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Abstract

Background: Advances in myocardial perfusion imaging
(MPI), including CT attenuation correction (CTAC) and ad-
vanced image reconstruction algorithms, result in improved
image quality, thus reducing equivocal or false positive results.
This theoretically decreases the need for downstream testing;
however, there is limited access to these technologies due
to their costs and the magnitude of benefit remains unclear.
We performed an observational study to evaluate the effect
of implementing a SPECT/CT system with advanced image
reconstruction algorithms on diagnostic accuracy of MPI, and
its effect on downstream healthcare expenditures.

Methods: 277 consecutive patients who underwent SPECT
MPI with a traditional SPECT camera were compared to 273
patients imaged at the same institution with a new SPECT/
CT system with advanced image reconstruction algorithms.
Accuracy of MPI was assessed in a subgroup of 36 and 26
consecutive patients in the traditional SPECT and SPECT/CT
groups respectively, who underwent clinically-indicated inva-
sive coronary angiography (ICA).

Utilization of medical services related to coronary artery dis-
ease (CAD) was tabulated for the year following SPECT MPI
and mean cost of services was estimated using national Medi-
care reimbursement data.

Results: MPI studies performed on the SPECT/CT system
were more likely to be overall true positive (62% vs. 25%; p
= 0.008) and less likely to be false positive (19% vs. 56%; p
= 0.004). Fewer false positive MPI studies resulted in fewer
patients undergoing diagnostic ICA procedures (4% vs. 9%; p
= 0.03). Among patients with additional CAD-related services
within one year, total downstream healthcare cost was not
significantly decreased, but mean expenditure on diagnostic
healthcare services was lower in the SPECT/CT group ($4288
vs. $5740; p = 0.04).

Conclusions: Use of SPECT/CT with advanced image recon-
struction software for MPI can result in more efficient down-
stream utilization of diagnostic ICA and reduced downstream
diagnostic expenditures.

Keywords

Myocardial perfusion imaging, SPECT, SPECT/CT, Resolution
recovery, Healthcare costs

Introduction

Myocardial perfusion imaging (MPI) plays a key role
in the diagnosis, establishing prognosis, and assessing
the effectiveness of therapy in cardiovascular disease,
and it has evolved rapidly with improvements in SPECT
camera software and hardware [1]. With the develop-
ment of hybrid SPECT/CT camera systems, computed
tomography-based attenuation correction (CTAC), has
become available for routine clinical use. CTAC increas-
es the specificity of SPECT MPI for detection of signifi-
cant coronary lesions [2-4], but with variable effects on
sensitivity [5-8] and on clinical outcomes [9,10]. Addi-
tionally, SPECT image reconstruction software can in-
clude advanced algorithms for resolution recovery (RR)
and scatter correction (SC), which improve the signal-
to-noise ratio of SPECT images, enabling use of lower
radiotracer doses without loss of diagnostic accuracy
[11-13] or a worsened clinical outcome [14]. Finally, new
cardiac-only SPECT systems using solid-state detectors
are now broadly available, which improve diagnostic ac-
curacy, as well as decrease image acquisition time and
patient radiation exposure [15-18].
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Despite these technological advancements, many im-
aging centers continue to perform MPI using older gen-
eral-purpose SPECT systems without these advances.
While a cardiac-only SPECT system may only be prac-
tical at centers where the volume of MPI studies is large
enough to drive full utilization of a dedicated cardiac
SPECT camera, upgrading to a newer general-purpose,
wide field-of-view SPECT/CT system would be poten-
tially feasible at nuclear medicine practices of any size,
albeit at a higher cost. Unfortunately, we couldn’t find
any data available on the downstream effects of SPECT/
CT and advanced image processing algorithms on quali-
ty of care and healthcare expenditures, on our careful lit-
erature review. Therefore, the material value of upgrad-
ing older equipment remains unclear.

Our academic nuclear cardiology laboratory recently
replaced an older SPECT camera with line-source attenu-
ation correction (Siemanse CAM - Siemens AG: Munich,
Germany) with a new SPECT/CT system with image recon-
struction software able to perform RR and SC (GE Discov-
ery NM/CT 670 SPECT/CT with GE Evolution® software
- General Electric: Fairfield, Connecticut). Both the old
SPECT and new SPECT/CT cameras are general-purpose
instruments utilizing traditional photomultiplier tube tech-
nology. The objective of this study was to assess the impact
this change had on quality and cost of patient care. We
hypothesized that the new SPECT/CT system would have
improved diagnostic accuracy, resulting in a decrease in
downstream diagnostic healthcare services and a reduction
in the associated preventable healthcare costs.

Methods

Patient cohorts

The Boston University Medical Center IRB approved
this study and granted waiver of informed consent. Two
cohorts of patients were identified using an automated
query of our hospital’s stress-testing database. The “SPECT
group” included all patients who underwent MPI during
the final four months of use of a Siemens eCAM with Gd-
153 line-source attenuation correction. The “SPECT/CT”
group included all patients who underwent MPI during a
five-month period starting one year after replacement of
the Siemens eCAM with a new GE Discovery NM/CT670.
We elected not to include the first year of data to allow for
protocol optimization and experience with the new equip-
ment. Duration of the two cohorts was set such that each
contained at least 250 consecutive patients, which we esti-
mated was the approximate sample size required to demon-
strate a 20% difference in preventable diagnostic expendi-
tures at a power of 0.8. Retrospective review of electronic
medical records was performed to collect relevant clinical
data on all study patients.

Camera systems and image acquisition protocols

SPECT group: MPI was performed on a Siemens
eCAM with Gd-153 line-source attenuation correction
(AC). ECG-gated SPECT images were acquired using

weight-based Tc-99 m sestamibi dosing (< 200 lbs: 10
mCi rest, 30 mCi stress; 200-250 lbs: 12 mCi rest, 36 mCi
stress; > 250 Ibs: 45 mCi stress, 45 mCi rest). Acquisition
parameters included: 90° dual-head configuration with
180° orbit (32 intervals, 25 seconds/step), LEHR collima-
tor, 20% energy window centered at 140 keV, 128x128
matrix. Non-AC images were processed using filtered
back protection (FBP) with a Butterworth filter (order
5, cut-off 0.35); AC images were processed by ordered
subset optimization maximization (OSEM) (4 iterations,
12 subsets).

SPECT/CT group: MPI was performed on a GE NM
670 system with 16-slice CT scanner for CTAC (GE
Bright Speed Elite). ECG-gated SPECT images were
acquired using BMI-based Tc-99 m sestamibi dosing
(BMI < 20: 6 mCi rest, 20 mCi stress; BMI 21-30: 8 mCi
rest, 25 mCi stress; BMI 31-35: 10 mCi rest, 30 mCi
stress; BMI > 35: 30 mCi stress, 30 mCi rest). Acquisition
parameters included: 90° dual-head configuration with
a 180° orbit (32 intervals, 20 seconds per step), LEHR
collimator, 20% energy window centered at 140 keV,
64x64 matrix. CT parameters included: 1.0 sec rotation,
pitch 0.875:1, 10 mA, 120 kV, 512x512 matrix. Non-AC
images were processed by FBP with a Butterworth filter
(order 105, cut-off 0.435). AC images were processed by
OSEM (12 iterations, 10 subsets) with RR and SC (GE
Evolution®).

The scan time was weight-based (BMI < 35 = 10.7 min,
BMI > 35 = 13.3 min). Each study was clinically interpreted
by one of four experienced readers. Clinical interpretation
from the study report was used for imaging findings.
Interpreting physicians and image interpretation software
(Invia 4DM - Invia LLC: Ann Arbor Michigan) were
unchanged between the two cohorts.

Accuracy of MPI versus invasive coronary angiog-
raphy

Diagnostic accuracy of MPI was assessed against
invasive coronary angiography (ICA) in the subgroup of
consecutive patients from each cohort who underwent
clinically-indicated ICA. To increase the probability of
identifying any patients with false negative MPI studies,
ICA procedures performed up to one year after MPI were
used for this analysis. Locations of hemodynamically
significant stenoses were identified by review of clinical
ICA reports. Lesions were considered obstructive based
on the visual assessment of the operator (left main > 50%;
LAD, LCx, RCA > 70%). Locations of stenoses were then
compared to locations of defects on MPI by review of
clinical MPI reports. The vascular distribution associated
with any observed perfusion defects was assigned
according a standard 17-segment model [19] for patients
with typical coronary anatomy, and was assessed on a
case-by-case basis for those with variant anatomy.

Each MPI result was judged as true positive (TP), false
positive (FP), true negative (TN), or false negative (FN) in
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the distribution of each of the three coronary arteries, and
for the test overall. Abnormal MPI studies were classified as
FP overall if any vascular distribution was a false positive.
They were described as TP overall if at least one vascular
distribution was a true positive result and no other vascular
distributions were false positives. Normal MPI studies
were classified as TN or FN overall based on presence or
absence of obstructive coronary artery disease (CAD) on
subsequent ICA. Frequencies of TP, FP, TN, and FN results
were compared between the SPECT and SPECT/CT groups.
Because the frequencies of the four test outcomes in any
given vascular distribution are closely related observations,
a Bonferroni-corrected value of 0.0125 (0.05 + 4) was used
to define a significant p-value.

Positive predictive value (PPV) and sensitivity (Sn)
were calculated for each vessel and for the study as a
whole. Given the retrospective study design, we assumed
there would be a significant bias against performing
ICA on patients with normal MPI; because this would
artificially decrease the number of confirmed TN and FN
studies we elected not to calculate the test’s specificity
and negative predictive value. To contextualize any
observed differences in diagnostic accuracy, average
patient radiation exposure was calculated for each group
(in the SPECT/CT cohort the dose-length product for
the CT was included in the total).

Downstream healthcare utilization and expendi-
tures

Downstream utilization of medical services related
to the diagnosis or treatment of CAD was tabulated and

compared for a one-year period following SPECT MPIL
Total expenditure on CAD-related healthcare services
within one year was estimated, as was the total expendi-
ture on purely diagnostic services that were potentially
preventable (repeat stress tests, admissions for chest pain
with negative cardiac enzymes, and diagnostic ICA proce-
dures where in revascularization was neither performed
nor planned for a future time). Cost of each hospital ad-
mission was estimated using national average Medicare
reimbursements [20] and cost of each outpatient proce-
dure or test was estimated using the maximum allowed
Medicare reimbursement for that procedure [21]. To
clinically contextualize the estimates of healthcare expen-
diture, incidence of myocardial infarction and all-cause
mortality was also recorded for each cohort.

Statistical analysis

Statistical analysis was performed in SPSS (version
22, IBM). Unpaired two-tailed t-test was used for
comparison of continuous variables, Mann-Whitney U
for ordinal variables, and chi-squared test or Fisher’s
exact test as appropriate for categorical variables.
Significance was assessed at a = 0.05 unless otherwise
stated, with Bonferroni correction used wherever a group
of comparisons were closely related. The 95% confidence
interval (CI) of diagnostic statistics values was estimated
using the Wald method [22].

Binary logistic backward regression analysis was
performed on the subgroup of patients who underwent
ICA to assess for confounding variables predictive of
TP MPI results. Variables were included in a univariate

Table 1: Consecutive patients who underwent traditional SPECT myocardial perfusion imaging (MPI) are compared to consecutive
patients who underwent SPECT/CT MPI. The subgroup from each cohort that underwent clinically-indicated invasive coronary
angiography (ICA) within one year is also compared. For continuous variables, the standard deviation is included in parentheses.

All patients undergoing MPI

Those with ICA within one year

SPECT SPECT-CT SPECT SPECT-CT

(n=277) (n=273) (n = 36) (n =26)
MPI read as abnormal 31% 35% p=0.36 81%" 88%" p =0.50
Hyperlipidemia 65% 63% p=0.59 69% 88%" p=0.12
Diabetes 47% 44% p =0.49 64% 54% p =0.45
Hypertension 85% 82% p =0.49 86% 92% p =0.69
Mean BMI 30.8(7) 29.9 (5) p=0.12 30.5 (5.8) 30.4 (4.7) p=0.93
Mean age 65.1 (11) 64.5 (11) p=0.48 63.8 (9.0) 69.7 (10.4) p =0.02
Percent male 50% 56% p=0.20 75%" 65% p=0.57
Known CAD 28% 33% p=0.20 58%" 46% p =0.44
Prior revascularization 21% 18% p=0.45 47% 35%" p=0.44
PCI 11% 13% p=0.59 31%’ 23% p=0.58
CABG 11% 6% p=0.05 22% 12% p =0.33
Mean LVEF 58 (16) 60 (14) p=0.94 47 (16) 51 (17) p=0.41
Exercise tests 30% 26% 33% 23%
Pharmacologic tests 70% 74% P=030 479, 77% p=041

BMI: body mass index; CAD: coronary artery disease; PCI: percutaneous intervention; CABG: coronary artery bypass graft; LVEF:
left ventricular ejection fraction.; "Variable is significantly different between those who underwent ICA and those who did not.
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Table 2: The prevalence of true positive (TP), false positive (FP), true negative (TN), and false negative (FN) myocardial
perfusion imaging (MPI) studies is compared for patients within each cohort that underwent clinically-indicated invasive coronary
angiography (ICA) within one year. Positive predictive value (PPV) and sensitivity are calculated for each of the three coronary

artery distributions and for the study as a whole.

Prevalence of different test outcomes (among patients who also had ICA)

SPECT SPECT-CT

(n =36) (n = 26)
TP
LAD 22% 42% p=0.10
LCx 19% 23% p=0.76
RCA 33% 42% p=0.79
Overall 25% 62% p =0.008
FN
LAD 14% 27% p=0.33
LCx 8% 35% p =0.02
RCA 3% 25% p =0.02
Overall 6% 12% p =0.64
PPV SPECT SPECT-CT
LAD 0.47 (0.23 to 0.71) 0.92 (0.76 to 1)
LCx 0.5 (0.24 t0 0.76) 0.75 (0.45t0 1)
RCA 0.6 (0.39t0 0.81) 0.83 (0.62to 1)
Overall 0.28 (0.11 to 0.44) 0.76 (0.58 to 0.94)
Sensitivity
LAD 0.62 (0.35t0 0.90) 0.61 (0.38 to 0.80)
LCx 0.7 (0.42t00.98) 0.4 (0.15 to 0.64)
RCA 0.92 (0.78 to 1) 0.63 (0.39 to 0.86)
Overall 0.8 (0.62t0 0.98) 0.84 (0.68 to 0.94)

screen if they could be expected to correlate with presence
of CAD (hyperlipidemia, diabetes, hypertension, age,
sex, prior revascularization, LVEF < 50%) or accuracy
of SPECT imaging (SPECT versus SPECT/CT, sum
difference score, body mass index, pharmacologic versus
exercise stress). Covariates were selected for multivariate
analysis if the univariate odds ratio for TP test outcome
was significant at a < 0.2.

Results

Baseline characteristics of study cohorts

277 consecutive patients in the SPECT group were
compared to 273 consecutive patients in the SPECT/CT
group. Demographic characteristics and baseline risk
factors between SPECT and SPECT/CT were generally
similar (Table 1). There were slightly fewer patients in
the SPECT/CT group with a history of prior coronary
artery bypass graft (CABG) (11% versus 6%; p = 0.05),
although the percent of patients with prior revascular-
ization was not different overall (21% vs. 18%; p = 0.45).
36 consecutive patients in the SPECT group and 27 con-
secutive patients in the SPECT/CT group underwent
invasive coronary angiography within one year. In this
subgroup, the SPECT/CT patients were significantly old-
er (69.7 vs. 63.8 years; p = 0.02).

Besides replacement of the SPECT system, no
significant changes were made in our practice between
the two temporally consecutive patient cohorts. Rates of
SPECT MPI as a percentage of all stress tests performed

SPECT SPECT-CT

(n=236) (n=26)
FP
LAD 25% 4% p =0.04
LCx 19% 8% p=0.28
RCA 22% 8% p=0.17
Overall 56% 19% p =0.00
TN
LAD 39% 27% p=042
LCx 53% 35% p=0.20
RCA 42% 25% p=0.18
Overall 14% 8% p =0.69

at our institution did not change between the SPECT
and SPECT/CT cohorts(21% vs. 22%; p = 0.35) and the
same four nuclear readers interpreted studies during
the two time periods, with no significant changes in the
distribution of studies between the four providers (p =
0.21). There was no difference in the rate of studies read
as overall abnormal (31% vs. 35%; p = 0.36), and the
percent of patients undergoing coronary angiography
within one year was also not significantly different (13%
vs. 10%; p = 0.23).

Accuracy of MPI versus invasive coronary angiog-
raphy

Diagnostic accuracy of the SPECT and SPECT/CT
systems was compared between patients in each cohort
who underwent clinically-indicated ICA within one year
of their MPI study (Table 2). The prevalence of overall
true positive MPI studies was higher in the SPECT/CT
group (62% vs. 25%; p = 0.008), while prevalence of
overall false positive MPI studies was lower (19% vs. 56%;
p = 0.004). These findings correspond to a significant
improvement in the PPV of the MPI study overall from
0.28 to 0.76.

A trend toward increase in false negative tests was
observed in the SPECT/CT group in both RCA (25% vs.
3%; p = 0.02) and LCx distributions (35% vs. 8%; p =
0.02), although the differences did not retain significance
after Bonferroni correction. This corresponded to a trend
toward decreased sensitivity within both RCA and LCx
distributions.

On multivariate analysis (Table 3), use of the SPECT/
CT system was found to be a strong independent
predictor of true positive MPI results (p = 0.001). The
other covariate found to independently predict true
positive test outcome was higher SDS (p =0.04). Although
average age differed between the two subgroups of
patients who underwent ICA, this variable was not found
to be predictive of true positive test results (p = 0.70).

Average patient radiation exposure (Table 4) was
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Table 3: The univariate odds ratio that a myocardial perfusion imaging (MPI) study will be true positive is listed for clinically
relevant variables. Covariates found to be significant at a < 0.2 were selected for multivariate analysis; multivariate odds ratios are
listed at right (with 95% confidence interval and p value).

Odds ratio of MPI study being true positive (with 95% confidence interval)

Prior PCI or CABG
LVEF < 50%
Pharmacologic stress

1.35(0.48 - 3.84) p = 0.57
1.50 (0.47 - 4.77) p = 0.49
1.37 (0.38 - 4.88) p = 0.62

SDS: sum difference score; BMI: body mass index; PCI: percutaneous intervention; CABG: coronary artery bypass graft; LVEF:
left ventricular ejection fraction.

Variables Univariate analysis Logistic regression
SPECT/CT camera 5.60 (1.83 - 17.1) p = 0.002 7.35 (2.00 - 31.0) p = 0.003
SDS’ 1.19 (1.03 - 1.38) p = 0.017 1.08 (1.01 - 1.16) p = 0.04
Hyperlipidemia 16.9 (1.97 - 145) p = 0.011 7.35(0.79 - 68.8) p = 0.08
Diabetes 1.61 (0.50 - 5.14) p = 0.31
Hypertension 1.71(0.26 - 11.2) p = 0.58
BMI’ 1.01 (0.91-1.11) p=0.92
Age’ 1.01 (0.96 - 1.06) p = 0.70
Male sex 0.51 (0.15-1.67) p=0.26

)

)

Table 4: Mean radiation exposure in millisieverts (mSv) from the index SPECT myocardial perfusion imaging (MPI) study is listed
for both cohorts. The total annual exposure to iatrogenic radiation is calculated by including radiation from subsequent MPI studies
and invasive coronary angiography (ICA) procedures. Standard deviation is listed in parentheses.
SPECT (n = 277) SPECT-CT (n = 273)
13.2 (3.2) 11.0 (2.1)

18.0 (18) 14.5 (18)

Radiation from SPECT MPI
Radiation from SPECT MPI and ICA within one year

p <0.001
p =0.02

Table 5: Incidence of medical services related to coronary artery disease (CAD) during the first year following each patient’s
baseline myocardial perfusion imaging (MPI) study is compared. National Medicare reimbursement data is used to estimate the
average total cost per patient. Mean expenditure on preventable diagnostic services is estimated by excluding expenses related
to clinically-indicated revascularization procedures.

SPECT SPECT-CT

(n=277) (n=273)
Patients with additional services within one year 76 (27%) 75 (27%) p=0.99
Invasive coronary angiography (ICA) 36 (13%) 26 (10%) p=0.23
Diagnostic ICA with no therapeutic intervention 22 (8%) 8 (3%) p=0.01
ICA leading to CABG 6 (2%) 9 (3%) p=0.45
ICA with PCI (but no CABG) 8 (4%) 9 (3%) p=0.99
Other admissions for CAD
Myocardial infarction (with no ICA) 21 (8%) 21 (8%) p=0.99
Chest pain, ruled out for Ml 41 (15%) 42 (15%) p=0.91
Outpatient stress test
Repeat SPECT MPI 2 (1%) 1 (0%) p=0.99
Stress echo 3 (1%) 4 (1%) p=0.72
Exercise EKG 6 (2%) 4 (1%) p=0.75
Mean total expenditure per patient who had any additional services
All services $9,001 $8,248 p=0.11
Preventable diagnostic services only’ $5,740 $4,288 p =0.04

CABG: coronary artery bypass graft; PCI: percutaneous intervention; MI: myocardial infarction. *Preventable diagnostic services
include chest pain rule-out admissions, repeat stress testing, and diagnostic ICA procedures that did not result in PCI or referral
for CABG.

found to have been lower in the SPECT/CT group (11.0
vs. 13.2 mSv; p < 0.001).

Downstream healthcare utilization and expendi-
tures

In the SPECT/CT group there were several changes
in rates of healthcare utilization and downstream
healthcare costs during the year following SPECT MPI
(Table 5). There was no difference in the number of
patients who received at least one additional CAD-

related healthcare service (27% vs. 27%; p = 0.99),
but there was a significant decrease in the number of
patients in the SPECT/CT group who underwent purely
diagnostic ICA procedures where no percutaneous
intervention (PCI) was performed and no referral was
made for CABG (4% vs. 9%; p = 0.03). Mean expenditure
on CAD-related healthcare services was estimated for
the year following MPI among patients who received
any such additional services. National average Medicare
reimbursement figures were used (Table 6). The mean
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Table 6: Diagnosis-related group (DRG) codes are listed for all study-relevant inpatient discharge diagnoses; Healthcare Common
Procedure Coding System (HCPCS) codes are listed for all relevant outpatient cardiac stress testing. Data is based on 2012

reimbursement figures. All values are listed in US dollars.

Inpatient service DRG code
CABG

Inpatient ICA (with DES)

Inpatient ICA (with BMS)
Inpatient ICA (diagnostic)
Medically managed Ml

Chest pain rule out 313 - Chest pain

Outpatient service HCPCS code

SPECT MPI
Stress echo
Exercise EKG

238 - Major cardiovasc proc w/o MCC

247 - Percutaneous cardiovascular proc w/
Drug eluting stent w/o MCC

287 - Circulatory disorders except AMI w/ card cath w/o MCC $6,292.35
282 - AMI discharged alive w/o CC/MCC

78452 - Ht muscle image spectmult
93351 - Stress TTE complete
93014 - Cardiovascular stress test

Reimbursement
$20,224.94
$12,016.59
$11,000.00

$4,344.40
$2,951.06

Reimbursement
$549.98

$265.14

$96.68

CABG: coronary artery bypass graft; ICA: invasive coronary angiography; DES: drug-eluting stent; BMS: bare-metal stent; MI:
myocardial infarction; MPI: myocardial perfusion imaging; MCC: major cardiac complications; TTE transthoracic echocardiogram.

overall expenditure on CAD-related services within one
year did not decrease at a significant level ($8248 vs.
$9001; p = 0.11); however, mean expenditure on purely
diagnostic healthcare services was significantly decreased
($4288 versus $5740; p = 0.04).

No difference was seen in incidence of adverse health
outcomes within one year of SPECT MPI In both
the SPECT and SPECT/CT groups, only two deaths
occurred. In both groups, 23 patients experienced
myocardial infarction (including demand-mediated or
“type II” myocardial infarction (MI).

Discussion

Myocardial perfusion imaging (MPI) is a valuable
tool in the diagnosis and management of patients with
cardiovascular disease. It is also a complex physiologic
imaging process, which exposes it to several potential
pitfalls and artifacts that can limit the final interpretation
of the study. Given recent advancements in SPECT im-
aging, replacement of any older general-purpose SPECT
system that is approaching the end of its service life now
requires careful consideration of the financial costs of
the equipment versus clinical benefits associated with
adopting newer technologies. Investing in a SPECT sys-
tem with a hybrid CT scanner enables CT-based atten-
uation correction (CTAC), which is known to improve
the specificity of MPI [5-7]. Addition of contemporary
image reconstruction software with resolution recovery
(RR) and scatter correction (SC) allows for reduction
in radiotracer dose without loss of diagnostic accuracy
[11,12]. However, adding these technologies to a gen-
eral-purpose SPECT system can nearly double its cost.
To our knowledge, there is no previously published data
demonstrating that implementation of these technol-
ogies alters healthcare utilization in a way that would
economically justify the increased upfront expense. This
study demonstrates that replacing an older general-pur-
pose SPECT camera with a general-purpose SPECT/CT
system leads to improvement in the PPV of MPI while
at the same time reducing patient radiation exposure,

and also results in a decrease in the rate of preventable
downstream diagnostic invasive coronary angiography
(ICA), with an associated decrease in expenditure on
preventable healthcare services during the subsequent
year. Although this study was not powered for clinical
outcomes, these quality improvements and cost savings
were achieved without any suggestion of increase in the
rate of MI and all-cause mortality.

Our findings on the diagnostic accuracy of our
SPECT/CT system are in line with existing knowledge.
The SPECT/CT group had fewer false positive (FP)
tests, more true positive (TP) results, and a marked
improvement in the test’s overall PPV. This is consistent
with prior data on CTAC, which has demonstrated a
decrease in the frequency of false positive MPI studies
and aresultant improvement in the test’s specificity [5-7].
The data suggested an increase in false negative (FN) MPI
results for SPECT/CT in the RCA and LCx territories,
which also aligns with prior studies [7,8]. While this
suggestion of missed disease is potentially worrisome,
we were somewhat reassured by two observations. First,
this non-significant increase in false negatives appeared
to be much smaller for the test as a whole than it was
for these two individual vessels. Second, there was no
clinical suggestion of missed disease in the SPECT/CT
cohort, given a lack of increase in the rates of death and
MI, and a non-significant trend toward increase in the
rate of clinically-indicated revascularizations. In parallel
to the above changes in diagnostic accuracy, SPECT/
CT reduced patient radiation exposure from MPI by 17
percent. This is in line with prior findings on the use of
iterative reconstruction algorithms including RR and
SC, which suggest that this technology enables reduction
in radiotracer dose [11-14] without compromising
diagnostic accuracy of the test [14]. While we cannot
be certain which component of our system (CTAC, RR,
or SC) was responsible for each of the above changes
in diagnostic performance of SPECT MPI studies, we
believe the overall effect on diagnostic accuracy with the
new SPECT/CT system was favorable.
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While the overall fraction of SPECT MPI patients
referred for ICA within one year was not significantly
altered, there was a decrease in the percentage of who
underwent a purely diagnostic ICA procedure (8%
vs. 3%; p = 0.01) and a non-significant increase in the
percentage who underwent an ICA procedure leading to
a clinically-indicated revascularization by PCI or CABG
(7% vs. 4%; p = 0.26). This improvement in the clinical
appropriateness of our ICA referrals appeared to most
likely be a result of the more accurate risk stratification
enabled by the updated SPECT/CT system. We feel this
was a clinically meaningful improvement in quality.

In our study mean expenditures on preventable
CAD-related healthcare services decreased during
the year after MPI. These savings were primarily
driven by the decrease in preventable diagnostic ICA
procedures. Our study estimates that average savings
on preventable healthcare expenses within the year
following SPECT MPI is $1,452 per patient who received
additional healthcare services. Averaged over all patients
undergoing MPI (including those with no additional
services), this equates to a savings of $443 per patient,
which is more than 80% of the Medicare reimbursement
for the original MPI study. If we assume that the cost
of a new general purpose SPECT/CT system is around
$1,000,000, then approximately 2,257 patients would
need to be scanned in order for savings to equalize the
upfront expense of a new SPECT/CT camera. At our
medium-sized nuclear medicine practice, this represents
approximately two years of MPI volume. The break-
even point is even less if one considers only the cost
difference between a new SPECT and a new SPECT/
CT system. Currently the imaging provider absorbs
the added expense of purchasing a new SPECT/CT
system, while third-party payers reap these savings from
decreased downstream costs. Our findings suggest that
payers should consider directing patients preferentially
to centers with SPECT/CT MPI technologies, or perhaps
offer financial incentives for updating MPI imaging
systems. Not only would this strategy save money at a
systems level, but it would appear to prevent unnecessary
invasive procedures.

Our study has several caveats. Our analysis of
diagnosticaccuracyislimited bylooking onlyat clinically-
indicated ICA procedures, which necessarily introduces
a large referral bias toward patients with abnormal MPI
studies. The overall prevalence of TP studies and FP will
therefore be vastly inflated, while the incidence of FN
studies will be reduced to an unknowable degree. The
analysis of diagnostic accuracy is therefore useful only
for comparison between groups, not for assessment
of the test’s diagnostic accuracy in any absolute sense.
Also, since clinicians were not blinded to the fact that
we had switched to use of CTAC, we cannot ignore the
possibility of verification bias, rather than changes in
diagnostic accuracy, affecting who was referred for ICA.
The severity of stenosis on ICA was performed by visual

assessment of angiographic severity which is inherently
subjective by nature and measurement of fractional
flow reserve (FFR) was not routinely performed. Our
economic analysis is potentially limited by the decision
to estimate from national average reimbursement data,
rather than exact hospital record-based billing data;
however, while this makes our cost estimates more
theoretical, it should also make them more generalizable.
Finally, it represents a single center’s experience and
the results need to be interpreted in that context. For
example, our data may not be generalizable to centers
with a larger volume of MPI studies, where purchasing
a cardiac-only SPECT camera may be the most logical
investment. We hope our financial analysis provides the
impetus for others to evaluate how differences in MPI
imaging technology (e.g. SPECT vs. SPECT/CT vs. PET)
cause variability in downstream medical expenditures in
large, multi-center cohorts. Hopefully, databases such
as the American Society of Nuclear Cardiology Image
Guide registry will allow for such analysis [23].

Conclusion

We found that upgrading from an older general-
purpose SPECT camera with line-source attenuation
correction to a new general-purpose SPECT/CT system
with advanced image reconstruction algorithms resulted
in overall improvements in diagnostic accuracy and
a reduction in downstream preventable healthcare
expenditures. While previous studies have shown
similar effects on diagnostic accuracy, our data is the first
to show that SPECT/CT has demonstrable economic
benefits. Our findings suggest that the replacement of
an older general-purpose SPECT camera with a general-
purpose SPECT/CT system leads to meaningful quality
improvement and is therefore a justifiable investment.
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