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1. Introduction

Coronary flow reserve (CFR), defined as the ratio of increase in cor-
onary blood flow from baseline resting blood flow, is one of the most
sensitive parameters to detect early signs of coronary arteriosclerosis
[1–8]. Myocardial perfusion PET is a well-established technology for
the CFR measurement, however, availability is still limited due its cost
[9–11]. Myocardial perfusion SPECT imaging using Tc-99m labeled
tracers is one of the most widely available and well-established clinical
approaches for detecting myocardial perfusion abnormalities in
University Hospital Wuerzburg,

 

patients with ischemic heart disease [12–19]. However, quantification
of myocardial flow is challenging due to limited temporal and spatial
resolution, attenuation and scatter artifacts.

We have recently proposed a novel approach for the assessment of
myocardial flow responses during pharmacological vasodilation stress
using a combination of cardiacfirst pass dynamic planar imaging during
tracer administration and subsequent myocardial SPECT [20,21]. In
order to compensate for the limitation of temporal resolution of SPECT
technology, a dynamic planar angiography is used for tracer input esti-
mation [22]. Separate SPECT imaging serves for local tracer determina-
tion. Using the same alignment of scanner and patient positions for
both baseline rest and stress scans, effects of attenuation, scatter and
partial volume remain the same. Therefore, when calculating a “ratio”
between baseline and stress, intrinsic factors of artifacts such as attenu-
ation can be ruled out.
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In this study,we aimed to further elucidate the feasibility tomeasure
CFR by a combination of dynamic first-pass planar imaging and SPECT in
comparison with CFR as assessed by 15O-water PET.

2. Materials and methods

2.1. Patients

The study population consisted of 10 patients (7 men, 3 women; mean age, 61 ±
8 years), who were referred for scintigraphic assessment of coronary artery disease.
Seven patients had a previous myocardial infarction. Both a MIBI CFR study and a PET
CFR studywere performedwithin an interval of 5 days. The local hospital reviewboard ap-
proved the study protocol and all patients gave informed consent.

2.2. Measurement of CFR by MIBI

Augmented regional MIBI myocardial retention during pharmacological vasodilation
was calculated based on a theory previously published [21]. The absolute tracer retention
can be described as follows:

R ¼ Ct=Sbt ð1Þ

where R is the absoluteMIBI retention of the tracer, Ct is the true radioactivity of the tracer
in the regional myocardium and Sbt is the true time integral of arterial radioactivity
concentration.

Secondly, radioactivity in myocardium Ct can be expressed as follows:

Ct ¼ k1Cm ð2Þ

where Cm is the regional myocardial count measured withMIBI SPECT study and k1 is the
correction factor for the SPECTmeasurement including count rate, attenuation factor, par-
tial volume effects and sensitivity of the gamma camera system.

Thirdly, the integral of arterial radioactivity concentration Sbt can be expressed with
the time integral of arterial counts, measured by the first pass angiographic study
(Sbm), and the correction factors (k2) for the first pass imaging, including counting rate,
attenuation factor, partial volume effects and sensitivity of the gamma camera system.
Then, Sbt can be expressed as follows:

Sbt ¼ k2Sbm ð3Þ

CFR measured by MIBI retention (CFRMIBI) is defined as ratio of tracer retention at stress
divided by that at baseline

CFRMIBI ¼ Rs=Rb ð4Þ

where b indicates baseline and s indicates during pharmacological stress.
Eq. (4) can be changed as follows: Eq. (5) using Eqs. (1)–(3):

CFRMIBI ¼ Rs=Rb
¼ Cts=Sbtsð Þ= Ctb=Sbtbð Þ
¼ CtsSbtb=CtbSbts
¼ k1Cmsk2Sbmb=k1Cmbk2Sbms

ð5Þ

The correction factors (k1 and k2) can be crossed out in Eq. (5), because they are specific to
the gamma camera system and individual patient, and therefore the same at baseline and
at stress. Consequently, the final equation is made up of only parameters measured from
the SPECT and first pass angiographic study and appears as follows:

CFRMIBI ¼ CmsSbmb=CmbSbms ð6Þ

2.3. MIBI imaging

MIBI planar angiography and SPECT imaging were performed using a one-day rest-
stress imaging protocol, which follows the previously published method [21]. At rest
and immediately after bolus injection of 370 MBqMIBI into a vein, first-pass radionuclide
angiographic data were obtained from the anterior view each second for 90 s in a 6464
matrix. Forty minutes later, SPECT was performed with a dual-headed gamma camera
SPECT system (Millennium VG, GE Medial). Thirty projection images were obtained in a
64*64 matrix over 180 degrees, at a duration of 50 s per view. Tomographic images
were reconstructed using a ramp filter with a Butterworth filter (order 10; cutoff frequen-
cy, 0.55 cycle/cm). Attenuation correction was not performed.

ATP stresswas started immediately after baseline SPECT imaging. ATPwas infused at a
rate of 0.16 mg/kg/min for 5 min. Three minutes after initiation of the ATP injection,
740 MBq of MIBI were injected as a bolus. Radionuclide angiographic data was obtained
in the same manner as for the baseline study with the exception of data acquisition
being started 5–10 s before the radionuclide injection in order to obtain data for subtrac-
tion of the previously injected radionuclide activity. One hour after the ATP stress, SPECT
was repeated.
2.4. MIBI data analysis

Time integral of left ventricular first-pass MIBI counts was obtained as the area under
the gamma-variate-fitted time activity curve generated from the left ventricular region of
interest (ROI). The ROIwas determined during left ventricular tracer passage phase at ATP
stress by delineating the edge where the count rate was 40% of the peak left ventricular
count rate (Fig. 1 A and B). The sameROIwas also used for the baseline study. Time activity
curve analysis at ATP stresswasperformed after subtraction of the remaining activity from
the baseline study.

Transaxial SPECT slices were reconstructed to 1.1 cm thickness, then myocardial ROIs
were drawn manually at the septal, anterior, lateral and posterior walls on a representa-
tive transaxial image (Fig.1 B). The average myocardial count in each ROI at baseline and
ATP stress was measured. The myocardial counts at ATP stress were obtained by
subtracting the decay-corrected baseline counts.

2.5. 15O-water PET imaging and data analysis

For PET imaging, a 1400W-10 PET (Shimadzu Corporation, Kyoto, Japan) scannerwas
used. The scanner can obtain seven slices at 13 mm intervals with a spatial resolution of
4.5 mm full width at half maximum.

Transmission scans were performed for 10 min using a rotating germanium-68 rod
source. Then, 15O-COPET anddynamic 15O-Water PET at baseline andATP stresswereper-
formed in a 128 ∗ 128 matrix. Patients were asked to breathe 15O-CO gas for 2 min and
then a 4 min static scan was performed. Ten minutes were allowed for the decay of 15O-
CO before the baseline study was initiated. A total of 740 MBq of 15O-Water was injected
intravenously over 2 min and a 20-frame dynamic PET examination was performed for
6 min. Ten minutes were allowed for the decay of 15O-Water after the baseline study
and before the ATP stress studywas initiated. Threeminutes after the start of ATP infusion
(0.16 mg/kg/min for 9 min), dynamic image acquisition was performed. All images were
reconstructed using a filtered back projection method.

Myocardial ROIs were placed on the same locations as for the MIBI study using a rep-
resentative transaxial slice (slice thickness of 1.1 cm), which corresponded to the slice se-
lected for the MIBI study (Fig.1 B). Mean blood flows at the ROIs were calculated using a
single compartment model according to the previously published method [23,24]. Then,
the myocardial blood flow increase ratio during ATP stress (CFRPET) was calculated as
the ratio of myocardial blood flow at ATP stress to that at baseline.

2.6. Statistical analysis

Continuous variables were expressed asmean± SD. Hemodynamic parameters were
compared by a paired t test. P b 0.05 was considered statistically significant.

3. Results

There were significant increases in heart rates and significant de-
creases in systolic and diastolic blood pressures at ATP stress in both
the MIBI and the 15O-Water PET studies.

We successfully obtained 38 segmental data sets from 10 patients.
Two segments were rejected because of difficulties determining the
ROI on the myocardium at the area of perfusion defects. CFRMIBI was
plotted against CFRPET and is presented in Fig. 1C. CFRMIBI increased in
conjunctionwithCFRPET. This proportional relationhit a plateau asmyo-
cardial blood flow increase reached approximately 3-times the level of
baseline blood flow.

Furthermore, non-linearfitting based on themodified Crone–Renkin
model equation used for myocardial perfusion tracer net extractions
and myocardial blood flow was applied in our results [25–27]. A good
curved correlation between theMIBI retention increase andmyocardial
blood flow increase was achieved as follows; Y= 1.40x(1-exp(1.79/x))
(r = 0.84) (Y = CFRMIBI, X = CFRPET).

4. Discussion

We described the relationship between CFR as assessed by
15O-Water PET and by a combination of dynamic planar and SPECT
imaging studies. As CFRPET increased, CFRMIBI concordantly increased
linearly in low flow range. This relation reached a plateau at N3 CFR
which might be attributed to reduced MIBI extraction at high coronary
flow rates [28–32].

Quantification of absolute flow with SPECT imaging is challenging
because of time resolution, scatter, attenuation and partial volume ef-
fects. For themeasurement of CFR with perfusion SPECT, we performed
a combination of planar first-pass angiographic imaging and SPECT



Fig. 1. MIBI first pass planar angiography and subsequent SPECT imaging were performed. (A) First-pass radionuclide angiographic data were obtained from the anterior view. Time
integral of left ventricular first-pass MIBI counts was obtained as the area under the gamma-variate-fitted time activity curve generated from the left ventricular region of interest
(ROI). (B) Myocardial ROIs were drawn manually at the septal, anterior, lateral and posterior walls on a representative transaxial image for both MIBI SPECT and 15O-water PET.
(C) Relationship between the coronary flow reserve measured by MIBI SPECT (CFRMIBI) and CFR measured by myocardial 15O-water PET (CFRPET). Increase CFRMIBI rose in conjunction
with CFRPET, but reached a plateau at higher CFRPET. Solid line indicates non-linear fitted curve.
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acquisition [21]. Arterial input function and regional tissue tracer con-
centrations are required for themeasurement of CFR. Especially, estima-
tion of arterial input function is difficult using SPECT due to the limited
temporal resolution [20]. Therefore, we employed first-pass planar im-
aging that has a higher temporal resolution [22]. In general, it is difficult
to assess the true counts of an object with a gamma camera requiring
corrections for scatter, attenuation and partial volume effects. However,
using the same alignment of patient positions at rest and stress, these
factors remain specific for both the camera system and the patient.
Therefore, whenever possible, identical alignment between patient
and detectors is very important in this method.

There are a few reports about CFR assessed by SPECT and validated
by PET quantification [33,34]. Consistent with our results, the potential
feasibility of SPECT CFR measurement could be demonstrated using a
similar approach of first pass planar and SPECT imaging. In comparison,
our study mainly differs in the protocol design of the MIBI study. We
chose a one-day, rest-stress protocol while the other groups used two-
day protocols. In order to avoid the influence of residual tracer activity,
we subtracted the previously injected activity from the stress count
rates.
5. Conclusions

CFRMIBI equally reflects myocardial blood flow increase from
baseline to pharmacological vasodilation as assessed by 15O-Water
PET. However, it underestimates flow reserve at high coronary
blood flows, most likely due to the pharmacokinetic tracer character-
istics of MIBI.
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