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Abstract. The aim of this study was to assess the prognostic value of normal ultra-low-dose
exercise MPI with a CZT camera.

Methods. 1901 consecutive patients without known CAD referred for exercise MPI with
1.8 MBq/kg (0.05 mCi) of Tc99m sestamibi or tetrofosmin and a CZT camera were included
prospectively. Patients with an abnormal scan requiring an additional resting image (230) or a
submaximal exercise test (271) were excluded. The 1400 remaining patients were followed for
39 months. The primary end-point was cardiac events (cardiac death, nonfatal myocardial
infarction, and revascularization). The secondary end-point was noncardiac death.

Results. The mean injected activity was 145 ± 37 MBq (3.9 ± 1 mCi), the mean acquisition
duration was 10 ± 0.7 minutes, and the mean effective dose was 0.91 ± 0.13 mSv. 1288 patients
(92%) achieved full follow-up. We observed 22 cardiac events and 16 noncardiac deaths. The
annualized rateswere equivalent to 0.55% for cardiac events and 0.37% for noncardiacmortality.

Conclusions. Normal ultra-low-dose exercise MPI with a CZT camera has a high negative
predictive value. The effective dose was less than 1 mSv, and the study thus allays concerns about
radiation burden. (J Nucl Cardiol 2018;25:120–30.)
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Abbreviations

CABG Coronary artery bypass grafting

CAD Coronary artery disease

CZT Cadmium-Zinc-Telluride

MPHR Maximal predicted heart rate

MPI Myocardial perfusion imaging

PTCA Percutaneous transluminal coronary

angioplasty

SPECT Single-photon emission computed

tomography

INTRODUCTION

Radionuclide myocardial perfusion imaging (MPI)

is a key tool for the diagnosis and assessment of

coronary artery disease (CAD).1,2 However, there are

concerns about its relatively high radiation exposure.3,4
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In response, professional societies have recommended

decreasing the radiation dose for MPI.5,6 Cadmium-

Zinc-Telluride (CZT) cameras were introduced in 2008,

allowing for high speed imaging.7–9 The high sensitivity

of CZT cameras can alternatively be used to decrease

the injected radionuclide activity.10 These new protocols

have been validated by comparing with conventional

SPECT or with invasive coronary angiography in the

case of pathological results.11,12 However, in patients

with a low or intermediate pretest likelihood of CAD, no

data about the validity of normal ultra-low-dose MPI are

yet available. Additionally, the use of stress-only imag-

ing for normal scans in patients without previous known

coronary disease is now recommended, which also

contributes to decreasing radiation exposure.13,14 With

conventional SPECT, the prognostic value of a normal

myocardial perfusion radionuclide scan is well-estab-

lished.15–18 Verification of the prognostic value of

normal ultra-low-dose stress-only MPI is a necessary

and an additional tool to assess the validity of the ultra-

low-dose protocol with a CZT camera. The aim of this

study was therefore to follow patients without known

coronary artery disease, included prospectively in 2011,

after normal exercise ultra-low-dose MPI. The main

goal was to validate the high negative predictive value

of a normal exercise-only scan. A secondary goal was to

identify potential subgroups with a higher risk of cardiac

events.

METHODS

Study Population

Between January 2011 and December 2011, 4841 con-

secutive patients were referred to our institution for an exercise

myocardial perfusion scan. 1901 of them had no known

coronary artery disease and were considered for this study. We

excluded from the main analysis the 230 patients who had an

abnormal stress myocardial perfusion scan and the 271 patients

who did not achieve 85% of the maximal predicted heart rate

(MPHR: 220 minus age). The main analysis thus focused on

the 1400 remaining patients with normal exercise myocardial

perfusion scans (Figure 1). The 501 excluded patients (230

with abnormal scans and 271 with submaximal tests) were also

followed up and analyzed separately. The study was approved

by the local board, and informed consent was obtained from all

patients.

Exercise Test

Patients performed a maximal exercise test, i.e., heart

rate C85% of MPHR, using standard protocols on a treadmill

(Bruce, Bruce modified or Kattus protocols) or an ergometer

bicycle (initial power output of 30 Watts, followed by

increases of 30 Watts every 2 minutes).19 Patients were asked

to discontinue cardiac drugs (i.e., beta blockers, calcium

antagonists) at least 48 hours before the test. The exercise test

was considered normal when the ST-segment remained iso-

electric, positive when horizontal or downsloping ST-segment

depression[1 mm, measured 0.08 seconds after the J point

occurred, with or without chest pain, and nondiagnostic in the

case of other ECG abnormality (for example upsloping ST-

depression or ST-depression B1 mm).

Radionuclide Scan

Tc99m Sestamibi (Mallinckrodt) or Tc99m Tetrofosmin

(General Electric Healthcare) was injected at the peak of the

exercise, and exercise continued for 1 to 2 minutes after the

injection. The injected activity depended on the weight of the

patient (0.05 mCi/kg, i.e., 1.85 MBq/kg). We used a Discovery

NM530c (General Electric Healthcare) CZT camera, designed

with 19 fixed detectors and multipinhole collimators.9 Scans

were performed 10 minutes after injection, and the imaging

time depended on the count rate, obtaining more than 1 million

counts in the image and 1.2 million counts in the case of extra-

cardiac activity on the acquisition monitoring screen (usually

between 8 and 12 minutes). Scans were performed in the prone

position first and then in the supine position in the case of an

equivocal result. In cases of poor scan quality because of extra-

cardiac activity (in the gastrointestinal tract), the scan was

repeated 1 hour after injection. Iterative 3D reconstruction

used 60 iterations, with a Butterworth filter (order 7, cut-off

0.37 cm-1). Left ventricular volumes and ejection fraction

were calculated using Myometrix software (General Electric

Healthcare). Scans were read immediately by two experienced

physicians, and a third opinion was obtained when there was

disagreement. A scan was considered normal when homoge-

nous uptake of the radiotracer was observed in all myocardial

segments (less than 30% count variation compared to the

highest count rate with a 17 segments model) with normal left

ventricular volumes (end-diastole volume less than 130 mL in

males and 100 mL in females, as previously validated in our

department) and ejection fraction (ejection fraction greater

than 55%), as shown in Figure 2. In the case of a normal stress

scan, we used a stress-only protocol and included the patient in

the main analysis. When an additional resting image was

needed, the scan was considered abnormal; three times the

activity was injected at rest three hours later, and half-time

acquisition was performed one hour after injection. The patient

was subsequently excluded from the main analysis.

Follow-Up

Follow-up was performed by telephone calls to patients

from March to July 2015. Patients were asked about cardiac

events since MPI in 2011. Additionally, we asked about visits

(hospitalization or consultation) to cardiologists or family

doctors. Moreover, for patients who had medical follow-up in

our hospital, detailed medical data were available. The follow-

up duration was calculated as the time between the MPI date

and the latest information date about the patient. In case of an

event, follow-up was censored at the time of this event. We
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closed the follow-up time at 39 months, which was the time

between the last scans (December 2011) and the first phone

calls.

End-Points

The primary study end-point was the occurrence, during

the follow-up period, of a cardiac event: cardiac death (defined

as both documented cardiac death and unexplained sudden

death), nonlethal myocardial infarction, or myocardial revas-

cularization. The secondary end-point was the occurrence of a

noncardiac death.

Statistical Analysis

The results were expressed as mean ± standard deviation

with additional information about the range.

Survival analysis was performed by the Kaplan-Meier

method and subgroups were compared by the log-rank method

(Mantel-Cox). A multivariate Cox model regression analysis

was used to detect potential additional prognostic factors after

testing for statistical assumptions (linearity, normality, pro-

portional hazards) and the absence of significant correlation

between variables. Results were considered as statistically

significant when p was less than .05. The statistical analysis

was performed with the software SPSS Statistics v21 (IBM

Corporation).

RESULTS

Patient Characteristics

Table 1 summarizes the characteristics of the 1400

patients who were included and their indications for

MPI. The mean age was 59 ± 11 years; 56% were male.

The mean weight was 79 ± 16 kg. 58% of patients had

dyslipidemia, 52% hypertension, and 34% diabetes.

They were referred for chest pain in 44%, dyspnea in

12%, and ECG abnormalities in 18% of the cases. The

remaining 25% were referred for a diagnosis of silent

ischemia because of multiple vascular risk factors and/or

peripheral artery disease.

Exercise Tests and Radionuclide Scans

The exercise test was performed on an ergometric

bicycle (61%) or a treadmill (39%). The test was normal

in 1212 patients (87%), abnormal in 71 patients (5%),

Figure 1. Prospective inclusion of patients.
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and nondiagnostic in 117 patients (8%). Radionuclide

scans used Sestamibi or Tetrofosmin. The mean injected

activity was 145 ± 37 MBq (3.9 ± 1 mCi), and the

mean acquisition duration was 10 ± 0.7 minutes (range

4 to 15 minutes). Table 2 shows the detailed results of

the exercise tests and radionuclide scans.

Effective Dose Calculation (mSv)

Using the ICRP 60 correction factors, the mean

effective dose was found to be 0.98 ± 0.13 mSv (range

0.66 to 1.99 mSv) with Sestamibi and 0.90 ± 0.07 mSv

(range 0.68 to 1.43 mSv) with Tetrofosmin.20 With

ICRP 103, the mean effective dose was

0.93 ± 0.12 mSv (range 0.63 to 1.89 mSv) with

Sestamibi and 0.81 ± 0.06 mSv (range 0.62 to

1.30 mSv) with Tetrofosmin.21 These results are sum-

marized in Table 3.

Follow-Up

1288 patients (92%) completed the follow-up, the

duration of which was 1169 ± 108 days (range 550 to

1189 days). 112 patients (8%) were lost to follow-up.

There were no events in 1250 patients (97%). We

observed 22 cardiac events (five cardiac deaths, seven

nonlethal myocardial infarctions, and ten nonurgent

revascularizations — eight PTCA and two CABG) and

16 noncardiac deaths. The events are presented in

Table 4. The annualized rate of cardiac events was

Figure 2. Normal stress scan: homogeneous uptake ([70% maximal uptake in all segments),
normal left ventricular volume, and ejection fraction.
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0.55% (0.13% for cardiac death, 0.17% for nonlethal

myocardial infarction, and 0.25% for myocardial revas-

cularization). The annualized rate for noncardiac

mortality was 0.37%. The Kaplan-Meyer survival curves

are shown in Figure 3.

Subgroup Analysis

The only additional predictive factor for cardiac

events was the number of vascular risk factors with the

Cox model (P = .01) and Kaplan-Meyer analysis

(P\ .01). Even for the 302 patients with four or more

risk factors, the annualized cardiac event rate remained

low (0.9%). 478 patients were diabetic, with a cardiac

event rate (0.8%) higher than in nondiabetic patients

(0.4%), but the difference was not statistically signifi-

cant (P = .09) in male or female patients. The exercise

test was positive in 71 patients and nondiagnostic in 117

patients, with no significant difference in terms of

cardiac events with the rest of the population (P = .21)

or between the 71 positive and the 117 nondiagnostic

patients (P = .51). However, the all-cause mortality rate

varied depending on the level of exercise (P\ .01).

These results are presented in Figure 4.

Abnormal Scans

Patients who needed an additional resting image

were excluded from the main analysis. Of these 230

patients, 158 had attenuation artifacts with nonreversible

abnormalities, without thickening abnormalities. Their

weight was 85 ± 17 kg, which was heavier than the

included patients (P\ .001). Their effective dose with a

one-day stress-rest protocol was 4.44 ± 0.91 mSv. Fol-

low-up data are available in 145 of these patients (92%).

We observed one cardiac death, four revascularization,

and two noncardiac deaths i.e., an annualized rate of

1.4% for cardiac events (P = .047 compared with

normal stress-only) and 0.56% for noncardiac mortality.

The 72 remaining patients had definitively abnormal

MPI. Coronary angiography data were available in 48 of

them (67%). Coronary angiography was normal in eight

patients and showed single-vessel disease in seven

patients and multi-vessel disease in 33 patients. Fol-

low-up data were available for 67 of the 72 abnormal

patients (93%). We observed 15 early revascularizations

Table 1. Patient characteristics and indications
for MPI

Age (years) 59.4 ± 10.7

Male 788 (56%)

Female 612 (44%)

Weight (kg) 78.9 ± 16

Hypertension 732 (52%)

Diabetes 478 (34%)

Dyslipidemia 806 (58%)

Current tobacco use 291 (21%)

Family history of premature CAD 84 (6%)

Indications for MPI

Chest pain 617 (44%)

Dyspnea 173 (12%)

ECG abnormalities 253 (18%)

Multiple risk factors or peripheral

artery disease

357 (25%)

Table 2. Exercise test and radionuclide scan

Ergometer bicycle 858 (61%)

Maximal exercise (Watts) 125 ± 38

Treadmill 542 (39%)

Maximal exercise (Mets) 7.8 ± 2.4

Maximal heart rate (% MPV) 95 ± 5 (range 85–113)

Normal test 1212 (87%)

Positive test 71 (5%)

Nondiagnostic test 117 (8%)

Radionuclide scan

Radiopharmaceutical Sestamibi: 1189 (85%)

Tetrofosmin: 211 (15%)

Injected activity 145 ± 37 MBq (3.9 ± 1 mCi)

range: 60-400 MBq (1.6–10.8 mCi)

Injected activity per kg: 1.83 ± 0.24 MBq/kg (49 9 10-3 ± 8x10-3 mCi/kg)

Acquisition duration (minutes) 10 ± 0.7 (range: 4–15)

Ejection fraction (%) 66 ± 6 (range 55–82)
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(in the 90 days following MPI), one nonlethal myocar-

dial infarction, six late revascularizations ([90 days

after MPI), and one noncardiac death, i.e., an annualized

rate of 2.9% for cardiac events (early revascularizations

not included; P\ .001 compared with normal stress-

only patients; Figure 5).

Submaximal Exercise Tests

271 patients were excluded from the main analysis

because they failed to achieve 85% of MPHR (76 ± 6%

of MPHR). 156 patients performed submaximal exercise

because they did not discontinue cardiac drugs before

the test. 97 patients stopped because of their inability to

continue exercise due to poor condition. 18 patients

stopped because of an abnormal exercise test. Follow-up

data are available for 253 of these excluded patients

(93%). We observed eight noncardiac deaths (annual-

ized rate 1%) and seven cardiac events (two cardiac

deaths, two nonlethal myocardial infarctions, and three

revascularizations; annualized rate 0.9%). Compared

with the included patients (maximal exercise), there was

a significant statistical difference in terms of overall

survival (P = .02), but not in terms of cardiac events

(P = .26). No events were observed in the patients who

had an abnormal submaximal exercise test.

Patients Lost to Follow-Up

We compared the 112 lost to follow-up patients

with the patients remaining in the study. There were no

significant differences in terms of sex, weight, risk

factors (tobacco use, diabetes, dyslipidemia, hyperten-

sion, family history), and exercise test results. The only

significant difference was in age with lost to follow-up

patients being younger than the other patients

(57.8 ± 9.7 vs 59.4 ± 10.7; P = .02).

DISCUSSION

Ultra-low-dose protocols have been validated in the

case of pathological results by comparison with con-

ventional SPECT or with coronary angiography.11,12

However, the clinical value of a normal ultra-low-dose

scan has not yet been validated. With conventional

SPECT, the prognostic value of a normal myocardial

perfusion radionuclide scan is well-established, with an

annual rate of cardiac events of less than 1% per

year.15–18 We verified here the excellent prognostic

value of a normal ultra-low-dose myocardial exercise

scan, with an annualized rate of cardiac events of 0.55%.

This result contributes to the assessment of the validity

of ultra-low-dose protocols using a CZT camera.

Patient characteristics are central in follow-up

studies. In fact, the risk of a major event after a normal

scan is a function of the pretest probability, based on

clinical and historical factors of the tested patient.22 The

characteristics of the patients included in our study are

similar to those of most studies on initial testing for the

diagnosis of CAD (age: 59 years; diabetes: 34%;

hypertension: 52%; dyslipidemia: 58%).23 Moreover,

75% of the patients were referred for diagnosis of chest

pain, dyspnea, or ECG abnormalities. The remaining

25% of the patients had several vascular risk factors or

peripheral artery disease.

We only included patients who referred for exercise

MPI. Current guidelines recommend exercise stress

testing rather than pharmacological testing whenever

possible.2 We use dipyridamole stress testing in patients

unable to exercise adequately, who represent approxi-

mately 20% of patients referred to our institution. We

did not include them in this study because in 2011, we

still used thallium-201 for dipyridamole MPI. We know

that the event rate is higher in patients referred for

pharmacological stress imaging;24 thus, our results

cannot be extrapolated to patients undergoing normal

dipyridamole scans.

Our study concerned normal stress-only MPI. We

thus excluded patients who needed an additional resting

image. Among those patients, 158 were considered as

having an artifact, and 72 were considered as definitely

abnormal. As expected, follow-up data showed that the

event rate was higher in the abnormal patients. We also

observed that the event rate was higher in patients with

artifacts than in normal stress-only patients, which is

Table 3. Effective dose calculation (mSv)

Sestamibi Tetrofosmin

ICRP 60 0.98 ± 0.13

(range 0.66–1.99)

0.90 ± 0.07

(range 0.68–1.43)

ICRP 103 0.93 ± 0.12

(range 0.63–1.89)

0.81 ± 0.06

(range 0.62–1.30)

Table 4. Events during follow-up (39 months)
(in percent, total rates during the total follow-up)

Patients who achieved total follow-up 1288 (92%)

No event 1250 (97%)

Cardiac death 5 (0.4%)

Nonlethal myocardial infarction 7 (0.5%)

Myocardial revascularization 10 (0.8%)

PTCA 8

CABG 2

Noncardiac death 16 (1.2%)
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somewhat counter-intuitive and could suggest an over-

estimation of artifacts and an under-estimation of

abnormal results. In any case, in our population, 1671

on 1901 patients (88%) had a normal scan, which is a

high percentage, but comparable to the high proportion

of normal scans documented in recently published

studies from the USA.25

Patients who did not achieve 85% of the maximal

predicted heart rate were excluded from the main

analysis. This would be a possible source of bias if

those patients happened to be more severe. However,

follow-up data showed that there was no significant

difference in terms of cardiac events between this group

and the study population, even when the submaximal

exercise test was abnormal.

We tried to identify potential subgroups with a

higher risk of cardiac events. The annualized cardiac

event rate increased with the number of risk factors, but

remained less than 1%, even with four or more risk

factors. We observed a few more cardiac events in

Figure 3. Kaplan-Meier event-free survival curves during follow-up (months): a Overall survival,
b cardiac death-free survival, c major cardiac event-free survival (i.e., without nonlethal myocardial
infarction or cardiac death), d cardiac event-free survival (i.e., without major cardiac event or
myocardial revascularization).
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diabetic patients, but the difference was not significant.

It is now well-established that cardiac risk is not related

to diabetes, but rather to high-risk diabetes.26 Our

diabetic population mixed low-risk and high-risk dia-

betes patients, which could explain this nonsignificant

result. Among all patients, an abnormal exercise test

with a normal myocardial scan was not predictive of

increased cardiac events, but this could be a conse-

quence of the small number of cardiac events and

limited statistical power. Patients are often referred to

MPI after a nondiagnostic exercise test because of

resting ECG abnormalities, upsloping ST-segment

depression, or rapid recovery of ST-segment changes.

Our results confirm that a normal myocardial scan

indicates a very low risk of cardiac events, despite the

presence of risk factors and ECG abnormalities. On the

other hand, as widely reported previously, this study

confirms that the level of exercise is a good predictor of

all-cause mortality, probably because it reflects the

general condition of the patient.27

Radionuclide myocardial perfusion imaging has

recently been enhanced by the development of cardiac

CZT cameras. The count sensitivity is multiplied by a

factor of six or more, allowing for an important

shortening of acquisition time.10 At the same time,

concerns have been raised in the cardiology community

about increased radiation exposure due to medical tests.

This is especially true for patients without known

Figure 4. Kaplan-Meier survival curves during follow-up (months) in subgroups: a According to
the number of vascular risk factors, there is a statistically significant difference in terms of cardiac
event-free survival between these subgroups (P\ 0,01). b According to diabetes mellitus status,
there is no statistically significant difference between the two groups (P = .09). c According to
exercise level, there is a statistically significant difference in terms of overall survival between the
subgroups (P\ .01).
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coronary disease referred for a screening test. In our

clinical practice, these patients represent almost one-

third of the patients referred for myocardial perfusion

imaging. The high count efficiency of the CZT camera,

combined with the use of a stress-only protocol, pro-

vides an opportunity to decrease the effective dose to

these patients. We previously showed that using 2 MBq/

kg of Tc99m sestamibi, 10 minutes of acquisition time

with a CZT camera and an effective dose of less than

1 mSv, we could obtain higher myocardial counts and

better image quality than with conventional SPECT

(EANM annual congress, Birmingham, 2011). More

recent papers confirm that accurate images can be

obtained with an effective dose of less than 1 mSv.28,29

We calculated here the effective dose for 1400 consec-

utive patients undergoing stress-only imaging. The

effective dose was less than 1 mSv in most patients,

which is less than one year’s worth of background

radiation. Moreover, we did not count the residual

activity in syringes following injection and probably

overestimated the injected activity and thus the effective

dose by 10 to 20%.30

The 230 patients whose exercise scan was abnormal

and thus needed an additional resting scan were

excluded. Among them, 158 patients had attenuation

artifacts. They were significantly heavier than the

included patients (85 kg vs 79 kg). Obviously, the

radiation dose was higher because of the additional

resting study, with an average effective dose of 4 mSv.

A standard 10/30 mCi rest-stress protocol provides an

effective dose of 10 to 12 mSv. The use of stress-resting

protocols allows the use of stress-only MPI when the

stress scans are normal, which is the case for most of this

low-risk population, leading to an effective dose of less

than 3 mSv in most patients. The use of a CZT camera

with an ultra-low-dose protocol allows the effective dose

to be decreased more dramatically, down to less than 1

millisievert.

STUDY LIMITATIONS

Our study suffers several limitations: It was a

single-center study, which targeted patients without

known CAD who were referred for an exercise test, with

Figúre 5. Kaplan-Meier cardiac event-free survival curves during follow-up (months) in included
normal stress-only patients (blue curve) and in excluded stress-rest patients (abnormal—red
curve—or artifact—green curve-). For abnormal patients, early revascularizations are not included
in cardiac events. There is a statistically significant difference between normal stress-only patients
and abnormal stress-rest patients (P\ .001), and also between normal stress-only patients and
stress-rest patients with artifact (P = .047).
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a normal stress-only scan. In our clinical practice, these

patients represent almost one-third of all patients

referred for MPI. Our conclusions cannot be extrapo-

lated to pharmacological stress imaging or to patients

with known coronary artery disease, for whom further

studies will be needed. The number of patients lost to

follow-up, relatively high (112) by comparison with the

low number of cardiac events (38), is a serious limita-

tion. Although complete follow-up in more than 90% of

the baseline cohort is one of the eligibility criteria for the

quality of follow-up surveys,31 the loss of 8% of patients

to follow-up is a serious limitation in a low-risk cohort

with a limited number of events like our study. It is

therefore possible that some events were not captured.

Our population study comprises many migrant patients

who sometimes move back to their native country and

are thus more prone to be lost to follow-up. On the other

hand, the characteristics of the patients lost to follow-up

were similar to those of the other patients in the study,

except that they were slightly younger, making an

increased event rate in this population unlikely. The

subgroup assessment has limitations because of the

limited number of cardiac events, but it does not affect

the main objective of the study. Lastly, our results are

valid for the CZT camera that we used (General

Electric), but it is likely that similar results could be

obtained with other CZT cameras.

NEW KNOWLEDGE GAINED

The high negative predictive value of a normal

exercise MPI in patients referred for initial diagnosis of

CAD is confirmed with a CZT camera and an ultra-low-

dose protocol. The combination of ultra-low injected

activity, stress-only protocol, and CZT technology leads

to an effective dose of less than one millisievert. This

dramatically reduced radiation dose is efficient in day-

to-day practice in most patients referred for initial

diagnosis of CAD.

CONCLUSIONS

Normal ultra-low-dose exercise MPI with a CZT

camera in patients referred for initial diagnosis of

coronary artery disease has a high negative predictive

value, with an annualized rate of cardiac events equiv-

alent to 0.55%. This coronary risk is comparable to the

risk faced by the general population or by patients who

have undergone normal high-dose conventional imag-

ing. This result contributes to assessment of the validity

of the ultra-low-dose protocol with a CZT camera. The

effective dose was less than 1 millisievert, which is less

than one year’s worth of background radiation. This

study thus allays concerns about the radiation burden for

these patients.
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