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SPECT myocardial perfusion imaging plays a central role in

coronary artery disease diagnosis, but concerns exist regarding

its radiation burden. Compared with standard Anger SPECT (A-
SPECT) cameras, new high-efficiency (HE) cameras with special-

ized collimators and solid-state cadmium-zinc-telluride detectors

offer potential to maintain image quality (IQ), while reducing
administered activity and thus radiation dose to patients. No

previous study has compared IQ, interpretation, total perfusion

deficit (TPD), or ejection fraction (EF) in patients receiving both ultra-

low-dose (ULD) imaging on an HE SPECT camera and standard
low-dose (SLD) A-SPECT imaging. Methods: We compared ULD

HE SPECT with SLD A-SPECT imaging by dividing the rest dose in

101 patients at 3 sites scheduled to undergo clinical A-SPECT myo-

cardial perfusion imaging using a same day rest–stress 99mTc pro-
tocol. Patients underwent HE SPECT imaging after an initial approx-

imately 130-MBq (3.5 mCi) dose and SLD-A-SPECT imaging after

the remainder of the planned dose. Images were scored visually by

2 masked readers for IQ and summed rest score. TPD and EF were
assessed quantitatively. Results: Mean activity was 134 MBq (3.62

mCi) for ULD HE SPECT (effective dose, 1.15 mSv) and 278 MBq

(7.50 mCi, 2.39 mSv) for SLD A-SPECT. Overall IQ was superior for
ULD HE SPECT (P , 0.0001), with twice as many studies graded

excellent quality. Extracardiac activity and overall perfusion assess-

ment were similar. Between-method correlations were high for

summed rest score (r 5 0.87), TPD (r 5 0.91), and EF (r 5 0.88).
Conclusion: ULD HE SPECT rest imaging correlates highly with

SLD A-SPECT. It has improved image quality, comparable extrac-

ardiac activity, and achieves radiation dose reduction to 1 mSv for

a single injection.
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SPECT myocardial perfusion imaging (MPI) plays a central
role in diagnosing patients with established or suspected coronary
artery disease (CAD), in predicting outcomes, and in guiding
management. However, concern has been raised regarding its ra-
diation burden. In a landmark 2009 report, the National Council
on Radiation Protection and Measurements noted a 6-fold increase
in ionizing radiation exposure to the American population from
medical procedures since the early 1980s (1), in particular finding
that more than 10% of the entire U.S. population radiation burden
was related to MPI (2). The concern raised by this high radiation
burden underscores the importance of efforts to keep radiation
exposure as low as possible and, in particular, has generated con-
siderable interest in developing methods to reduce radiation dose
to patients from MPI, while preserving its benefits.
Based on a design advanced by Berkeley electrical engineer Hal

Anger (3) in 1957, conventional Anger SPECT (A-SPECT) cam-
eras now typically have 2 large thallium-doped sodium-iodide
(NaI(Tl)) crystal detectors coupled to arrays of photomultiplier
vacuum tubes. Used with low-energy, high-resolution collimators,
these traditional cameras are able to detect only less than 0.02% of
photon events (4). In contrast, new high-efficiency (HE) cameras
incorporate multiple solid-state cadmium-zinc-telluride detectors
arrayed surrounding the patient with a collimator geometry
designed to optimize photon detection (5). Two such HE cameras
have been introduced into clinical practice and offer potential
to maintain image quality, while reducing administered activity
and thus radiation dose to patients. HE SPECT imaging acquires
up to 8 times as many photon counts per minute as does conven-
tional A-SPECT (6), an advantage offering the potential to improve
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image quality, decrease image acquisition time, or decrease radia-
tion dose. Several previous studies have evaluated the performance
of MPI using an HE SPECT camera. These include studies of
protocols with reduced administered activity and radiation dose
(7,8) and other studies comparing HE SPECT with A-SPECT
imaging with equal doses of radiopharmaceutical (9–12). However,
no previous study has validated reduced-dose MPI using an HE
SPECT camera in comparison to traditional A-SPECT performed
on the same patients. In this study, the MultIcenter nucLear Low-
dose Imaging at a milliSIEVERT (MILLISIEVERT) Study, we di-
rectly compare image quality (IQ), interpretation, quantitative total
perfusion deficit (TPD), and ejection fraction (EF) in patients
who received both 1-mSv single-injection ultra-low-dose (ULD)
imaging on one of the HE SPECT cameras and a standard protocol
on an A-SPECT camera.

MATERIALS AND METHODS

Study Design

At 3 centers, in 101 patients with suspected or known CAD and
scheduled to undergo rest–stress 1-d 99mTc-based MPI, we divided the

rest dose so as to perform ULD (130 MBq [3.5 mCi]) rest imaging on
an HE camera, followed by standard low-dose (SLD, 260–480 MBq

[7–13 mCi] of 99mTc depending on standard clinical protocol) rest
imaging on a conventional A-SPECT camera. Images were scored

visually by 2 masked readers for IQ, extracardiac activity, and
summed rest score (SRS), whereas TPD and EF were assessed quan-

titatively. These measures were statistically compared between ULD
HE SPECT imaging and SLD A-SPECT imaging.

Patient Population

We prospectively enrolled patients at 3 sites (Cedars-Sinai Medical

Center, Sacred Heart Medical Center, and Brigham and Women’s Hos-
pital) who were scheduled to undergo SPECT MPI for clinical indica-

tions. Patients were excluded if they had uncontrolled heart failure,
uncontrolled hypertension, or obesity (body mass index [BMI] . 30 kg/m2).

By prespecification, to ensure sufficient patients with resting perfusion

defects, we planned to enroll 2 patient groups, each with 50 patients.

Patient group 1 constituted patients without history of flow-limiting
CAD (no known prior myocardial infarction or coronary revascular-

ization), assessed by a treating physician as having intermediate or
high pretest likelihood of CAD. Group 2 constituted patients with

a history of myocardial infarction, specifically hospitalization for acute
myocardial infarction or Q waves consistent with one. The study was

registered (NCT01135095) and approved by the Institutional Review
Boards of each institution; all subjects provided written informed

consent.

Imaging Protocol

The imaging protocol is illustrated in Figure 1. For each patient,

both ULD HE SPECT rest imaging and SLD A-SPECT rest imaging
were obtained. Although site investigators had the option to choose
99mTc-sestamibi or 99mTc-tetrofosmin, all studies were performed us-
ing 99mTc-sestamibi. ULD rest imaging was performed with the pa-

tient supine, about 45 min after administration of approximately 130
MBq (3.5 mCi) of 99mTc-sestamibi, using a D-SPECT (Spectrum

Dynamics) HE SPECT camera. Image acquisition time was deter-
mined using the patient’s BMI, with a scheme designed by a medical

physicist to ensure that a minimum of 700,000 left ventricular (LV)
scintigraphic counts would be recorded (13). For patients with BMIs

of 20–22 m/kg2, acquisition time was 9.7 min; for 22–24 m/kg2,
10.7 min; for 24–26 m/kg2, 13.0 min; for 26–28 m/kg2, 14.1 min;

and for 28–30 m/kg2, 15.2 min. Immediately after ULD HE SPECT
rest imaging, an additional 130–350 MBq (3.5–9.5 mCi) of 99mTc-

sestamibi were supplemented to achieve the planned rest dose of 260–
480 MBq (7–13 mCi) prescribed for the patient by the local investi-

gator, for the clinically indicated MPI study. After another delay of

approximately 45 min, SLD A-SPECT imaging was performed using
the site’s standard acquisition protocol, with images acquired over 12–

16 min. SLD A-SPECT rest imaging was performed at Cedars-Sinai
using a Siemens ECAM or Philips Forte gamma camera, at Sacred

Heart using a Philips Forte, and at Brigham and Women’s using a Sie-
mens Symbia T-6. All A-SPECT images were processed using the

site’s standard A-SPECT reconstruction protocol. In all 3 sites, this
protocol uses iterative reconstruction; at Brig-

ham and Women’s Hospital, resolution re-
covery and scatter correction is performed

as well (Flash 3D; Siemens).
The remainder of imaging was performed

solely for clinical purposes, and these images
were not evaluated as part of the research

protocol. All patients underwent stress testingwith
injection of a clinically prescribed full dose

(780–1,110 MBq [21–30 mCi]) of 99mTc-
sestamibi near peak stress and poststress A-

SPECT or HE SPECT imaging as clinically
warranted.

Administered Activity and Radiation

Effective Dose Estimation

Administered activity was measured using
a dose calibrator immediately before admin-

istration of the ULD injection, and residual
activity in the syringe/needle was measured

immediately afterward. Received activity was
determined as the difference between admin-

istered and residual activity. Similarly, ad-
ministered, residual, and received activities

were determined for the supplemental SLD
injection. Total activities for the SLD in-

jection were determined as the sum of ULD

FIGURE 1. Study protocol. Sites had option to perform standard clinically indicated imaging

using either A-SPECT camera (option 1) or HE SPECT camera (option 2). Images obtained using

HE SPECT camera are denoted with blue shading and using A-SPECT camera with green shad-

ing. Comparison is made in each of the 2 options between images circled in red; subsequent

images were obtained solely for clinical purposes and not analyzed in this study.
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activities, decayed by the time between injections, and supplemental

activities, using the equation

Total SLD activity 5 ULD activity

· e20:693 · time  between  injections  ðhoursÞ=4:8

1 supplemental SLD  activity; Eq. 1

where 4.8 h is 99mTc’s effective half-life.

Effective dose of radiation was estimated from received activities
using a conversion factor based on the most recent organ dosimetry for
99mTc-sestamibi (14) and updated tissue-weighting factors (15).

Assessment of Image Quality

Deidentified images were transferred to the nuclear core laboratory

at Cedars-Sinai. Each ULD HE SPECT and SLD A-SPECT set of
images was assessed for image quality and semiquantitative image

analysis by 2 board-certified nuclear cardiologists, each having read
more than 50,000 cases, masked to the clinical and stress data.

Readers were also masked to camera type, although in principle they
could have predicted camera type for a study based on visual

appearance of the perfusion imaging. HE SPECT and A-SPECT
images for a given patient were read at separate times and in random

order. A full dataset, including rotating projection image data,
perfusion images, and gated images, was available to each reader

for independent assessments. Each reader assessed overall IQ on a 5-
point scale (5, excellent; 4, good; 3, fair; 2, poor; and 1, uninterpret-

able) as well as the amount of extracardiac activity on a 5-point scale
(0, none; 1, minimal/without any interference with scan interpretabil-

ity; 2, mild/probably without any interference with interpretability; 3,
moderate/probably interfering with scan interpretability; and 4,

severe/definitely interfering with scan interpretability). Where there
was a discrepancy between readers, they subsequently reviewed the

images jointly and assigned a consensus classification.

Semiquantitative Image Analysis

Each of the 2 nuclear cardiologists, as above, also visually assessed

each ULD HE SPECT and SLD A-SPECT set of images for overall and
segmental perfusion. Overall perfusion was assessed on a 5-point scale

(5, normal; 4, probably normal; 3, equivocal; 2, probably abnormal; 1,
abnormal; and 2, uninterpretable). Where there was a discrepancy be-

tween readers, the readers reviewed the images jointly and assigned
a consensus classification. Segmental perfusion was assessed using

a 17-segment model (16) and a 0–4 scale (0, normal uptake; 1, mildly
reduced uptake; 2, moderately reduced uptake; 3, severely reduced up-

take; and 4, no uptake). Scoring was guided by boundaries overlaid on
the SPECT slices by quantitative perfusion SPECT, and SRS was cal-

culated by summing scores of the 17 segments. Additionally, to compare
agreement between ULD HE SPECT and SLD A-SPECT interpretation

with intrareader reproducibility of SLD A-SPECT interpretation, one of
the readers read each study a second time, 3 mo after completion of the

initial reads, and with cases presented in random order. Subsequently, the
2 readers reviewed images jointly and assigned a consensus classification

to resolve any discrepancies.

Quantitative Image Analysis

TPD, a metric combining defect extent and severity as a percentage
of total myocardium, was obtained by a core laboratory technologist,

masked to clinical data, from ULD HE SPECT and SLD A-SPECT
perfusion images using previously developed normal limits (17). The

only manual step is adjustment of LV contours, if required, in a few
cases. Separate camera-specific normal limits were applied for ULD

HE SPECT and SLD A-SPECT images. EF was determined from
gated short-axis images using an optimized version of Quantitative

Gated SPECT (Cedars-Sinai), with 16 frames for A-SPECT and 8 for

HE SPECT. Additionally, for patients imaged at Cedars-Sinai, LV

scintigraphic counts were determined from planar projections using
a previously described method (13).

Statistical Analysis

Continuous and ordinal variables are described by median and inter-

quartile range (IQR), or mean6 SD, and were compared using Wilcoxon
signed-rank tests or correlated using the Pearson correlation coefficient.

Agreement is displayed graphically using scatterplots and Bland–Altman
plots. Intrareader, interreader, and between-method agreement of SRSwere

assessed by percentage agreement and weighted k, with linear weighting.
Statistical analysis was performed using Stata/SE (StataCorp).

Study Approval and Role of Funding Source

The study was conceived and initiated by the principal and senior
investigators (AJE and DSB), who formulated the study design, with

technical assistance (viz. acquisition time calculations) provided by

a physicist employed by the funding source (Spectrum Dynamics).
The decision as to the final study design remained solely that of the

principal and senior investigators, with input from site investigators.
At no point did the funding source have access to clinical or imaging

data. The funding source played no role in the decision to publish or
the content of the publication. The funding source remained masked to

the results of the study until it was accepted for publication, except for
its publicly available ACC.13 abstract.

RESULTS

Patients and Doses

The characteristics of the 101 patients enrolled are summarized
in Table 1. Administered activities and radiation effective doses

TABLE 1
Patient Characteristics

Characteristic Value

Total subjects 101
Group
1: intermediate/high likelihood of CAD 55 (54.5)

2: prior myocardial infarction 46 (45.5)

Site
Cedars-Sinai 49 (48.5)
Sacred Heart 39 (38.6)

Brigham and Women’s 13 (12.9)

Mean age ± SD (y) 63.8 ± 11.3

Women 47 (46.5)
BMI (kg/m2) 26.1 ± 2.8

Range 17.1–30.9

Diabetes mellitus 26 (25.7)
On insulin 7 (6.9)

On oral medications 17 (16.8)

Hypertension 74 (73.3)

Hyperlipidemia 77 (76.2)
Current smoking 13 (12.9)

Family history of premature heart disease 31 (30.7)

No risk factors 3 (3.0)

Stress type
Exercise: Bruce Protocol 46 (45.5)
Exercise: Modified Bruce Protocol 4 (4.0)

Adenosine 25 (24.8)

Regadenoson 25 (24.8)
Dobutamine 1 (1.0)

Data in parentheses are percentages.
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are summarized in Table 2. The mean received activity from ULD
injections was 134 MBq (3.62 mCi), corresponding to an effective
dose of 1.15 mSv.

Count Statistics and Image Quality

A mean of 1.34 6 0.51 million LV counts were obtained for
ULD HE SPECT images. There were more than 1 million counts
for 36 of 49 patients (73%), and an additional 7 patients (total
88%) had more than 900,000 counts. On the basis of consensus
reads, IQ was superior for ULD HE SPECT images in comparison
to SLD A-SPECT images (Table 3), which was the case for
patients in both patient groups. Extracardiac activity was similar
between ULD HE SPECT and SLD A-SPECT, with borderline
significantly less extracardiac activity noted in ULD HE SPECT
images. Illustrative images comparing submillisievert ULD HE
SPECT and SLD A-SPECT are shown in Figure 2.

Perfusion Comparison

Abnormal or probably abnormal rest perfusion imaging on SLD
A-SPECT was noted in 22 patients, of which 18 were in group 2;
equivocal rest perfusion in 11 patients; and normal or probably
normal rest perfusion in 68 patients. Overall perfusion assessment,
based on consensus of the 2 readers on the 5-point scale, was
similar and not significantly different (P 5 0.19) between ULD
HE SPECT (median, 4; IQR, 3–5; mean 6 SD, 3.92 6 1.39) and
SLD A-SPECT (median, 4; IQR, 3–5; mean 6 SD, 3.76 6 1.50).
SRS was not significantly different (P 5 0.96) between ULD HE

SPECT (mean 6 SD, 2.75 6 5.41) and SLD A-SPECT (mean 6
SD, 2.956 5.40) and was strongly correlated between the 2 methods
(r 5 0.87, P , 0.0001), with few cases with notable differences in
SRS (Fig. 3). The strong correlation (r5 0.84, P, 0.0001) and lack
of significant difference (P 5 0.63) (ULD HE SPECT: median, 2;
IQR, 1–6; mean6 SD, 5.196 6.69; and SLD-A-SPECT: median, 2;
IQR, 2–8; mean 6 SD, 5.58 6 6.51) remained when considering
only abnormal studies, defined here as those 52 patients with an SRS
greater than 1 using either method. There was outstanding inter-
reader reproducibility in SRS, which was comparable to intrareader
reproducibility. Both interreader and intrareader reproducibility were
slightly better for ULD HE SPECT imaging than for SLD A-SPECT
imaging (Table 4).
Median TPD was 1.8% (IQR, 0.5%–4.6%; mean, 4.5%) for

ULD HE SPECT and 2.6% (IQR, 1.0%–5.3%; mean, 5.3%) for

SLD A-SPECT, a difference that was statistically significant (P 5
0.04) but whose small magnitude is not clinically significant. There
were few cases with notable differences in TPD between ULD HE
SPECT and SLD A-SPECT (Fig. 3). For the 34 patients with a TPD
greater than 5%, this difference was not statistically significant
(ULD HE SPECT: median, 6.1%; IQR, 3.3%–16.6%; mean,
10.8%; and SLD-A-SPECT: median, 10.1%; IQR, 5.3%–18.8%;
mean, 12.2%; P 5 0.15). There was strong correlation in TPD
between ULD HE SPECT and SLD A-SPECT (Fig. 3; r 5 0.91,
P, 0.0001 for all patients; r5 0.88, P, 0.0001 for patients with
TPD . 5%).

LV Function Comparison

In one subject, no gated imaging was performed, and in
another subject, there was a gating artifact that caused an
erroneously calculated EF. For the remaining 99 cases, EF was
statistically but not clinically significantly different between
ULD HE SPECT (median, 62.9%; IQR, 51.2%–69.9%; mean,

TABLE 2
Activities and Radiation Effective Doses

Quantity Mean SD Range

ULD injection
Administered activity in MBq 198 (5.35) 37 (1.00) 127–275 (3.44–7.44)
Residual activity in MBq 64 (1.74) 26 (0.71) 6.3–144 (0.17–3.89)

Received activity in MBq 134 (3.62) 28 (0.75) 67–189 (1.80–5.10)

Effective dose, received (mSv) 1.15 0.24 0.57–1.63

Supplemental injection, before SLD imaging
Administered Activity in MBq 229 (6.21) 105 (2.84) 120–588 (3.23–15.89)

Residual activity in MBq 65 (1.75) 46 (1.24) 5.9–270 (0.16–7.29)

Received activity in MBq 165 (4.46) 68 (1.83) 75–383 (2.04–10.34)

Effective dose, received (mSv) 1.42 0.58 0.65–3.30
Total SLD (supplemental injection 1 decayed ULD injection)

Received activity in MBq 277 (7.50) 74 (1.99) 147–497 (3.98–13.43)

Effective dose, received (mSv) 2.39 0.64 1.27–4.29

Data in parentheses are mCi.

TABLE 3
Image Quality and Extracardiac Activity

Quantity ULD HE SPECT SLD A-SPECT

IQ
Excellent 48 24

Good 41 48

Fair 5 22
Poor 7 7

Mean score ± SD 4.29 ± 0.85 3.88 ± 0.85

P (Wilcoxon) ,0.0001

Extracardiac activity
None 55 40
Minimal 27 35

Mild 10 19

Moderate 3 2
Severe 6 5

Mean score ± SD 0.79 ± 1.12 0.98 ± 1.06

P (Wilcoxon) 0.05

Values are for consensus read.

MILLISIEVERT STUDY • Einstein et al. 1433



60.5%) and SLD A-SPECT (median, 63.6%; IQR, 57.9%–
73.1%; mean, 64.0%), with strong correlation (Fig. 3C; r 5
0.88, P , 0.0001).

Agreement Between ULD HE SPECT and SLD A-SPECT

Agreement in SRS for SLD A-SPECT between 2 remote reads
of a single reader was outstanding, with 95.7% agreement and
a weighted k of 0.79. Agreement in SRS between the reader’s
first SLD A-SPECT reading and ULD HE SPECT reading
showed nearly as good agreement, with 94.4% agreement and
a weighted k of 0.69 (Fig. 4). When analysis was limited to
abnormal studies with an SRS greater than 1, findings were
similar, with agreements 92.9% versus 87.8% and weighted k

of 0.74 versus 0.58, respectively (Table 4).

DISCUSSION

The introduction of high-sensitivity cameras has opened the
possibility of reducing radiation dose associated with SPECT

MPI. Although previous studies have evaluated HE SPECT

protocols with reduced administered activity (7,8), or compared

HE SPECT with A-SPECT imaging using the same injected

activities of radiopharmaceuticals (9–12), no previous study eval-

uated reduced-dose MPI using an HE SPECT camera in compar-

ison to traditional A-SPECT performed on the same patients. Our

multicenter study found that a single-injection SPECT MPI study

can be performed using an HE SPECT camera at a mean radiation

dose of 1 mSv, while attaining high correlation with conventional

A-SPECT in terms of perfusion and function, with improved im-

age quality and comparable extracardiac

activity.
These results suggest that a stress-only

procedure can be performed using an HE

SPECT camera with effective dose of 1

mSv. Single-injection rest imaging was

chosen as the method with which to

explore the low-radiation-dose procedure

because it made it possible to perform

ULD HE SPECT imaging under conditions

identical to SLD A-SPECT imaging, using

a divided rest dose. A stress dose cannot be

analogously administered in a divided

fashion but rather would require patients

to undergo stress testing twice; differences

between the 2 stress tests, for example, in

patient hemodynamics or duration of exer-

cise, might well result in differences in

stress perfusion imaging that do not reflect

any innate difference between a ULD in-

jection imaged on an HE SPECT camera

and a standard injection imaged on an A-

SPECT camera. The pharmacokinetics of
99mTc-sestamibi are similar at rest and stress,

in fact with the proportion of the injected
dose that is retained in the myocardium

FIGURE 2. Comparison of representative images between ULD HE SPECT and SLD A-SPECT imaging.

FIGURE 3. Comparison of SRS from consensus reading, TPD, and resting EF between SLD A-

SPECT and ULD HE SPECT imaging. (A) SRS. (B) TPD (%). (C) EF (%). Top are scatterplots, and

bottom are Bland–Altman plots. SEE denotes standard error of the estimate.
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slightly higher at stress (14,18). Thus, we expect that agree-
ment between ULD HE SPECT and SLD A-SPECT imaging
should be similar for rest imaging and stress imaging. Further-
more, extracardiac activity interfering with image interpretation is
higher with rest than with stress studies (19), suggesting that ULD
stress studies performed with the HE SPECT camera might be of
higher quality than we observed on rest studies.
Stress-only imaging has lower radiation dose and faster

laboratory throughput than traditional protocols incorporating
both rest and stress imaging. It has become especially important
in light of recent publications finding that an increasing percentage
(.90% in 1 report) of rest–stress studies are normal (20) and that
outcomes of normal rest–stress and stress-only studies are identi-
cal (21,22). Reflecting these observations, a stress-only procedure
is preferred for many patients in current guidelines (23,24). Thus,
we believe our findings suggesting the feasibility of 1-mSv stress-
only MPI will be of interest to a broad community of physicians
performing and ordering nuclear imaging studies.
The radiation dose reduction of more than 50% observed here

for ULD HE SPECT is in reference to a baseline where SLD A-
SPECT imaging was performed with an average received activity
of 277 MBq (7.50 mCi). This activity, which is lower than the
lower end of the recommended range of activity for low-dose rest
imaging in current guidelines (25), reflects practice in 3 expert
laboratories, all of which use iterative reconstruction and one
of which uses software reconstruction incorporating resolution
recovery and noise reduction. Such reconstruction techniques,
which are also incorporated in the HE SPECT camera, can
improve image quality and diagnostic ability and contribute
to reducing radiation dose to patients. The low doses observed
here in both SLD A-SPECT and ULD HE SPECT imaging
underscore the message that both software and hardware advan-
ces can be used to lower doses from SPECT MPI. In particular,

laboratories without access to HE SPECT cameras can still
consider use of advanced reconstruction software to lower
doses to their patients (5).
For patients requiring both stress and rest imaging on the same

day, guidelines suggest that the second dose of radiopharmaceu-
tical should generally be 3–4 times the activity of the first dose
(25), to minimize the problem of shine-through, wherein residual
activity from the initial dose interferes with the interpretation of
the second dose. Thus, the findings of our study suggest that
a complete rest–stress or stress–rest HE SPECT study could be
completed with an effective dose of less than 5 mSv (1 1 3 or 4
mSv). Even further, initial data from Nkoulou et al. (26) suggest
that when an HE SPECT camera is used, accurate assessment of
ischemic myocardial disease can be performed with the second
dose of radiopharmaceutical having the same activity as the first
dose. This suggests the possibility of 1-mSv stress-first imaging
performed with an HE SPECT camera, followed only if abnormal
by same-day 1-mSv rest imaging. This approach would reduce the
radiation burden from a complete, 1-d stress and rest MPI study to
less than a year’s background radiation. Thus, the findings here
may be foundational for future efforts to lower radiation dose to
patients using a variety of protocols on the new generation of HE
SPECT cameras.
An important issue raised by our study is the challenge posed in

low-dose MPI in accurately delivering a desired activity (mCi). In
contrast to 201Tl, 99mTc-based radiopharmaceuticals are sticky,
adhering to their syringes. Residual activities of 99mTc-sestamibi
in the syringe averaged around 70 MBq (2 mCi) but ranged from
less than 7 MBq (0.2 mCi) up to nearly 150 MBq (4 mCi) for
a ULD injection. Although for high-dose injections, typically
around 1,110 MBq (30 mCi), and even for SLD injections, typi-
cally 300–440 MBq (8–12 mCi) (25), this variability in residual
activity represents a modest fraction of the actual received activity,

TABLE 4
Agreement in Summed Rest Scores (SRS)*

Reads compared
All studies Abnormal studies (SRS . 1)

SLD A-SPECT ULD HE SPECT SLD A-SPECT ULD HE SPECT

Intrareader agreement
Reader 1, two reads 0.79 (95.7) 0.83 (96.7) 0.74 (92.9) 0.78 (93.7)

Interreader agreement
Reader 1 first read vs. Reader 2 0.82 (96.5) 0.84 (97.1) 0.74 (92.2) 0.79 (93.4)

Reader 1 second read vs. Reader 2 0.78 (95.5) 0.85 (96.8) 0.73 (92.5) 0.80 (93.7)

Between-method agreement
Reader 1 first read SLD A-SPECT vs.

reader 1 first read ULD HE SPECT

0.69 (94.4) 0.58 (87.8)

Reader 1 second read SLD A-SPECT vs.

reader 1 second read ULD HE SPECT

0.63 (92.0) 0.54 (87.8)

Reader 1 first read SLD A-SPECT vs.

reader 1 second read ULD HE SPECT

0.65 (93.2) 0.57 (87.4)

Reader 1 second read SLD A-SPECT vs.

reader 1 first read ULD HE SPECT

0.62 (92.4) 0.54 (87.6)

Reader 2 SLD A-SPECT vs.
reader 2 ULD HE SPECT

0.61 (92.8) 0.46 (83.3)

Consensus read SLD A-SPECT vs.

consensus read ULD HE SPECT

0.62 (93.0) 0.52 (87.4)

*Entries denote linearly weighted k, with percentage agreement in parentheses.
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for ULD imaging this residual dose can represent most of the
administered activity. A better understanding of determinants of
99mTc residual activity, and development of methods to ensure
reproducibility of received activity, will be important to ensure
the quality of ULD MPI.
Our study is not without limitations. We excluded obese

patients with a BMI of greater than 30 kg/m2, for whom data
about the suitability of MPI with an HE SPECT camera is
mixed. For example, Fiechter et al. (27) found nondiagnostic
IQ in most patients with a BMI of 40 or greater due to image
truncation and IQ less than good in a third of patients with
a BMI of 35–39.5 undergoing multipinhole HE SPECT imaging.
Our calculations performed before the study to determine acqui-
sition times suggested that for a 1-mSv injection, an acquisition
of more than 15 min would be required for obese patients to
ensure adequate count statistics. Because 15 min is often used as
a maximum acquisition time, beyond which many patients are
unable to lie still and thus the frequency of motion artifacts
increases, obese patients were not included in this study aiming
for a radiation dose of 1 mSv. Thus, the generalizability of our
ULD HE SPECT protocol to obese patients remains to be dem-
onstrated. Moreover, few patients were determined to have an EF
less than 30%, and thus further validation is required in this
population. Another limitation is that the study was confined

to examination of only 1 of the 2 HE
SPECT cameras currently available. One
recent comparative study suggests that al-
though both HE SPECT cameras have
better performance characteristics than
do Anger cameras, they differ in that the
D-SPECT camera studied here has greater
count sensitivity, whereas the other cam-
era (Discovery NM 530c; GE Healthcare)
has better spatial resolution and modestly
higher contrast-to-noise ratio (4). A final
limitation is that our images were limited
to rest MPI. As discussed above, because
we wanted to compare ULD HE SPECT
with SLD A-SPECT MPI, evaluation of
stress images would have required all
patients to undergo stress testing on 2
separate occasions, because stress imag-
ing cannot be performed with a divided
dose as can rest imaging. We wanted
both ULD HE SPECT and SLD A-
SPECT to be performed under identical
conditions and thus chose to study the
rest examination. However, as discussed
above, the increased cardiac uptake and
decreased extracardiac activity observed
in stress images as compared with rest
images suggest that our positive find-
ings from ULD rest imaging are likely
to be applicable to stress-only imaging
as well.

CONCLUSION

Our study demonstrates that in non-
obese individuals with a high-efficiency
SPECT camera, MPI can be performed

at high quality with an effective dose of 1 mSv for a single
injection.
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