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Abstract

Background: Despite increasing clinical use, there is limited data regarding regadenoson in stress perfusion
cardiovascular magnetic resonance (CMR). In particular, given its long half-life the optimal stress protocol remains
unclear. Although Myocardial Perfusion Reserve (MPR) may provide additive prognostic information, current
techniques for its measurement are cumbersome and challenging for routine clinical practice.
The aims of this study were: 1) To determine the feasibility of MPR quantification during regadenoson stress CMR
by measurement of Coronary Sinus (CS) flow; and 2) to investigate the role of aminophylline reversal during
regadenoson stress-CMR.

Methods: 117 consecutive patients with possible myocardial ischemia were prospectively enrolled. Perfusion
imaging was performed at 1 minute and 15 minutes after administration of 0.4 mg regadenoson. A subgroup of 41
patients was given aminophylline (100 mg) after stress images were acquired. CS flow was measured using
phase-contrast imaging at baseline (pre CS flow), and immediately after the stress (peak CS flow) and rest (post CS
flow) perfusion images.

Results: CS flow measurements were obtained in 92% of patients with no adverse events. MPR was significantly
underestimated when calculated as peak CS flow/post CS flow as compared to peak CS flow/pre CS flow (2.43 ±
0.20 vs. 3.28 ± 0.32, p = 0.03). This difference was abolished when aminophylline was administered (3.35 ± 0.44 vs.
3.30 ± 0.52, p = 0.95). Impaired MPR (peak CS flow/pre CS flow <2) was associated with advanced age, diabetes,
current smoking and higher Framingham risk score.

Conclusions: Regadenoson stress CMR with MPR measurement from CS flow can be successfully performed in
most patients. This measurement of MPR appears practical to perform in the clinical setting. Residual hyperemia is
still present even 15 minutes after regadenoson administration, at the time of resting-perfusion acquisition, and is
completely reversed by aminophylline. Our findings suggest routine aminophylline administration may be required
when performing stress CMR with regadenoson.
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Background
Perfusion cardiovascular magnetic resonance (CMR) is
increasingly used for diagnosis and risk stratification of
patients with known or suspected coronary artery disease
(CAD). The majority of these procedures are performed
using the non-selective vasodilator agent adenosine. Rega-
denoson is a relatively new selective adenosine A2A recep-
tor agonist, and is now the most widely used stress agent
in the United States [1]. Unlike adenosine, regadenoson is
conveniently given as a single fixed-dose bolus rather than
as a weight adjusted infusion and is associated with fewer
side-effects [2,3]. However, in contrast to Single-Photon
Emission Computed Tomography (SPECT) imaging [1-3],
there is limited data on regadenoson use in CMR [4-8].
In particular, due to regadenoson’s longer and multi-
exponential clearance [9], a major unresolved issue is
the impact of this on the typical stress-rest CMR stress
protocol. In some centers, reversal is facilitated with ami-
nophylline before resting images are acquired. However,
there is significant variation in current practice and the
role of routine aminophylline reversal is unclear.
Myocardial perfusion reserve (MPR) is the ratio of glo-

bal myocardial blood flow at stress vs. rest. Traditionally,
MPR has been measured non-invasively using quantitative
positron emission tomography (PET) or CMR [10-12].
Several recent studies have suggested that measurement
of MPR provides significant additive prognostic infor-
mation during stress perfusion imaging in patients with
known or suspected CAD [13-16]. However, both PET
and current CMR techniques are cumbersome, and in the
case of PET require radiation as well as on-site Rubidium-
82 generators. Therefore, they are challenging for routine
clinical practice and have been limited to specialized re-
search centers. An alternative, simple CMR method for
measurement of MPR by quantifying change in coronary
sinus (CS) flow has been described [17,18]. The CS drains
approximately 96% of total myocardial blood flow and
provides a potentially convenient location for measurement
of global myocardial blood flow [19]. This method has been
validated against both invasive and PET techniques [18,20].
We hypothesized that measurement of CS flow at stress
Figure 1 Regadenoson CMR stress protocol. Stress perfusion protocol s
Coronary sinus flow was measured using phase-contrast imaging at three t
gadolinium enhancement.
and rest may provide a simple and rapid assessment of
MPR during regadenoson stress perfusion CMR.
The aims of this study were therefore two-fold: 1) To

determine the feasibility of MPR quantification during
regadenoson stress CMR by measurement of CS flow;
and 2) to investigate the role of aminophylline reversal
during regadenoson stress-CMR.

Methods
Study population
One hundred and seventeen consecutive patients with
suspected myocardial ischemia referred for CMR stress
testing were prospectively enrolled in a single academic
medical center between March 2012 and April 2013.
Patients were excluded if they had metallic implants in-
compatible with CMR, glomerular filtration rate < 30 ml/
min, high degree atrio-ventricular block, severe active
wheezing from asthma or severe claustrophobia. Subjects
were asked to abstain from caffeine-containing products
for at least 12 hours prior to the test. Information on base-
line demographic variables and prior laboratory testing
was obtained from patient interviews and the electronic
medical record. Patients gave informed written consent
for the protocol, which was approved by the University of
Illinois Institutional Review Board.

CMR
Images were acquired on a 3 T scanner (Philips Achieva,
Philips Medical Systems, Best, the Netherlands) using a
six-element phased-array receiver coil. Steady-state free-
precession cine images were acquired in multiple short-
axis and three long-axis views (repetition time 3.0 ms;
echo time 1.5 ms; flip angle 40°; slice thickness 6 mm)
(Figure 1).
The patient table was then partially pulled outside the

scanner bore to allow direct observation of the patient
and full access. A 0.4 mg bolus of regadenoson (Lexiscan,
Astellas Pharma Inc) was infused under continuous elec-
trocardiography and blood pressure monitoring. Approxi-
mately 1 minute after regadenoson administration, the
perfusion sequence was applied and Gadolinium contrast
howing timing of administration of regadenoson and aminophylline.
ime-points (pre-stress, peak stress, and post stress). LGE = late
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(0.075 mmol/kg gadoteridol, Bracco Diagnostics) followed
by a saline flush (30 ml) was infused (4.5 ml/s) via an ante-
cubital vein. On the console, the perfusion images were ob-
served as they were acquired, with breath-holding starting
from the appearance of contrast in the right ventricular
cavity. Imaging was completed 10 to 15 s after the gado-
linium bolus had transited the left ventricular myocardium.
Perfusion images consisted of three to four short-axis slices
obtained every heartbeat with a saturation-recovery, gra
dient-echo sequence (repetition time 2.8 ms; echo time
1.1 ms; flip angle 20°; voxel size 2.5 × 2.5 × 8 mm). A
random subgroup of 41 patients was administered ami-
nophylline 100 mg IV immediately after stress perfusion
imaging. Rest perfusion images were acquired 15 minutes
after stress imaging with an additional contrast bolus
(0.075 mmol/kg gadoteridol) using identical sequence
parameters. Five minutes after rest perfusion, late ga-
dolinium enhancement (LGE) imaging was performed
with a 2D segmented gradient echo phase-sensitive
inversion-recovery sequence in the identical views as
cine-CMR. Inversion delay times were typically 280 to
360 ms (Figure 1).

Coronary sinus imaging
The coronary sinus was identified in the atrio-ventricular
groove, on the basal slices of the short-axis stack (Figure 2).
The plane for flow measurement was prescribed parallel to
the long-axis of the heart on the 4-chamber view and per-
pendicular to the direction of flow in the coronary sinus,
approximately 0.5 cm from the ostium (green line Figure 2).
Velocity-encoded images were acquired with retrospective
ECG gating during 12- to 18-second breath holds (slice
thickness 6 mm; in-plane resolution 1.3 × 1.3 mm;
temporal resolution 35–55 ms; and velocity encoding
60 cm/s). These images were acquired in the baseline
(pre) state as well as immediately after stress (peak)
and rest (post) perfusion images (Figure 1). In a ran-
dom subgroup of 50 patients the acquisition of the
baseline (pre) and stress (peak) CS images was per-
formed again for assessment of repeatability.
Figure 2 Coronary sinus flow measurement. The coronary sinus was iden
stack (panel a). the plane for flow measurement was prescribed parallel to the
direction of flow in the coronary sinus, approximately 0.5 cm from the ostium
cross-section on the phase contrast images (panels c and d). flow vs time cur
sinus to calculate through-plane flow (panel e).
CMR analysis
Perfusion and LGE images were visually interpreted by
standard methods [21]. For perfusion-CMR, stress and
rest images were read side-by-side. Blinded quantitative
analysis of CS flow was performed using commercial
software (Philips View Forum, Best, the Netherlands).
The contour of the coronary sinus was traced on the
phase-contrast magnitude images throughout the car-
diac cycle (Figure 2). Coronary sinus flow was calculated
by integrating the momentary flow rate values from each
cardiac phase over the entire cardiac cycle and multiplying
by the mean heart rate during the acquisition (Figure 2).
Coronary sinus flow was calculated at baseline (pre),
immediately after the stress (peak) and at rest (post). A
second blinded physician analyzed the second set of
baseline (pre) and stress (peak) images obtained in the
randomly selected group of 50 patients.

Statistical analysis
Normally distributed data were expressed as mean ± SD.
Interobserver repeatability was analyzed using the
Bland-Altman method [22]. Continuous variables were
compared by the Student’s t-test or Wilcoxon rank-sum
(depending on data normality). Comparisons of discrete
variables were made using the chi-square test; Fisher’s
exact test was used when the assumptions of the chi-
square test were not met. A p-value of <0.05 was consid-
ered statistically significant.

Results
Study population
Patients were enrolled at the time of presentation for the
clinically ordered stress CMR scan. All patients gave in-
formed consent. Out of this initial enrolled population
of 117 patients, two patients were excluded due to se-
vere claustrophobia. One of these patients also had se-
vere backache. No patients were seen (or excluded) with
active bronchospasm, high-grade AV block, metallic im-
plants incompatible with CMR, or glomerular filtration
rate < 30 ml/min. Seven patients had inadequate image
tified in the atrio-ventricular groove, on the basal slices of the short-axis
long-axis of the heart on the 4-chamber view and perpendicular to the
(green line, panels a and b). the proximal coronary sinus was seen in
ves were generated by drawing a region of interest around the coronary



Table 1 Baseline characteristics

Characteristic Value

(n = 108)

Age ± SD 60 ± 14

Male sex (%) 50 (46)

Caucasian (%) 20 (19)

Diabetes (%) 34 (31)

Hypertension (%) 79 (73)

Hyperlipidemia (%) 58 (54)

BMI ± SD 31 ± 6

Known CAD (%) 39 (36)

Family history of CAD (%) 24 (22)

Current smoker (%) 21 (19)

Former smoker (%) 24 (22)

Asthma/COPD (%) 6 (5)

Ejection fraction ± SD 65 ± 12

10 yr Framingham risk ± SD 23 ± 18

BMI = body/mass index; CAD = coronary artery disease, COPD = Chronic
Obstructive Pulmonary Disease, GFR = glomerular filtration rate;
SD = standard deviation.
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quality of the CS. The main causes of poor image quality
were inability to breath-hold adequately, poor gating, pa-
tient movement, and inability to identify the coronary
sinus. Therefore the full protocol was successfully com-
pleted in 108 patients (92%) (Figure 3).

Patient characteristics
Table 1 summarizes the baseline patient characteristics.
The mean age of the study population was 60 ± 14 yrs.
Forty-six percent of patients were male and 31% had
diabetes mellitus. Thirty-six percent had known coron-
ary artery disease, and 19% were current smokers. The
mean ejection fraction was 65 ± 12%. The mean 10-year
Framingham risk score was 23 ± 18.

Safety and side effects
Forty-nine percent of patients experienced at least one
side effect after administration of regadenoson (Table 2).
The most commonly reported symptom was shortness
of breath (24%), followed by chest pain (18%), headache
(14%), flushing (13%), nausea (12%), and dizziness (8%).
There were no life-threatening adverse events and no in-
stances of atrio-ventricular block or bronchospasm. In
addition there was no incidence of hypotension, contrast
reactions, heart failure events, unstable angina or pa-
tients requiring antianginal treatment.

Coronary sinus flow measurements
Acquisition of CS images added approximately 2–3 minutes
to overall scanning time with an additional 5 minutes re-
quired for off-line quantitative flow analysis. The flow pro-
file obtained was typically biphasic with a first peak in early
systole and a second peak during early diastole (Figure 2).

Comparison of different myocardial perfusion reserve
calculations
MPR was calculated in two different ways: 1) peak CS flow/
pre CS flow, and 2) peak CS flow/post CS flow (Figure 1).
In the entire study population, MPR calculated as peak CS
Figure 3 Study enrollment and completion.
flow/pre CS flow was significantly greater than when
calculated as peak CS flow/post CS flow (3.28 ± 0.32 vs.
2.43 ± 0.20, p = 0.03) (Figure 4).

Interobserver repeatability
Bland-Altman analysis of interobserver repeatability for
MPR (calculated as peak CS flow/pre CS flow) showed a
bias of −0.015 (CI −0.056 to 0.026). Limits of agreement
were −0.303 to 0.273. The Bland-Altman plot showed no
systematic bias (Figure 5).

Effects of aminophylline
Table 3 shows baseline patient characteristics of the pa-
tients receiving aminophylline vs those who did not. In
the subgroup of patients receiving aminophylline, there
was no significant difference between MPR calculated as
peak CS flow/post CS flow vs. peak CS flow/pre CS flow
(3.35 ± 0.44 vs. 3.30 ± 0.52, p = 0.95) (Figure 6). In con-
trast, among patients not receiving aminophylline, MPR
Table 2 Side-effects of regadenoson during stress CMR

Symptom Frequency

Dyspnea 24%

Chest pain 18%

Headache 14%

Flushing 13%

Nausea 12%

Dizziness 8%

Any symptom 49%



Figure 4 Comparison of different MPR calculations. MPR is significantly greater when using peak CS flow/pre CS flow compared with peak CS
flow/post CS flow.
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calculated as peak CS flow/pre CS flow was significantly
greater than MPR calculated as peak CS flow/post CS
flow (3.34 ± 0.44 vs. 1.80 ± 0.52, p = 0.001) (Figure 6).
Figure 7a shows that absolute post CS flow (in ml/min/g)
returned to pre CS values when patients are administered
aminophylline, suggesting complete reversal of residual
hyperemia from regadenoson. In contrast, post CS flow re-
mains elevated compared to pre CS flow in the absence of
aminophylline presumably due to residual hyperemia from
regadenoson (Figure 7b).

Patient characteristics stratified by MPR
Table 4 shows baseline patient characteristics stratified
by MPR < 2 vs MPR ≥ 2. MPR was calculated as peak CS
Figure 5 Bland-Altman analysis of interobserver repeatability for MPR
of agreement.
flow/pre CS flow. Patients with MPR < 2 were signifi-
cantly more likely to have advanced age, diabetes, higher
Framingham risk score, and history of current smoking.

Discussion
To our knowledge, this is the first study to show that
MPR can be rapidly measured using CS flows in the vast
majority of patients during regadenoson stress CMR.
Acquisition of CS images added approximately 2–3 mi-
nutes to overall scanning time with an additional 5 minutes
required for off-line quantitative flow analysis and is there-
fore practical to perform in the clinical setting. Using this
method, we have demonstrated that MPR is significantly
underestimated when calculated as peak CS flow/post CS
. Solid line represents the bias. Dashed lines represent the limits



Table 3 Baseline characteristics of patients receiving aminophylline vs those not receiving Aminophylline

Characteristic Aminophylline No Aminophylline P
Value(n = 41) (n = 67)

Age ± SD 63 ± 17 59 ± 17 0.24

Male sex (%) 22 (54) 28 (42) 0.31

Caucasian (%) 9 (22) 11 (16) 0.54

Diabetes (%) 8 (20) 26 (39) 0.06

Hypertension (%) 31 (76) 48 (72) 0.90

Hyperlipidemia (%) 26 (63) 32 (48) 0.17

Current smoker (%) 8 (20) 13 (19) 0.93

10 yr Framingham risk ± SD 24 ± 14 23 ± 20 0.75

Baseline heart rate 71 ± 12 69 ± 15 0.47

Baseline blood pressure:

Systolic 129 ± 19 124 ± 14 0.12

Diastolic 66 ± 15 68 ± 19 0.57

Peak heart rate 96 ± 17 93 ± 18 0.39

Peak blood pressure:

Systolic 126 ± 18 125 ± 15 0.76

Diastolic 63 ± 15 67 ± 18 0.24

BMI = body/mass index; CAD = coronary artery disease; SD = standard deviation. MPR was calculated as peak CS flow/pre CS flow.
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flow as compared to peak CS flow/pre CS flow. This
difference is abolished when aminophylline is adminis-
tered immediately after peak CS flow measurement is
completed. We have shown that this is because in the
absence of aminophylline, residual hyperemia is still
present even 15 minutes after regadenoson adminis-
tration, at the time of resting perfusion acquisition
(Figures 6 and 7).
Figure 6 Effect of aminophylline on MPR calculations. In the subgroup
lower when using peak CS flow/post CS flow compared with peak CS flow/pre
between the two methods of calculation. CS = coronary sinus.
Comparison with prior studies
A number of prior studies have calculated MPR from
phase-contrast CS flow measurements in man and demon-
strated good agreement with PET [11,23,24]. However,
these were very small studies (n = 9, n = 16 and n = 24) per-
formed in normal volunteers. Koskenvuo et al. measured
MPR with dipyridamole using this approach in 20 patients
with coronary artery disease and also demonstrated good
of patients not receiving aminophylline, MPR measurement is significantly
CS flow. In those receiving aminophylline, there is no difference in MPR



Figure 7 Absolute coronary sinus flow during regadenoson stress protocol. Absolute coronary sinus flow (±SEM) measured at three
time-points (pre-stress, peak stress, post stress). In patients receiving aminophylline (panel a) and in patients not receiving aminophylline (panel b)
demonstrates significant residual hyperemia in the absence of aminophylline.

Table 4 Baseline characteristics stratified by myocardial
perfusion reserve (MPR)

Characteristic MPR < 2
(n = 42)

MPR ≥ 2
(n = 66)

P value

Age ± SD 64 ± 15 58 ± 14 0.04

Male sex (%) 23 (55) 27 (41) 0.16

Caucasian (%) 9 (21) 11 (17) 0.39

Diabetes (%) 18 (43) 16 (24) 0.04

Hypertension (%) 32 (76) 47 (71) 0.57

Hyperlipidemia (%) 23 (55) 35 (53) 0.86

BMI ± SD 31 ± 6 30 ± 6 0.68

Family history of CAD (%) 12 (29) 12 (18) 0.21

Current smoker (%) 13 (31) 8 (12) 0.01

10 yr framingham risk ± SD 29 ± 19 18 ± 16 0.001

BMI = body/mass index; CAD = coronary artery disease; SD = standard
deviation. MPR was calculated as peak CS flow/pre CS flow.
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agreement with PET [18]. Our study is far larger (n = 117)
and demonstrates the feasibility of this approach during
clinical CMR stress in symptomatic patients presenting
with symptoms of possible myocardial ischemia. Our study
population is typical of the type of patients presenting to a
stress CMR service. This method of measuring MPR is
considerably simpler and less labor intensive than trad-
itional quantitative CMR perfusion techniques such as
time-signal intensity analyses. In contrast to prior studies
we have used the relatively new A2A receptor agonist –
regadenoson – which is now the most widely used vaso-
dilator stress agent in the United States [1].
A major finding of our study is that the hyperemic ef-

fect of regadenoson persists even after 15 minutes post
infusion. Similar results were reported in a recent study
by Bhave et al., in which MPR measurements were made
in a sample of 20 healthy volunteers with semi-quantitative
perfusion analysis using the ratio of maximal myocardial
upslopes in the mid-ventricular slice [4]. However, in their
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study aminophylline did not completely reverse the re-
sidual hyperemia induced by regadenoson. Potential expla-
nations for this discrepancy includes: 1) the much smaller
sample size used in that study compared to ours (n = 20 vs.
n = 117) which increases the possibility of false-positive
findings. 2) Differences between the methods used for
myocardial blood flow measurement, for example they
measured myocardial up-slopes only in the mid-ventricular
slice and no measurements were made of the basal or ap-
ical regions. In contrast blood flow in CS accounts for the
almost all of myocardial blood flow. 3) Their study in-
cluded only healthy volunteers, which may differ from our
population of patients with known or suspected coronary
artery disease being evaluated for symptoms of possible
myocardial ischemia.

Clinical implications
MPR measurement
The epicardial coronary arteries represent only a tiny
fraction of the overall coronary circulation - which ex-
tends from the large epicardial conduit arteries through
pre-arterioles, arterioles and capillaries before eventually
draining back through the venous system into the coronary
sinus [25]. MPR depends not only on trans-stenotic pres-
sure gradient of the epicardial arteries and thus stenosis
severity but even more on the ability of the coronary mi-
crovasculature (especially the pre-arterioles) to dilate [25].
Therefore, coronary microvascular dysfunction, which im-
pairs pre-arteriolar function, reduces MPR independently
of the presence of epicardial coronary stenosis [25]. Table 4
shows baseline patient characteristics stratified by MPR < 2
vs MPR ≥ 2. Patients with impaired MPR (<2) were signifi-
cantly more likely to have advanced age, diabetes, higher
Framingham risk score, and history of current smoking.
These findings are consistent with the known effects of
these risk factors on the coronary microvascular function
[25]. Thus the ability to quantitatively measure MPR may
allow a more comprehensive understanding of chest pain
syndromes and, in particular, of microvascular dysfunction.
Indeed, several recent studies using PET have suggested
that measurement of MPR provides significant additive
prognostic information during stress perfusion imaging in
patients with known or suspected CAD [13-16]. However
measurement of MPR with both PET and current CMR
techniques are cumbersome, and in the case of PET re-
quire radiation as well as on-site Rubidium-82 generators.
Therefore, they are challenging for routine clinical practice
and have been limited to specialized research centers. In
this study we have shown that MPR can be rapidly and
simply measured using phase-contrast imaging of CS flow
during regadenoson stress CMR. We have demonstrated
that this is feasible in the large majority of typical patients
referred for this procedure. Recent trials have shown the
high diagnostic accuracy of stress CMR for the detection
of epicardial coronary artery disease [26]. The addition of a
simple, rapid method of MPR measurement may provide
an additional tool in the CMR armamentarium for eval-
uating coronary microvascular physiology and pathology
which maybe of importance in a number of conditions
including coronary artery disease, Syndrome X and
hypertrophic cardiomyopathy. Future studies are needed to
determine whether this measurement of MPR during rega-
denoson stress perfusion can provide additive prognostic
information as has been demonstrated by PET [13-16].

Role of aminophylline
The pharmacokinetics of regadenoson are complex, with
an initial phase half-life of approximately 2–4 minutes,
followed by an intermediate and late phase, with the lat-
ter having a half-life of 2 hours [3,9]. Indeed, we have
shown that myocardial blood flow remains elevated des-
pite waiting at least 15 min. Thus in order to avoid
underestimating MPR, we would recommend measuring
MPR as peak CS flow/pre CS flow rather than peak CS
flow/post CS flow. Alternatively either measurement can
be used if aminophylline is administered since it reverses
the residual hyperemic effect of regadenoson.
The implications of this persistent hyperemia extend

beyond the accurate calculation of MPR. If post CS flow
does not truly represent pre CS flow (i.e. basal myocardial
blood flow), the diagnostic accuracy of the test to detect is-
chemia may be affected. A region of hypoperfusion that is
present at both stress and rest is typically interpreted as
artifact [21]. However, if there is persistent hyperemia dur-
ing the “resting” perfusion images then this region may ac-
tually represent ischemia. One potential solution for this
would be to perform rest perfusion images prior to stress
images ensuring that rest perfusion is truly performed
under basal flow conditions. The drawback of this protocol
is the risk that gadolinium contrast may accumulate in
infarcted areas and potentially mask inducible ischemic re-
gions in subsequent stress perfusion images [27]. An add-
itional advantage of a stress followed by rest protocol, is
that if stress perfusion images are completely normal and
free from artifact, the rest perfusion images can sometimes
be omitted resulting in a faster protocol. An alternate so-
lution would be to reverse the vasodilatory effect of regade-
noson immediately after acquisition of stress perfusion
images in every case. Our data show that myocardial blood
flow does, indeed, return to basal conditions after aminoph-
ylline injection. Thus, routine administration of aminophyl-
line after vasodilator stress will allow for “clean” resting
perfusion images that represent basal flow conditions.

Limitations
There are a number of important limitations to our study
that must be borne in mind. The normal adult CS diam-
eter has been reported as being around 8.3 ± 2.5 mm at
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mid-diastole [28]. With the current in-plane resolution of
1.3 × 1.3 mm only a limited number of voxels will be lo-
cated within the lumen of the vessel resulting in partial
volume errors. Moreover, the CS is a mobile structure
resulting in errors from through and in-plane motion.
Misalignment of the imaging plane is another potential
source of error. Another major cause of concern is phase-
offset errors - particularly given the low velocities in the
CS [29]. We did not use phantoms or stationary correc-
tion schemes for this study partly to keep scanning and
post-processing times within the limits of a typical clinical
protocol. There is also considerable anatomic variation in
cardiac venous anatomy. In particular, the insertion of the
medial cardiac vein maybe very close to the orifice of the
CS and thus its contribution to flow volume maybe
missed. One might postulate that some of these sources of
error may primarily impact absolute blood flow measure-
ments rather than MPR, since presumably similar errors
occur under both stress and rest conditions. In this study
we did not perform a direct head-to-head comparison of
MPR derived from CS flow compared to a standard such
as PET since good agreement has previously been reported
[11,18,23,24]. Moreover, the association of impaired MPR
(<2) in our study with advanced age, diabetes, current
smoking and higher Framingham risk score is consistent
with the known effects of these variables on coronary
microvascular function (Table 4). In this study we did not
use other doses or timings of aminophylline administra-
tion. However we have shown that 100 mg of aminophyl-
line given in the protocol described reverses the residual
hyperemia which would otherwise be present. Although
patients were asked to withhold caffeine for at least
12 hours as recommended in the regadenoson package
insert, caffeine levels were not drawn to assess for compli-
ance. In this study, patients were referred by their cardiol-
ogists for clinically indicated scans. It is likely that our
referring cardiologists were aware of CMR contraindica-
tions leading to some degree of referral bias since we saw
no patients with active bronchospasm, high-grade AV
block, metallic implants incompatible with CMR, or sig-
nificant renal failure during the study period. ECG
monitoring in the CMR environment remains challen-
ging and is a limitation of stress-CMR. Finally, although
we were able to obtain MPR measurement in the vast
majority of patients (108 out of 117 i.e. 92%), there were
a few cases where patients were unable to complete the
protocol or image quality was too poor for this to be
possible.

Conclusions
We have shown that MPR calculation from CS flow
measurements can be successfully performed in the vast
majority of symptomatic patients with known or sus-
pected coronary artery disease. Measurement of MPR
was relatively rapid and is practical to perform in the
clinical setting. Further studies are needed to determine
whether this measure of MPR during regadenoson
stress perfusion can provide additive prognostic or diag-
nostic information. We found that residual hyperemia is
still present even 15 minutes after regadenoson admin-
istration, at the time of resting perfusion acquisition.
However, this can be completely reversed by aminophyl-
line. Therefore in a stress-rest CMR protocol, MPR should
be calculated as peak CS flow/pre CS flow – particularly
if aminophylline is not given. Moreover, our findings
imply that it may be preferable to routinely give
aminophylline when performing stress-rest CMR per-
fusion using regadenoson, in order to avoid possible
misinterpretation of perfusion defects from lingering
hyperemia on the “resting” perfusion scans.

Abbreviations
CAD: Coronary artery disease; CMR: Cardiovascular magnetic resonance;
CS: Coronary sinus; LGE: Late gadolinium enhancement; MPR: Myocardial
perfusion reserve; PET: Positron emission tomography; SPECT: Single-photon
emission computed tomography.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
AF conceived the study, participated in its design and coordination,
supervised imaging and helped to draft the manuscript. VKD participated in
the study design and conduct, and drafted the manuscript. MAB and AWE
participated in the study coordination and supervised the performance of
the studies. CD and RCG monitored the imaging studies. All authors read
and approved the final manuscript.

Acknowledgment
None.

Author details
1Section of Cardiology, Department of Medicine, University of Illinois at
Chicago, 840 South Wood St. M/C 715, Suite 920 S, Chicago, IL 60612, USA.
2National Heart, Lung, and Blood Institute, National Institutes of Health,
Bethesda MD, USA. 3Department of Radiology, University of Illinois at
Chicago, Chicago, IL, USA. 4Division of Cardiology, Department of Medicine,
Duke University, Durham, NC, USA.

Received: 19 November 2013 Accepted: 3 March 2014
Published: 27 March 2014

References
1. Iqbal FM, Hage FG, Ahmed A, Dean PJ, Raslan S, Heo J, Iskandrian AE:

Comparison of the prognostic value of normal regadenoson with normal
adenosine myocardial perfusion imaging with propensity score
matching. JACC Cardiovasc Imaging 2012, 5(10):1014–1021.

2. Cerqueira MD, Nguyen P, Staehr P, Underwood SR, Iskandrian AE,
Investigators A-MT: Effects of age, gender, obesity, and diabetes on the
efficacy and safety of the selective A2A agonist regadenoson versus
adenosine in myocardial perfusion imaging integrated ADVANCE-MPI
trial results. JACC Cardiovasc Imaging 2008, 1(3):307–316.

3. Al Jaroudi W, Iskandrian AE: Regadenoson: a new myocardial stress agent.
J Am Coll Cardiol 2009, 54(13):1123–1130.

4. Bhave NM, Freed BH, Yodwut C, Kolanczyk D, Dill K, Lang RM, Mor-Avi V,
Patel AR: Considerations when measuring myocardial perfusion reserve
by cardiovascular magnetic resonance using regadenoson. J Cardiovasc
Magn Reson 2012, 14:89.

5. DiBella EV, Fluckiger JU, Chen L, Kim TH, Pack NA, Matthews B, Adluru G,
Priester T, Kuppahally S, Jiji R, McGann C, Litwin SE: The effect of obesity



Dandekar et al. Journal of Cardiovascular Magnetic Resonance 2014, 16:24 Page 10 of 10
http://jcmr-online.com/content/16/1/24
on regadenoson-induced myocardial hyperemia: a quantitative magnetic
resonance imaging study. Int J Cardiovasc Imaging 2012, 28(6):1435–1444.

6. Vasu S, Bandettini WP, Hsu LY, Kellman P, Leung S, Mancini C, Shanbhag
SM, Wilson J, Booker OJ, Arai AE: Regadenoson and adenosine are
equivalent vasodilators and are superior than dipyridamole- a study of
first pass quantitative perfusion cardiovascular magnetic resonance.
Cardiovasc Magn Reson 2013, 15(1):85.

7. Freed BH, Narang A, Bhave NM, Czobor P, Mor-Avi V, Zaran ER, Turner KM,
Cavanaugh KP, Chandra S, Tanaka SM, Davidson MH, Lang RM, Patel AR:
Prognostic value of normal regadenoson stress perfusion cardiovascular
magnetic resonance. J Cardiovasc Magn Reson 2013, 15:108.

8. Nguyen KL, Bandettini WP, Shanbhag S, Leung SW, Wilson JR, Arai AE:
Safety and tolerability of regadenoson CMR. Eur Heart J Cardiovasc
Imaging 2014 [Epub ahead of print].

9. Gordi T, Frohna P, Sun HL, Wolff A, Belardinelli L, Lieu H: A population
pharmacokinetic/pharmacodynamic analysis of regadenoson, an adenosine
A2A-receptor agonist, in healthy male volunteers. Clin Pharmacokinet 2006,
45(12):1201–12.

10. Morton G, Chiribiri A, Ishida M, Hussain ST, Schuster A, Indermuehle A,
Perera D, Knuuti J, Baker S, Hedstrom E, Schleyer P, O’Doherty M, Barrington
S, Nagel E: Quantification of absolute myocardial perfusion in patients
with coronary artery disease: comparison between cardiovascular
magnetic resonance and positron emission tomography. J Am Coll
Cardiol 2012, 60(16):1546–55.

11. Schwitter J, DeMarco T, Kneifel S, von Schulthess GK, Jorg MC, Arheden H,
Ruhm S, Stumpe K, Buck A, Parmley WW, Luscher TF, Higgins CB: Magnetic
Resonance-Based Assessment of Global Coronary Flow and Flow Reserve
and Its Relation to Left Ventricular Functional Parameters: a Comparison
With Positron Emission Tomography. Circulation 2000, 101(23):2696–702.

12. Hutchins GD, Schwaiger M, Rosenspire KC, Krivokapich J, Schelbert H, Kuhl
DE: Noninvasive quantification of regional blood flow in the human
heart using N-13 ammonia and dynamic positron emission tomographic
imaging. J Am Coll Cardiol 1990, 15(5):1032–42.

13. Murthy VL, Di Carli MF: Non-invasive quantification of coronary vascular
dysfunction for diagnosis and management of coronary artery disease.
J Nucl Cardiol 2012, 19(5):1060–72. quiz 1075.

14. Murthy VL, Naya M, Foster CR, Hainer J, Gaber M, Di Carli G, Blankstein R,
Dorbala S, Sitek A, Pencina MJ, Di Carli MF: Improved cardiac risk assessment
with noninvasive measures of coronary flow reserve. Circulation 2011,
124(20):2215–24.

15. Herzog BA, Husmann L, Valenta I, Gaemperli O, Siegrist PT, Tay FM, Burkhard
N, Wyss CA, Kaufmann PA: Long-term prognostic value of 13 N-ammonia
myocardial perfusion positron emission tomography added value of
coronary flow reserve. J Am Coll Cardiol 2009, 54(2):150–6.

16. Tio RA, Dabeshlim A, Siebelink HM, de Sutter J, Hillege HL, Zeebregts CJ,
Dierckx RA, van Veldhuisen DJ, Zijlstra F, Slart RH: Comparison between the
prognostic value of left ventricular function and myocardial perfusion
reserve in patients with ischemic heart disease. Nucl Med 2009,
50(2):214–9.

17. Bloch KM, Carlsson M, Arheden H, Stahlberg F: Quantifying coronary sinus
flow and global LV perfusion at 3 T. BMC Med Imaging 2009, 9:9.

18. Koskenvuo JW, Hartiala JJ, Knuuti J, Sakuma H, Toikka JO, Komu M, Saraste M,
Niemi P: Assessing coronary sinus blood flow in patients with coronary
artery disease: a comparison of phase-contrast MR imaging with positron
emission tomography. AJR Am J Roentgenol 2001, 177(5):1161–6.

19. Hood WB Jr: Regional venous drainage of the human heart. Br Heart J
1968, 30(1):105–9.

20. Lund GK, Wendland MF, Shimakawa A, Arheden H, Stahlberg F, Higgins CB,
Saeed M: Coronary sinus flow measurement by means of velocity-encoded
cine MR imaging: validation by using flow probes in dogs. Radiology 2000,
217(2):487–93.

21. Klem I, Heitner JF, Shah DJ, Sketch MH Jr, Behar V, Weinsaft J, Cawley P,
Parker M, Elliott M, Judd RM, Kim RJ: Improved detection of coronary
artery disease by stress perfusion cardiovascular magnetic resonance
with the use of delayed enhancement infarction imaging. J Am Coll
Cardiol 2006, 47(8):1630–8.

22. Bland JM, Altman DG: Statistical methods for assessing agreement between
two methods of clinical measurement. Lancet 1986, 1(8476):307–10.

23. Koskenvuo JW, Sakuma H, Niemi P, Toikka JO, Knuuti J, Laine H, Komu M,
Kormano M, Saraste M, Hartiala JJ: Global myocardial blood flow and
global flow reserve measurements by MRI and PET are comparable.
Magn Reson Imaging 2001, 13(3):361–6.

24. Moro PJ, Flavian A, Jacquier A, Kober F, Quilici J, Gaborit B, Bonnet JL,
Moulin G, Cozzone PJ, Bernard M: Gender differences in response to cold
pressor test assessed with velocity-encoded cardiovascular magnetic
resonance of the coronary sinus. J Cardiovasc Magn Reson 2011, 13:54.

25. Camici PG, Crea F: Coronary microvascular dysfunction. N Engl J Med 2007,
356(8):830–40.

26. Greenwood JP, Maredia N, Younger JF, Brown JM, Nixon J, Everett CC,
Bijsterveld P, Ridgway JP, Radjenovic A, Dickinson CJ, Ball SG, Plein S:
Cardiovascular magnetic resonance and single-photon emission computed
tomography for diagnosis of coronary heart disease (CE-MARC): a
prospective trial. Lancet 2012, 379(9814):453–60.

27. Gerber BL, Raman SV, Nayak K, Epstein FH, Ferreira P, Axel L, Kraitchman DL:
Myocardial first-pass perfusion cardiovascular magnetic resonance:
history, theory, and current state of the art. J Cardiovasc Magn Reson
2008, 10:18.

28. D’Cruz IA, Shala MB, Johns C: Echocardiography of the coronary sinus in
adults. Clin Cardiol 2000, 23(3):149–54.

29. Gatehouse PD, Rolf MP, Graves MJ, Hofman MB, Totman J, Werner B, Quest RA,
Liu Y, von Spiczak J, Dieringer M, Firmin DN, van Rossum A, Lombardi M,
Schwitter J, Schulz-Menger J, Kilner PJ: Flow measurement by cardiovascular
magnetic resonance: a multi-centre multi-vendor study of background
phase offset errors that can compromise the accuracy of derived
regurgitant or shunt flow measurements. Cardiovasc Magn Reson 2010, 12:5.

doi:10.1186/1532-429X-16-24
Cite this article as: Dandekar et al.: Assessment of global myocardial
perfusion reserve using cardiovascular magnetic resonance of coronary
sinus flow at 3 Tesla. Journal of Cardiovascular Magnetic Resonance
2014 16:24.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study population
	CMR
	Coronary sinus imaging
	CMR analysis
	Statistical analysis

	Results
	Study population
	Patient characteristics
	Safety and side effects
	Coronary sinus flow measurements
	Comparison of different myocardial perfusion reserve calculations
	Interobserver repeatability
	Effects of aminophylline
	Patient characteristics stratified by MPR

	Discussion
	Comparison with prior studies
	Clinical implications
	MPR measurement
	Role of aminophylline

	Limitations

	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgment
	Author details
	References

