT images within the

cardiac VOI mentioned previously were iteratively shifted in

three axes against the end-inspiration image (gate 1). The

correlation coefficients reached their maximum value when the

displacement between these two images was completely

compensated.12 The maximum displacement in three axes

was recognized as measured motion. The calculation was done

by our in-house software fully automatically with tri-cubic

interpolation and coarse-to-fine approach.21 The finest adjust-

ment during calculation was about 0.1 mm.

Motion Compensation and Image
Reconstruction

In order to compensate for the motion on this multi-

pinhole system, we designed a reconstruction program which

incorporated the motion compensation process into the MA-

PEM algorithm. A similar reconstruction process has been

described in conventional SPECT camera with parallel-hole

collimator.22 For each gated set (k = 1-8), we modeled a new

system matrix (ak) which shifted the reconstruction coordinates

according to the 3D displacement measured in previous step

xnext
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where xnext and xcurrent denote both the next and current

estimations of SPECT images, pk denotes the projection

image of gate k, b denotes the adjustable factor for the

prior, and oU
oxj

denotes the partial derivative of median

root prior energy function. We used Green’s one-step-

late algorithm23 with the median root prior24 to account

for noise regulation. The SPECT image was then

reconstructed with 70 iterations. In comparison, we

reconstructed the non-compensated SPECT images with

the same algorithm and the same parameters, except

those system matrices were not modified for motion.

The Phantom Study

In order to validate this motion tracking and respective

motion compensation algorithm, we designed a moving heart

phantom by placing a Cardiac InsertTM phantom (Data Spec-

trum Corporation, Hillsborough, NC, USA) on an in-house

moving plate which was controlled by a microcontroller with a

programmed motion frequency and distance in sinusoidal

oscillation along the cranial-caudal axis, mimicking respiratory

motion (Figure 2A).9 A dose of 7.4 MBq 201Tl was loaded into

the Cardiac Insert and the inner chamber was filled with water.

A motionless phantom acquisition was obtained for

reference and followed by acquisition of 2.5-25 mm axial

Figure 1. An example of automatic VOI selection. The VOI enclosing the heart was transformed
on 19 projection images (A) and was displayed on eight respiratory-gated SPECT images (B) in
vertical long-axis view (upper panel) and short-axis view (lower panel).
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shifts (2.5-mm interval) with a frequency of 12 times per

minute. The acquisition time was 120 seconds for each scan.

The algorithm was applied to detect and to compensate the

artificial motion. Phantom studies were repeated three times.

Clinical Study Population and Study
Protocol

Patients underwent stress and rest 201Tl MPI in the

Department of Nuclear Medicine, National Taiwan University

Hospital between November 1st, 2011 and November 30th,

2011 were retrospectively recruited for image analysis. Their

age, gender, height, weight, body mass index (BMI), and risk

factors were obtained from the medical records. The study was

approved by the institutional review board of National Taiwan

University Hospital.

All patients received standardized stress protocols in our

institution.25 In brief, 1 day stress/rest protocols were per-

formed using either standardized symptom-limited Bruce

treadmill or vasodilator dipyridamole (0.14 mg�kg-1�minute-1

over 4 minutes) protocols. A dose of 111 MBq 201Tl was given

at either peak stress of the treadmill test or three minutes after

completion of dipyridamole infusion. Those patients with

severe hypoperfusion in post-stress images received additional

37 MBq of 201Tl. Imaging acquisition started at 5 minutes and

4 h later in the supine position with the hands raised above

head. Acquisitions were preceded by automatic heart position-

ing in the optimal area, or ‘‘quality field of view,’’ using real-

time preview displays. All acquisitions were electrocardio-

graphically gated. The imaging time was 180 seconds post-

stress and 240 seconds in redistribution scans; these may be

prolonged if there is an arrhythmia.

Image Analysis

Images were analyzed with a commercially available

software package (QPS/QGS; Cedars-Sinai Medical Center,

Los Angeles, CA, USA). Automatic processing was performed

in all cases, with the option of manual correction in cases of

inadequate anatomic delineation. In order to evaluate the

motion compensation effects, we assessed (1) the normalized

perfusion of mid-anterior wall (i.e., segment 7) on bull’s eye

maps and (2) the left ventricular (LV) chamber volume from

the non-gated images in the pre- and post-compensation scans

Figure 2. Cardiac InsertTM phantom was placed on top of in-house moving plate, which oscillated
along cranial-caudal direction, mimicking respiratory motion (A). Simulated and measured axial
displacements showed excellent correlation (B) with minimal bias (C). There is no significant
correlation between bias and simulated displacement (P = .141).
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by using QPS analysis. We additionally measured (3) the mid-

anterior wall thickness in our in-house software by calculating

the mean of the full width at the half maximum Gaussian

profile taken on three consecutive mid-ventricular short-axis

slices. (4) In human image studies, automated quantification of

SPECT MPI using a 5-point system based on the severity of

tracer uptake in a 20-segment model was obtained by QPS

software. We defined the scans with ‘‘significant respiratory

motion’’ as following: normalized perfusion difference of 10%

or more in the mid-anterior wall comparing to the corrected

images. Only clinical scans with good tracking quality were

analyzed, and motion compensation technique would be

applied in the clinical scans with ‘‘significant respiratory

motion.’’

Statistical Analysis

All measured values were represented as mean ± SD.

Comparisons between continuous and categorical variables

were made using a Student’s t test and v2 analysis, respec-

tively. Correlation between continuous variables was assessed

by Pearson tests valued as r = 0, poor; 0.01-0.20, slight; 0.21-

0.40, fair; 0.41-0.60, moderate; 0.61-0.80, good; and 0.81-1.00,

excellent. Associations between quantitative imaging analysis

and clinical parameters were first analyzed by simple regres-

sion analysis and subsequently by stepwise multivariable

analysis. All analyses were performed using STATA version

10.0 (StataCorp LP, College Station, TX, USA) statistical

software. Each statistical test was two-sided, and a P value of

\.05 was considered statistically significant.

RESULTS

Phantom Study: Validation of the Tracking
Algorithm

In motionless acquisition, the measured motion was

0.05 ± 0.05, 0.11 ± 0.14, and 0.15 ± 0.04 mm, respec-

tively for left-right, ventral-dorsal, and cranial-caudal

axes. In motion phantom scans (Figure 2B, C), there was

an excellent correlation between the simulated and

measured axial shifts (r [ 0.999, P \ .001). Our algo-

rithm overestimated the shift by 6% ± 5% in 2.5 mm

simulated axial motion while underestimated by

3% ± 2% with 5 mm or more simulated axial motion.

There was no significant correlation between the ampli-

tude of simulated motion and resulted differences

(r = 0.28, P = .14).

Phantom Study: Evaluation of the Effects of
Axial Motion and Compensation Technique

The effects of both axial motion and motion

compensation on perfusion imaging with different

shifting distances are shown in Figure 3A. Perfusion

heterogeneity significantly increased in scans with

15 mm or more axial motion. The images were more

uniform after motion compensation technique.

In the quantitative analysis, the normalized perfu-

sion activity of mid-anterior segment significantly

decreased in scans with 10 mm or more axial motion

(80.7% ± 2.5% vs 86.7% ± 2.1%, P = .035). The mid-

anterior wall of LV significantly increased in scans

with 5 mm or more axial motion (14.5 ± .2 vs 14.1 ±

0.2 mm, P = .044). The LV chamber volume signifi-

cantly decreased in scans with 12.5 mm or more axial

motion (66 ± 1 vs 70 ± 1 mL, P = .015). All parame-

ters could be successfully reversed after our motion

compensation technique (Figure 3B).

Patient Study: Evaluation of the Prevalence
of Significant Respiratory Motion

A total of consecutive 564 patients were retrospec-

tively reviewed and 12 studies were excluded due to

missing datasets. Finally, 552 patients were recruited for

analyses (159 treadmill and 393 dipyridamole tests,

respectively). In general, there were more subjects of

male, less diabetes, and younger age with similar BMI

who underwent treadmill stress MPI. The clinical

characteristics are summarized in Table 1.

The post-stress scans had a significantly higher

count rate. Among 1,104 scans, there were 726 scans

(66%) well tracked by our algorithm with SNR [ 2. The

proportion of good tracking quality is significantly

higher in post-treadmill stress scans and significant

lower in post-dipyridamole stress scans. The measured

displacement along the cranial-caudal axis was more

pronounced than either the ventral-dorsal or right-left

axes (all P \ .05). The cranial-caudal displacement was

significantly higher in treadmill group (12.0 ± 4.3 vs

10.4 ± 4.0 mm, P \ .001). There was no significant

difference between post-stress and rest scans. The results

of the clinical scans are summarized in Table 2.

There were 34% of studies with SNR \ 2 which

were excluded from final analysis because of relatively

noisy projections. They may not be robust enough in

low-count studies; however, the average axial displace-

ment was 6.6 ± 2.5 mm (0.6 to 16.3 mm) and only one

scan had axial motion more than 15 mm.

According to the phantom experiment, an axial

displacement of C15 mm could cause visually and

quantitatively significant image deterioration. Therefore,

15 mm axial displacement was used as the threshold to

select scans with significant motion. The prevalence was

significantly higher in treadmill studies than dipyridam-

ole for post-stress scans (14% vs 6%, P = .002) but

similar frequencies in the resting scans (11% vs 7%,

P = .064). The univariate regression analyses showed

magnitude of motion was positively associated with the
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Figure 3. Effect of axial motion and motion compensation on phantom studies (A) and analyses of
the effects of axial motion and motion compensation with regards to the normalized perfusion on
mid-anterior segment (B), mid-anterior wall thickness (C), and non-gated LV chamber volume (D)
in the phantom studies.

Table 1. Clinical characteristics of study population (n = 552)

Parameters Treadmill (n 5 159) Dipyridamole (n 5 393) P value

Male gender (%, n) 73% (116) 55% (215) \.001

Age (years) 60.1 ± 10.6 68.5 ± 11.0 \.001

Weight (kg) 69.1 ± 11.4 65.8 ± 12.1 .002

Height (cm) 165.2 ± 8.5 160.6 ± 8.1 \.001

Body mass index (kg�m-2) 25.2 ± 3.1 25.4 ± 4.0 .497

Hypertension (%, n) 66% (105) 68% (269) .588

Diabetes (%, n) 25% (40) 38% (151) .002

Dyslipidemia (%, n) 51% (81) 47% (185) .412

Cigarette (%, n) 27% (43) 22% (92) .380
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younger age, male gender, body weight, height, and

treadmill stress type. Only treadmill mode, height and

weight remained significant after the multivariate ana-

lysis (Table 3).

Patient Study: Effects of Motion
Compensation

Among 1,104 scans, there were 93 (8.4%) scans

with significant respiratory motion recognized for

motion compensation. One scan was excluded due to

insufficient tracking quality (SNR = 1.8). A final total

of 92 SPECT image pairs were generated. An example

of successful motion compensation was demonstrated in

Figure 4. The differences of normalized perfusion

before and after applying the motion compensation

technique were demonstrated in the bull’s eye map

(Figure 4A). There was significantly improved perfusion

in both anterior and inferior segments while decreased

perfusion in anteroseptal and inferolateral segments

were disclosed after motion compensation.

Quantitative analyses are shown in both Table 4 and

Figure 5B-D. After motion compensation, the mid-ante-

rior LV wall thickness (23.5 ± 2.6 vs 27.3 ± 4.7 mm)

and summed scores (5.21 ± 5.79 vs 6.46 ± 5.80) signif-

icantly decreased; normalized perfusion activities of the

mid-anterior segment (82.5% ± 8.7% vs 77.8% ± 8.7%)

and the LV chamber volume (47.1 ± 19.9 vs 44.6 ±

19.4 mL) were significantly increased (all P \ .001). All

changes of these parameters were moderately correlated

with the axial displacement (r = -0.59, -0.46, 0.41,

and 0.52, respectively; all P \ .001).

There were 12 patients with patent coronary arteries

proven by the invasive coronary angiography. The

original and motion-compensated images were quanti-

tatively analyzed by QPS software and compared. Six of

them (50%) had abnormal post-stress scans with total

Table 2. The motion effects in cardiac SPECT using CZT cameras (n = 552)

Parameters

Treadmill (n 5 159) Dipyridamole (n 5 393)

Stress Rest Stress Rest

Count rate (cps) 4,034 ± 978a,b 2,784 ± 603b 6,031 ± 1,409a 3,891 ± 901

Heart rate (minute-1) 79 ± 10a,b 71 ± 10 76 ± 13a 72 ± 13

Respiratory rate (minute-1) 17.7 ± 5.8b 16.5 ± 6.6 16.5 ± 6.2 17.3 ± 6.1

Signal to nose ratio 3.3 ± 1.9a,b 2.6 ± 1.2b 2.7 ± 1.7 2.8 ± 1.5

Good tracking quality (%, n) 82% (130)a,b 62% (98) 59% (232)a 68% (266)

Displacements

Right-left (mm) 2.9 ± 1.8b 2.5 ± 1.6 2.6 ± 1.4 2.4 ± 1.3

Ventral-dorsal (mm) 2.6 ± 1.8b 2.9 ± 1.7b 2.3 ± 1.3a 2.5 ± 1.3

Cranial-caudal (mm) 12.3 ± 4.4b 11.6 ± 4.1b 10.5 ± 4.1 10.3 ± 3.8

Significant motion (%, n) 14% (23)b 11% (18) 6% (25) 7% (26)

aP\ .05 between stress and rest scan.
bP\ .05 between treadmill and dipyridamole group.

Table 3. Univariate and multivariate regression with magnitude of motion

Univariate regression Multivariate regression

r P value b P value

Age (years) -0.148 .0001

Male gender 0.222 \.0001

Weight (kg) 0.274 \.0001 0.063 .0001

Height (cm) 0.274 \.0001 0.068 .0028

Stress typea 0.181 \.0001 1.029 .0018

Scan typeb 0.063 .0896

Imaging duration (seconds) 0.072 .0524

aTreadmill (=1) or dipyridamole (=0).
bStress (=1) or rest (=0).
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perfusion deficit C5%. The post-stress scan was com-

pletely normalized after the motion compensation

technique in three cases, and their measured axial shifts

were 14.51, 26.66, and 24.17 mm, respectively. The

other nine scans remained unchanged after the motion

compensation technique, and none had significant axial

motion (9.1 ± 4.2 mm, range 1.3-13.9 mm). Although

small case number, our data support that the motion

compensation technique should be considered in scans

with 15 mm or more axial motion.

DISCUSSION

Our study described a data-driven COM-based

method to track and compensate respiratory motion in

CZT cameras without auxiliary external device. We

Figure 4. An example of motion compensation in a patient study. Our tracking program detected
significant motion along cranial-caudal axis (A). The gray dots represent measured center of mass
along cranial-caudal axis. The black curve represents post-filtered motion curve. Reconstructed
SPECT images and polar map are displayed without motion compensation (B), and the same image
reconstructed with motion compensation (C).

Table 4. SPECT image quantitative analysis with and without motion compensation

Pre-compensated Post-compensated P value

Mid-anterior wall perfusion (%) 77.8 ± 8.7 82.5 ± 8.7 \.001

Mid-anterior wall thickness (mm) 27.3 ± 4.7 23.5 ± 2.6 \.001

Non-gated LV volume (mL) 44.6 ± 19.4 47.1 ± 19.9 \.001

Summed score 6.46 ± 5.80 5.21 ± 5.79 \.001
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validated the algorithm in both phantom and clinical

studies. The axial motion due to respiration was not

uncommon in clinical scans, especially after treadmill

test. Significant respiratory motion may blur the perfu-

sion image, and compensating for the motion resulted in

significantly improved image quality in certain cases.

Until now, the utility of analytical motion tracking

with conventional SPECT is still limited of use. The

majority of published studies using center of mass-based

analytical methods in SPECT were either based on

phantom simulations,10,11,26,27 or with aid from addi-

tional equipment for gating.28 The projections are

acquired sequentially by using conventional SPECT,

thus respiratory-gated SPECT acquisition may result in

inconsistency between projections and low-count rates

may be a main barrier for utility of analytical methods

for tracking patient motions by SPECT acquisition. The

ultrafast cardiac CZT camera may overcome these

problems by fivefold-increased count rate and simulta-

neous acquisition of 19 projection images.17-19 Our

algorithm was quite stable for the motionless phantom in

three axes and the tiny disparity (\1 mm) could be due

to the Poisson nature of emission data. Our phantom

experiment also showed an excellent correlation

between artificial and measured axial displacements

with negligible deviation (\1 mm) which could be

partly attributed to physical resolution of the moving

plate.

Insufficient respiratory gating number may contrib-

ute to the underestimation of motion distance. Instead of

using a threshold,10 our algorithm adopted a different

approach to deal with extracardiac soft tissue activities.

We simply selected a VOI to enclose heart activity,

thereby eliminating the disturbance from surrounding

activity. With this selection, we can further differentiate

motion signal from background soft tissue noise and

establish a quality control mechanism for patient scans.

In the quantitative analysis of the phantom study, a

considerable reduction of normalized perfusion activity

in the mid-anterior segment in the scans with 10 mm or

more simulated axial motion was noted. Kovalski et al20

had reported similar observation in a phantom study

using a conventional gamma camera. Our study dem-

onstrated that significant motion reduced perfusion

activity and LV chamber volume, and increased wall

thickness. Our proposed technique may compensate

the motion-dependent partial-volume effect, resulting

improved imaging quality.

Different ranges of respiratory motion distance have

been reported. Kovalski et al20,28 reported 7.0 ± 2.6 mm

(2.7-17.3 mm) of respiratory motion in 99mTc sestamibi

SPECT. Meanwhile, Buther et al12 reported their scans

had 9.4 ± 4.5 mm of mean displacement of LV wall in
18F-FDG PET. Livieratos et al7 reported 8.5 ± 4.8 mm

(4.5-16.5 mm) of centroid excursion in the in vivo C15O

PET scans. In our clinical studies, the mean axial shift

was 10.9 ± 4.1 mm (3.2-29.8 mm), higher value could

be due to lower myocardial count rate of 201Tl.

In our clinical study, the body weight and height of

subjects positively correlated with larger respiratory

Figure 5. Averaged change of perfusion on 20-segment
model of polar map after applying motion compensation
technique on patient studies with significant axial motion (A).
Perfusions of all segments were significantly changed, except
for mid to basal inferoseptal and apical segments (the white
blocks). And effects of motion compensation on normalized
perfusion (B), mid-anterior wall thickness (C), and non-gated
LV chamber volume (D) in patient studies.
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amplitude in cranial-caudal direction, as previously

reported by ultrasonography.29,30 Although longer

acquisition time is anticipated to increase the patients’

motion; multivariate analysis showed no association

between acquisition time and motion. A possible expla-

nation was that the mean scan time was only

4.4 ± .8 minutes (ranged from 3.0 to 10.0 minutes) by

using CZT cameras.

Our clinical study showed the treadmill stress mode

was the most important contributor of significant respi-

ratory motion; a possible explanation was deep

breathing after vigorous exertion. Studies with 201Tl

are expected higher prevalence than 99mTc tracers partly

due to immediate acquisition after stress. By reviewing

the 3D motion curve, we found that most non-periodic

shifts originated from the initial deep breathing or

‘‘upward creep of the heart’’ (usually along the cranial-

caudal axis).3 However, those abrupt shifts contributed

only a small portion to the displacement; and they could

be removed from list-mode data or reduced by quiet bed

rest on the imaging table before acquisition.31 On the

contrary, respiratory motion is cyclic and has greater

effect on downgrading the quality of SPECT. Buechel

et al32,33 established a protocol for real-time breath-hold

triggering of the MPI on the CZT SPECT camera,

resulting significant differences of the left ventricular

volume, stroke volume, and wall motion measurements

between respiration triggering and normal breath stud-

ies. However, repeated breath-holding requires patients’

cooperation and is time-consuming. The depth of breath-

holding may be inconsistent between triggers which

could even cause motion artifacts. Therefore, our

method provides a simple and reliable solution to track

respiratory motion and to correct motion artifacts.

LIMITATIONS

The first is the lack of comparison with an external

motion tracking system in the current study. Second, we

validated our motion tracking system with a moving heart

phantom and applied to the clinical scans, but only in

cranial-caudal axis. The gap between the clinical scenario

exits because phantom studies could not represent the

relative motion of heart and surrounding tissues. There is a

commercial package for motion correction recently

developed by the vendor of this camera; however, limited

information and clinical validation of the software is

published, and the software package is not available in our

institute. Our proposed method could only detect and

compensate rigid-body transformation. Finally, 201Tl

rather 99mTc tracer was used in this study, while it reflects

the clinical practice in Taiwan.

NEW KNOWLEDGE GAINED

Respiratory motion-related image blurring could be

observed in MPI with CZT cameras despite shortened

scan time and increased count rate. The movement is

more prominent immediately after treadmill exercise.

The motion artifacts could be compensated by using

image processing technique, and image quality could be

significantly improved.

CONCLUSION

The technique reported in this study successfully

track and compensate respiratory motion for CZT

cameras in phantom and clinical studies. Axial move-

ment generated by cyclic respiratory motion during MPI

affects the imaging quality of perfusion images and LV

functional parameters. Compensating technique should

be applied for the scans with evident respiratory motion

of clinical significance in certain cases. Further studies

are warranted to confirm whether this technique could

improve diagnostic accuracy and confidence in the

clinical setting.
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