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Abstract
Background: Adenosine stress perfusion is very sensitive for detection of coronary artery disease
(CAD), and yields good specificity. Standard adenosine cine imaging lacks high sensitivity, but is very
specific. Myocardial tagging improves detection of wall motion abnormalities (WMAs). Perfusion
and tagging cardiovascular magnetic resonance (CMR) both benefit from high field imaging
(improved contrast to noise ratio and tag persistence). We investigated the diagnostic impact of a
combined stress perfusion-tagging protocol for detection of CAD at 3 Tesla.

Methods: Stress perfusion and tagging images were acquired in 3 identical short axis locations
(slice thickness 8 mm, FOV 320–380 mm, matrix 2562). A positive finding at coronary angiography
was defined as stenosis or flow limiting restenosis > 50% in native and graft vessels. A true positive
CMR – finding was defined as ≥ 1 perfusion deficit or new WMA during adenosine-stress in
angiographically corresponding regions.

Results: We included 60 patients (males: 41, females: 19; 21 suspected, 39 known CAD).
Myocardial tagging extended stress imaging by 1.5–3 min and was well tolerated by all patients.
Sensitivity and specificity for detection of significant CAD by adenosine stress perfusion were 0.93
and 0.84, respectively. The sensitivity of adenosine stress tagging was less (0.64), while the
specificity was very high (1.0). The combination of both stress perfusion and stress tagging did not
increase sensitivity.

Conclusion: The combined adenosine stress perfusion-tagging protocol delivers high sensitivity
and specificity for detection of significant CAD. While the sensitivity of adenosine stress tagging is
poor compared to perfusion imaging, its specificity is very high. This technique should thus prove
useful in cases of inconclusive perfusion studies to help avoid false positive results.
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Background
Myocardial stress perfusion imaging is a clinically widely
used cardiovascular magnetic resonance (CMR) technique
for non invasive detection of significant coronary artery
disease (CAD) [1-4]. A number of studies could demon-
strate that adenosine stress testing can safely be performed
in the CMR environment. While adenosine stress per-
fusion imaging is very sensitive for detection of coronary
artery disease, increasing its specificity may be desirable.
In comparison, adenosine stress cine imaging using con-
ventional SSFP sequences or echocardiograpy has been
shown to be very specific for detection of CAD, however
the sensitivity is very low[3,5,6]. However, it could be
demonstrated, that the sensitivity for detection of wall
motion abnormalities can be improved by the use of myo-
cardial tagging techniques in comparison to cine imaging
alone [7-9].

Both, myocardial perfusion imaging as well as myocardial
tagging techniques benefit from imaging at high field
strength (i.e. 3 Tesla) [10-13]. The increased contrast to
noise ratio (CNR) as well as the increased signal to noise
ratio allow for high resolution perfusion imaging and the
combination with parallel imaging techniques[10,13].
The long T1 of myocardium at 3 Tesla improves tag defi-
nition and tag persistence throughout the cardiac cycle, in
comparison to imaging at 1.5 Tesla[12,13].

Thus, the aim of this study was first, to integrate myocar-
dial tagging into a comprehensive adenosine-stress per-
fusion protocol for detection of coronary artery disease
(CAD) at 3 Tesla and second, to investigate the additive
value of myocardial tagging in a combined adenosine-
stress perfusion-tagging protocol for detection of signifi-
cant CAD in a mixed patient population (known or sus-
pected CAD).

Methods
Patient population
The study protocol was approved by the local Ethics Com-
mittee and all patients gave written informed consent. The
study population consisted of patients (> 18 years old)
suspected of having significant occlusive CAD, who were
referred to our MR Department for non invasive adenos-
ine stress testing. Patients were excluded because of con-
traindications to adenosine medication, such as a history
of prior myocardial infarction < 3 days, severe arterial
hypertension, asthma or severe obstructive pulmonary
disease or AV-block > IIa. All patients discontinued anti-
anginal medication ≥ 24 hours before the study and were
instructed to refrain from caffeinated beverages or food.
Other exclusion criteria were general contraindications to
CMR such as severe claustrophobia or metal implants/
coils in the brain.

CMR
All studies were performed on a clinical whole-body 3
Tesla scanner (Achieva, Philips Medical Systems, Best, the
Netherlands) equipped with 80 mT/m maximum field
gradients and a 200 T/m/sec slew rate using a dedicated 6
element cardiac phased-array coil (3 posterior elements, 3
anterior elements). After acquisition of scout images an
ECG gated segmented gradient echo sequence (T1-TFE)
was used for myocardial perfusion imaging. Three short-
axis sections in the basal, midventricular and apical region
of the left ventricle were acquired during each heartbeat.
Other sequence parameters were as follows: TR/TE = 2.9/
1.33 ms, non-selective 90° saturation pulse, TI = 150 ms,
flip angle = 15°, slice thickness = 8 mm, matrix 196 × 150,
reconstructed to 2562, rectangular field of view of 340 –
380 mm, SENSE factor = 2.5. The tagging sequence was
acquired in three identical short axis locations. The scan
parameters were: TR/TE = 3.7/22 ms, flip angle = 10°, slice
thickness = 8 mm, matrix 256 × 175, reconstructed to
2562, rectangular field of view of 320 – 370 mm, SENSE
factor = 2.5, 16 cardiac phases per RR-interval. A grid tag
pattern with a tag separation of 8 mm was applied. From
patient to patient both sequences were scanned in alter-
nating order.

A standard adenosine infusion protocol was used (Fig. 1):
140 μg adenosine/kg body weight over 6 min, where the
stress exams were performed 3 minutes after the begin-
ning of adenosine infusion. The acquisition of perfusion
images started simultaneously with the injection of 0.05
mmol/kg gadopentate dimeglumine (Gadovist, Schering,
Berlin, Germany) into an antecubital vein at a rate of 5
ml/sec followed by a 20 ml saline flush; images were
acquired over 40 sec. Heart rate was monitored continu-
ously and blood pressure was measured at 1 minute inter-
vals during adenosine infusion. Resting studies were
performed 30 minutes after stress imaging to allow for
adequate clearance of the first bolus of the contrast agent.
The acquisition window was adjusted to the patients'
heart rate; however, all other scan parameters were kept
identical. For the rest scan a slightly higher contrast-agent
dose was injected (0.08 mmol/kg). The rest perfusion
study was followed by a third injection of contrast agent
(up to a total of 0.2 mmol/kg/bw) and late enhancement
(viability) imaging for the detection of myocardial infarc-
tion was performed approximately 15 min later using a
3D inversion recovery gradient echo sequence.

Image analysis
All scans were analyzed qualitatively by two experienced
readers (D.T., 7 years of CMR experience, T.S., 12 years of
CMR experience) through consensus reading. Readers
were blinded to the results of invasive coronary angiogra-
phy. Tagging and Perfusion studies were read on different
days and the readers were blinded to the results of either
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imaging modality. For analysis all slices and segments
were assigned to a perfusion territory following AHA
guidelines. Rest and Stress perfusion images were dis-
played side by side and segments were classified as patho-
logic if they displayed a stress induced perfusion deficit
(subendocardial dark rims were interpreted as dark rim
artefacts, when already present in the rest perfusion
study). Accordingly rest and stress tagging studies were
assessed for stress induced wall motion deficits.

A true positive CMR finding was defined as one or more
perfusion deficits or new WMA (hypokinesia, akinesia or
dyskinesia) during adenosine-stress in an angiographi-
cally corresponding region. For comparison of angio-
graphic and CMR data, the type of coronary artery supply
(left dominant, right dominant, or co-dominant distribu-
tion) was determined from conventional coronary angi-
ography and the coronary artery supply to each segment
was assessed according to the AHA criteria[14]. Bypass
vessels were assessed according to the respective target ves-
sel territory. Segments 1, 2, 7, 8, 13 and 14 were assigned
to the left anterior descending (LAD), segments 3, 9 and
15 to the right coronary artery (RCA) and segments 11
and 16 to the left circumflex artery (LCX). Depending on
the type of coronary artery supply, segments 6 and 12
were assigned to the LAD or LCX and segments 4 and 10
to the RCA or LCX. CMR diagnosis of stress-induced
ischemia was defined true positive if the involved myocar-
dial segment matched the presumed vascular territory of a
significantly diseased coronary artery or the respective dis-
eased bypass vessel at quantitative coronary angiography.
All infarcted segments as defined by CMR late enhance-
ment (LGE) were excluded from the analysis, independ-
ent of the degree of infarct transmurality.

Visual assessment of CMR image quality
CMR image quality (rest/stress perfusion and tagging
study) was assessed by the two readers based on a four
point grading scale. Perfusion images were graded with
respect to homogeneity of myocardial enhancement and
blurring of epi- and endocardial borders (perfusion
study), whereas tagged images were graded with respect to
tag definition and tag fading. [5: excellent (no artefacts,
good delineation of the endo-/epicardial border, homog-
enous enhancement; very good tag definition, no signifi-
cant tag fading throughout the cardiac cycle); 4: slightly
impaired (very little artefacts, very little signal inhomoge-
neities, very little blurring; quite good tag definition, very
little tag fading throughout the cardiac cycle); 3: moder-
ately impaired (some artefacts, some signal inhomogenei-
ties, some blurring; some impairment of tag definition,
some tag fading throughout the cardiac cycle); 2: severely
impaired, (severe artefacts, severe signal inhomogeneity,
severe blurring; severely impaired tag definition, signifi-
cant tag fading throughout the cardiac cycle); 1: non-diag-
nostic image quality].

Invasive coronary angiography
Coronary angiography was performed within three weeks
after the CMR exam. Invasive coronary angiography was
performed in multiple projections using standard tech-
niques. Quantitative angiographic analysis of the studies
was performed by an interventional cardiologist accord-
ing to a standard algorithm. Digital cineangiograms were
evaluated using a calibrated off-line analysis package
(Cardiovascular Angiography Analysis System mark II, or
CAAS II; Pie Medical Imaging, Maastricht, the Nether-
lands). A clinically significant stenosis was defined as
greater than 50% of the vessel diameter in the main coro-

Time schedule of the imaging protocolFigure 1
Time schedule of the imaging protocol. Stress tagging and stress perfusion were performed in an alternating order on a 
patient by patient basis.
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nary arteries, their first order branches or bypass vessels.
The reader was blinded to the CMR data.

Statistical analysis
Analysis was performed on a patient by patient basis as
well as a vessel by vessel basis using standard analytical
software (MS Excel 2003, Microsoft Corporation, USA).
Continuous variables are expressed as mean ± standard
deviation. Sensitivity, specificity, accuracy, and predictive
values (positive and negative) were calculated according
to standard definitions.

Results
In 60 out of 117 Patients who were referred for adenosine
stress testing during the study period, catheter correlation
could be obtained. In those 60 patients prevalence of sig-
nificant CAD was 47%. All of the 60 patients successfully
completed the combined adenosine perfusion and tag-
ging protocol. Only minor side effects occurred 2–4 min-
utes after the onset of adenosine infusion, such as angina
(n = 29), dyspnoea (n = 26) headache (n = 11), nausea (n
= 13). A second grade AV-Block developed in one patient
upon completion of the study and resolved spontane-
ously after cessation of the adenosine infusion. Detailed
demographic patient characteristics are given in table 1.

Diagnostic performance
The overall diagnostic performance of adenosine stress
perfusion as well as stress tagging for detection of signifi-
cant CAD is shown in table 2. While stress perfusion imag-
ing revealed the highest values for sensitivity (0.93 vs.
0.64) and a better negative predictive value (0.93 vs.
0.76), stress tagging had a higher specificity (1.00 vs.
0.84). Overall, the accuracy of stress tagging was higher
(0.85 vs. 0.83, results are summarized in table 2). The
combination of both adenosine stress perfusion as well as
tagging did not improve the overall sensitivity, and specif-
icity in comparison to stress perfusion alone. A typical
example of a stress induced perfusion deficit with corre-
sponding wall motion abnormality is given in figure 2.

The vessel to vessel analysis yielded lowest sensitivities for
detection of significant CAD in the LAD territory for both
the stress perfusion (sens. 0.69, spec. 0.94) as well as the
stress tagging study (sens. 0.46, spec. 1.00). In compari-
son, sensitivity and specificity for detection of significant
CAD was better in the RCA and CX territories using both
imaging sequences (RCA: perfusion: sens. 0.92, spec.
0.96, tagging: sens. 0.75, spec. 1.00; CX: perfusion: sens.
0.94, spec. 0.98, tagging: sens. 0.63, spec. 1.00).

Sensitivity for detection of significant CAD was better in
patients with suspected CAD than known CAD for the
perfusion study (sens. 1.00, spec. 0.81 vs. sens. 0.93, spec.
0.95), while tagging was more sensitive in patients with
known CAD (sens. 0.65, spec. 1.00 vs. sens. 0.6, spec.
0.95).

In the group of patients (n = 21) with suspected coronary
artery we found four areas of infarct related delayed
enhancement in two patients. However, both patients
were diagnosed with significant CAD based on an abnor-
mal perfusion scan. Thus, a positive finding of delayed
enhancement did not increase sensitivity or specificity in
those patients.

Image quality
There were no significant differences in image quality for
both sequences (p > 0.05, perfusion: 3.8 ± 0.78, tagging:
3.8 ± 0.86). Overall no study was graded non-diagnostic.
The image quality of 3 perfusion studies in comparison to
6 tagging studies was considered severely impaired.

Review of false negative and false positive cases
Critical review of the two false negative perfusion studies
(patients) revealed that one of the patients had multi-ves-
sel disease, while the other patient had only moderate cor-
onary artery stenosis of 60%. Both false negative
perfusion studies were missed by myocardial tagging as
well.

Table 1: Demographic patient data as well as study associated 
commorbidities.

Suspected CAD Known CAD

Number of patients 21 39

Gender (male/female) 13/8 28/11

Age 54 ± 14 63 ± 12

Risk factors
Hypertension 12 (57%) 32 (82%)
Hypercholesteremia 11 (52%) 33 (85%)
Diabetes 2 (10%) 12 (31%)
Smoking 6 (29%) 17 (44%)
Overweight 6 (29%) 22 (57%)

Symptoms
Typical Angina 11 (52%) 22 (57%)
Atypical Angina 4 (19%) 6 (15%)
Dyspnea 2 (10%) 20 (51%)

No. of diseased vessels
1-VD 2 (10%) 10 (27%)
2-VD 3 (14%) 10 (27%)
3-VD 1 (5%) 19 (49%)
Myocardial Infarction 4 24
LVEF % 64 ± 5 59 ± 8
Bypass/Stent n.a. 10/26

1 – VD = one vessel disease. LVEF = left ventricular ejection fraction.
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Images of a 69 year old female with old myocardial infarction and associated thinning of the inferior wallFigure 2
Images of a 69 year old female with old myocardial infarction and associated thinning of the inferior wall. The 
patient was referred because of exertional dyspnea. In comparison to the resting perfusion study (a) the stress perfusion study 
revealed a near transmural (~75%) perfusion deficit in the septal wall (arrows in b). While demonstrating normal contraction 
under resting conditions (c) a new wall motion abnormality developed under adenosine stress (arrow in d). Invasive coronary 
angiography revealed a high grade stenosis of the middle segment of the LAD.
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There were a total of five false positive perfusion studies.
Apparent stress induced perfusion deficits were not
related to myocardial infarction and there was no per-
fusion deficit that could be ascribed to micro-vessel-dis-
ease[15]. Missed cases were not related to non diagnostic
image quality (all scores > 3).

A total of 10 stress tagging studies were false negative. Two
of these were missed by stress perfusion as well. In five of
the other eight patients hypoperfusion was subendocar-
dial only (5/8) and was limited to one to three segments
only (4/8). Perfusion deficits in the other cases (3/8)
extended over 2–4 segments. Figure 3 shows a case of a
transmural perfusion deficit limited to 2 segments (infe-
rior and inferolateral), which was missed by tagging.

Discussion
This is the first clinical study implementing myocardial
stress tagging into a combined adenosine stress perfusion
and tagging CMR protocol at 3 Tesla to screen for coro-
nary artery disease in an unselected patient population.
The protocol for detection of significant CAD yielded
good values for sensitivity and specificity. While the sensi-
tivity of adenosine stress tagging alone was rather poor
compared to perfusion imaging, its specificity was very
high.

CMR stress perfusion
Adenosine stress perfusion imaging has been established
as a valuable tool in the detection of significant obstruc-
tive CAD[1-4,16]. The vast majority of previous clinical
studies using Adenosine stress perfusion imaging have
been conducted on 1.5 Tesla clinical CMR scanners, yield-
ing a sensitivity and specificity for detection of CAD in the
range of 88–91% and 83–94%, respectively [1-4]. How-
ever, CMR-perfusion studies may be hampered by limited
spatial or temporal resolution and dark rim artefacts mim-
icking or obscuring true perfusion deficits[17,18]. Prelim-
inary studies in healthy volunteers and patients suggest an
advantage of performing myocardial perfusion imaging at
higher field strength[10,11,19]. This advantage is mainly
based on the increased SNR and CNR that come with
imaging at high field strength. In turn increased SNR and
CNR allow for combination with high parallel imaging

factors allowing for faster and higher spatial resolution
imaging, resulting in an increase of overall image quality
as well as reduced dark rim artefacts. The advantages of
perfusion imaging at 3T that could be demonstrated in
healthy volunteers [10,11] translate into clinical practice
in that we observed a very good overall image quality with
very little artefacts in our study.

Only recently a study employing a similar scanning
approach (imaging sequence and contrast agent dose) has
been published comparing diagnostic accuracy of adeno-
sine stress imaging at 3T vs. 1.5T in the same patients[19].
In this cited study myocardial perfusion imaging at 3 Tesla
was superior to imaging at 1.5T with regards to SNR and
for detection of single vessel and multi-vessel CAD (over-
all accuracy 90% at 3T vs. 82% at 1.5T). The results of our
study clearly support the findings of the cited study. Better
spatial resolution and increased SNR as well as CNR as
well as a reduction of dark rim artefacts are all in favour of
image acquisition and clinical interpretation of perfusion
studies at 3T[10,11]. In comparison to other clinical stud-
ies performed at 1.5T and first studies at 3 Tesla the sensi-
tivity and specificity in our study for detection of
significant occlusive CAD compares favourably well. Con-
trary to others sensitivity for detection of significant CAD
in the LAD-territory was less compared to the CX and
RCA-territory. Review of the missed cases though,
revealed that all were cases of multi-vessel disease or mod-
erate stenoses.

Among patients with bypasses there was no case of missed
significant CAD. However, overall sensitivity in patients
with known CAD was less compared to patients with sus-
pected CAD. This may be due to the higher prevalence of
significant CAD in general and more specifically of multi
vessel disease in this patient population. Overall, sensitiv-
ity and specificity of this study were very good in compar-
ison to other studies in unselected patients [5,19] as well
as highly selected patients [1].

The results of stress perfusion imaging may further be
improved by quantitative or semi quantitative analysis of
the data, which will benefit from increased SNR and better
spatial resolution as well. We performed a visual analysis
in this study, given that this is currently the most widely
used approach in clinical practice. Further studies are war-
ranted to determine the optimal dose for first pass per-
fusion imaging at high field as has been done for imaging
at 1.5T. Also, further improvements in shimming technol-
ogy may allow the use of alternative imaging techniques
for myocardial perfusion imaging at 3T (e.g. turbo-
FLASH-EPI-readout, or SSFP), who's value needs yet to be
determined in clinical studies.

Table 2: Overall results of the study based on a patient by 
patient analysis.

CMR perfusion CMR tagging

Sensitivity (%) 0.93 0.64
Specificity (%) 0.84 1
Accuracy (%) 0.88 0.83

Positive predictive value (%) 0.84 1
Negative predictive value (%) 0.93 0.76
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CMR tagging
Myocardial tagging superimposes a grid pattern on the
underlying myocardium. Assessment of tag deformation
throughout the cardiac cycle allows not only for evalua-
tion of radial thickening, but also circumferential shorten-

ing of the myocardium[9]. Like myocardial perfusion
imaging CMR tagging has been shown to benefit from
imaging at high field strength[12,13]. This is mostly
because of increased tag persistence, which is due to pro-
longed T1 relaxation times at higher field strength.

The stress perfusion study of 67 year old male with recurrent chest painFigure 3
The stress perfusion study of 67 year old male with recurrent chest pain. Shows a stress induced transmural per-
fusion deficit of the inferior and inferolateral wall (arrow in b), consistent with an occluded posterolateral branch (arrow in c). 
However, stress tagging did not reveal a corresponding wall motion abnormality (arrow in d).
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Together with increased SNR at higher field strength the
overall tag definition (tag-myocardium-contrast) is
improved. Our clinical study further corroborates those
findings; image quality was good to excellent in the
majority of patients and in no case graded as non diagnos-
tic.

Previous studies utilizing standard 2D-Echocardiography
for detection of inducible wall motion abnormalities
(limited to assessment of wall thickening and WMAs) dur-
ing adenosine or dipyridamole infusion revealed mixed
results for sensitivity and specificity for detection of signif-
icant occlusive CAD[6,20]. Although it has been shown,
that CMR is superior to echo for detection of inducible
wall motion abnormalities in high dose dobutamine
studies, sensitivity and specificity for detection of induci-
ble WMA under adenosine stress are comparable, when a
standard cine gradient-echo imaging sequence is being
used [3,5]. However, detection of wall motion abnormal-
ities during stress exams with high dose dobutamine can
be improved by myocardial tagging techniques in com-
parison to standard cine imaging[9]. While detection of
WMA by cine imaging alone mostly depends on the
assessment of wall thickening and atypical wall motion,
tagging reveals information about the contractile behav-
iour of myocardium in the radial and the circumferential
direction, thus adding one dimension to image analysis.
Comparable to others we found that the sensitivity of ade-
nosine stress cine imaging is rather low compared to per-
fusion imaging. However, the overall sensitivity of
adenosine myocardial stress tagging appears to be
improved to the data reported in a previous CMR-study
(64% vs. 40%) employing a standard cine imaging
approach for detection of WMAs [5]. Review of the false
negative tagging studies revealed that they were associated
with perfusion deficits limited to the subendocardium, as
well as low grade stenosis. And there is a known relation
between the extent of the perfusion deficit and detection
of WMAs by adenosine cine imaging, which can be
explained by the fact that in the ischemic cascade a per-
fusion deficit appears before WMAs develop[5].

A quantitative strain analysis was not performed in this
study, although a quantitative approach may even
increase the accuracy of stress tagging. Even though recent
developments in image analysis tools for tagged images
have tremendously decreased the time effort for a quanti-
tative analysis[21], it has been our experience that post
processing of tagged images is currently still too time-con-
suming to be implemented in a clinical routine protocol.

There was no case of a positive tagging study and a nega-
tive perfusion exam; nevertheless we deem tagging a help-
ful diagnostic tool in clinical practice, which comes at the
cost of three additional breath-holds only and does not

significantly prolong the adenosine stress time. A com-
bined stress protocol does extend the diagnostic algo-
rithm in that in case of significantly impaired image
quality (severe artefacts) of the perfusion scan the obser-
vation of a new WMA by tagging may allow the diagnosis
of significant obstructive CAD.

Conclusion
The implementation of a combined adenosine stress per-
fusion and tagging protocol at 3 Tesla is feasible and well
tolerated by patients. The application of the combined
protocol to a mixed patient population with known or
suspected CAD delivers good sensitivity and specificity for
detection of significant obstructive CAD. Although the
sensitivity for detection of CAD by adenosine stress tag-
ging is lower compared to stress perfusion, stress tagging
delivers much higher sensitivity for detection of signifi-
cant obstructive CAD, than previously reported data for
standard cine imaging. Thus, stress tagging may be a use-
ful tool in cases of inconclusive perfusion studies (includ-
ing studies with severe artefacts), to help detect significant
CAD or avoid false positive results.
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