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Abstract

Background and aims Positive predictive value (PPV) of

adenosine stress cardiac magnetic resonance (CMR) for

coronary artery disease (CAD) is unsatisfactory. We

investigated the impact of coronary caliber variability on

this limitation in CMR performance.

Methods and results 206 consecutive patients with myo-

cardial ischemia during CMR and subsequent coronary

angiography (CA) were studied. Patients were examined in

a 1.5-T scanner. After adenosine infusion, myocardial first-

pass sequence using gadolinium-based contrast agent was

performed and compared with rest perfusion. CAD was

invasively confirmed in 165 [true positive (TP); PPV,

80.1%] and ruled out in 41 patients [false positive (FP)]. TP

and FP were comparable for pre-test risk and CMR findings.

We found a significant association between FP CMR and

the presence of a small caliber coronary vessel (proximal

diameter \ one standard deviation below the mean) sup-

plying the area of ischemia (chi-square 42.6, p \ 0.0001).

A small caliber artery ipsilateral to the ischemic region was

a predictive parameter for FP versus TP discrimination

(ROC area, 0.84 ± 0.04 vs. 0.59 ± 0.05; p \ 0.0001).

Further increment in diagnostic accuracy was achieved by

including proximal ipsilateral/contralateral coronary diam-

eter ratios (ROC area, 0.90 ± 0.03; p \ 0.03).

Conclusions Small caliber coronary arteries found as

normal variations in right-dominant or left-dominant cir-

culation may account for hypoperfusion in the absence of

coronary stenosis and thus may cause FP adenosine stress

CMR results. Non-invasive assessment of proximal coro-

nary diameters in the vessel supplying the area of ischemia

could reduce FP rates, raise the diagnostic accuracy of

CMR for CAD and minimize subsequent superfluous CA.
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Introduction

Adenosine-stress cardiac magnetic resonance (CMR)

imaging is increasingly proposed for non-invasive assess-

ment of relevant coronary artery disease (CAD). Its high

diagnostic sensitivity for the detection of significant CAD

has been demonstrated in multiple studies [1–5]. Likewise,

in patients with suspected CAD, normal adenosine stress

CMR exams predict an excellent prognosis [6–8]. In con-

trast, the overall accuracy of adenosine stress perfusion

CMR is presently limited by a lower specificity due to false

positive (FP) results [1, 2], and the causes of this limitation

are uncertain.

FP myocardial perfusion results have been correlated

with variations in coronary anatomy for nuclear medicine

single photon emission computed tomography (SPECT)

imaging [9]. So far, little is known about the impact of the

normal variability of coronary caliber and anatomy on the
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diagnostic performance of adenosine stress CMR. Aim of

our study was to examine whether small caliber coronary

arteries found as normal variations in right-dominant or

left-dominant circulation may account for visualization of

hypoperfusion in the absence of coronary stenosis and thus

may result in FP results of CMR in the assessment of

CAD.

Methods

Study population

From 5/2007 to 01/2008 we included 206 consecutive

patients with suspected CAD and myocardial ischemia

during adenosine-stress CMR (=positive CMR) who sub-

sequently underwent coronary angiography (CA). Accord-

ing to the correlation of CMR and CA, patients were

classified as true-positive CMR (TP): positive CMR and

relevant CAD in CA or false-positive CMR (FP): positive

CMR and no relevant CAD in CA.

Exclusion criteria were a history of myocardial infarc-

tion or a visualization of late gadolinium enhancement

(LGE) in CMR. All anti-anginal medication and caffeine

containing beverages were stopped C24 h before the CMR

examination. Patients’ pre-test risk was classified accord-

ing to Morise et al. [10]. The study was carried out in

compliance with the Declaration of Helsinki, and written

informed consent was obtained from all patients. The

protocol of study was approved by the local ethics

committee.

CMR examination

CMR studies were performed with a 1.5-T magnetic res-

onance system (Signa Excite�, GE Medical Systems,

Milwaukee, USA) using a 8-element phased array surface

coil (cardiac coil, GE Medical Systems). In case of claus-

trophobia a mild sedation with midazolam was offered.

Cardiac function was assessed at rest in three long (two-

chamber, three-chamber and four-chamber) and contiguous

short axes using steady-state free precession sequences.

After infusion of adenosine at a constant rate of 140 lg/

kg per minute over 3 min (Spectris MR injector, Medrad,

Indianola, USA), first-pass kinetics of a gadolinium-based

contrast agent (Gadodiamide, OmniscanTM, GE Healthcare

Buchler, Munich, Germany; 0.1 mmol/kg) was measured

during breath-hold in 4–5 contiguous short axis orienta-

tions at every heart beat using a hybrid gradient echo/echo-

planar pulse sequence (echo time 1.2 ms, flip angle 25�,

slice thickness 8 mm, field of view 32–34 9 24–25.5 cm,

matrix 128 9 96) as previously described [8]. Ten minutes

after stress perfusion a second perfusion study with the

same setting was performed at rest. Ten minutes after this

second bolus, LGE images were acquired using an inver-

sion-recovery prepared gated fast-gradient echo-pulse

sequence (repetition time 6.7 ms; echo time 3.3 ms; flip

20�; inversion time individually adjusted; slice thickness

8 mm; rectangular field of view 30–34 cm; matrix

256 9 160). Again, 3 long and 4–5 short axes as planned in

the perfusion study were acquired.

CMR evaluation

Two experienced investigators evaluated all CMR studies

in consensus. Perfusion images were assessed visually. We

compared stress to rest perfusion to reduce the potential

rate of artefacts [11]. If a deficit was equally present at

stress and rest, if it did not follow the subendocardial

border, if ghosting artefacts could be seen or if it ‘‘blinked’’

bright and dark it was not regarded as an evident hypo-

perfusion, but a potential artefact. Such cases were not

included into the study. As previously reported [8], a per-

fusion deficit was regarded as relevant if affecting[1/3 of

myocardial wall thickness in C2 neighboring segments

(classified according to AHA recommendations [12]) and

persisting [5 heart beats after maximal signal intensity in

the cavity of the left ventricle (LV). Patients with a lesser

degree of hypoperfusion were not included. The following

parameters were measured: LV ejection fraction (%), LV

diastolic volume (ml), LV mass (g), LV wall stress (N/m2),

transmural extent of ischemia (%), temporal persistence of

ischemia (beats). For classification of TP versus FP CMR

the area of maximal hypoperfusion was compared for

presence or absence of stenosis in CA.

Coronary angiography

All patients underwent CA within 72 h after CMR exami-

nation. Significant CAD was defined as luminal narrowing of

C70% in CA. Classification of dominance was done using

the origin of the posterolateral branch as previously descri-

bed [9, 13, 14]. If it was dominant and originating from the

RCA, we classified the coronary tree as right-dominant, if it

was dominant and originating from the LCX, we classified it

as left-dominant, and if the coronary trees were equally

supplied, we denoted the system balanced. Proximal diam-

eters of LAD, LCX and RCA were assessed by quantitative

coronary analysis (QCA). Diameters smaller than one stan-

dard deviation (SD) below the mean proximal coronary

diameters in our study population were classified as ‘‘small

caliber’’. This analysis was performed by the physician in

charge with CA independently of CMR evaluation. Subse-

quently, ipsilateral/contralateral proximal coronary diame-

ter ratios were calculated (vessel supplying the region of

maximal hypoperfusion in CMR divided by the contralateral
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territory coronary artery diameter: LCX/RCA, LAD/RCA or

RCA/LCX, respectively).

Statistical analysis

Categorical variables are presented as percentage of inci-

dence, continuous variables as mean ± SD. Continuous

variables were compared by analysis of variance. Associa-

tion between groups was assessed by means of chi-square

analysis. Relative contribution of the parameters for diag-

nostic accuracy was calculated by logistic regression anal-

ysis and receiver operating characteristic (ROC) curves were

generated. Analyses were performed with commercially

available statistic software (XLSTAT Version 2008.6.01,

AddinsoftTM, Paris, France). For comparison for the areas

under the ROC curves (AUC) we used Analyse-it� version

2.11, Analyse-it Software Ltd, Leeds, United Kingdom. A

p value\0.05 was considered statistically significant.

Results

Patient classification

Significant CAD was invasively confirmed in 165 (=TP

CMR results) out of 206 patients [CMR positive predictive

value (PPV), 80.1%] and ruled out in 41 out of 206 patients

with previous ischemia in magnetic resonance myocardial

perfusion imaging (=FP CMR results). In the 17 FP

patients with other stress tests performed prior to CMR, 16

had also shown FP findings indicative of ischemia in these

exams: 14 pathological stress electrocardiograms (ECG)

and 2 pathological stress echocardiograms.

Baseline characteristics

The major clinical symptom was typical angina in 69.2%

of the patients, exertional dyspnoea in 18% and arrhythmia

with underlying cardiovascular risk profile in 12.8%.

Detailed patient characteristics and risk profile are given in

Table 1. Patients with TP and with FP CMR results were

comparable in their Morise risk scores. Patients with FP

results were about 6 years younger than the TP ones and

more often women (Table 1). Regarding systemic hyper-

tension, diabetes mellitus, hypercholesterolemia and

smoking, there was a trend towards higher incidence in the

TP group. However, these differences did not reach sta-

tistical significance in a multivariate analysis approach.

Coronary dominance and coronary artery caliber

Coronary angiography confirmed that the proximal diam-

eters of the coronary vessels correlated well with the type

of coronary dominance (Fig. 1a). In balanced circulation,

the proximal diameters of RCA, LCX and LAD were

comparable. In right-dominant circulation, proximal RCA

was significantly larger compared to LCX and LAD. In the

cases of a left-dominant coronary tree, proximal RCA

diameter was significantly smaller than the opposite larger

proximal diameters of LCX and LAD.

Correlation of FP CMR results and coronary caliber

In comparison of TP and FP CMR results, we found sig-

nificantly smaller sized mean proximal coronary artery

diameters in the FP group (Fig. 1b). With a mean proximal

coronary diameter of 3.5 mm and SD of 0.5 mm, our cri-

terion for classification of a vessel as small caliber was a

proximal diameter of \3.0 mm. The presence of such a

small caliber coronary vessel (mean proximal diameter

2.5 ± 0.3 mm) supplying the area of maximal ischemia in

CMR, opposite to the dominant vessel, was encountered

in 22/41 (53.7%) of the FP cases. Compared to TP cases

[1/165 (0.6%)], this incidence was significantly higher

(chi-square 42.6, p \ 0.0001). FP ischemia territory was

supplied in 17/22 (77.3%) cases with right-dominant

Table 1 Baseline patient characteristics

All positive CMR

results (n = 206)

FP CMR results

(n = 41)

TP CMR results

(n = 165)

p value

(multivariate)

Age (years), mean ± SD 67.1 ± 9 62.5 ± 11 68.9 ± 8 \0.0001

Women (%) 43.9 75.6 32.5 \0.0001

Morise score (mean ± SD) 15.4 ± 3 15.0 ± 3 15.5 ± 3 0.76

Systemic hypertension (%) 75.5 61.0 80.7 0.06

Diabetes mellitus (%) 22.6 9.8 27.2 0.17

Hypercholesterolemia (%) 60.6 43.9 66.7 0.27

Smoker (%) 38.7 29.3 42.1 0.08

Family history of CAD (%) 34.8 36.6 34.2 0.94

Body mass index (kg/m2) 27.2 ± 9 26.8 ± 4 27.3 ± 4 0.24
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circulation by a small caliber LAD (n = 7) or LCX

(n = 10) and in 5/22 (22.7%) by the RCA in left-dominant

circulation. Figure 2 shows an example of FP CMR with

inferolateral ischemia in a patient with left-dominant cir-

culation and small caliber RCA.

There was no difference between TP and FP patients

regarding standard CMR findings (Table 2), which were

not discriminatory between TP and FP (ROC curve area

0.58 ± 0.05) (p = 0.10 vs. an AUC of 0.5; Fig. 3). In

contrast, logistic regression analysis showed the presence

of a small caliber vessel supplying the region of ischemia

to be a highly predictive parameter for discrimination of FP

versus TP (p \ 0.0001). By adding this information to

CMR, diagnostic ability to avoid FP improved significantly

(ROC curve area 0.84 ± 0.04, p \ 0.0001). If the infor-

mation on the presence of a small caliber coronary vessel

supplying the area of maximal ischemia in CMR was

included, PPV for CAD raised from 80.1 to 89.6%. An

additional increment in diagnostic accuracy was achieved

by means of proximal ipsilateral/contralateral diameter

ratios (AUC 0.90 ± 0.03, p \ 0.03; Fig. 3): a diameter

ratio of\0.82 for the coronary vessel supplying the area of

maximal ischemia in CMR correctly identified 53.7% of

the FP results with a sensitivity of 99.4%.

Fig. 1 Coronary artery

diameters. Proximal diameters

of the coronary vessels

according to the type of

coronary dominance (a) and to

the validity (TP or FP) of CMR
perfusion results (b)

Fig. 2 CMR and CA findings

in a FP perfusion result.

Inferoseptal ischemia (a) as FP

perfusion CMR result in a

patient without coronary artery

stenoses but small caliber RCA

(b) and left-dominant

circulation (c)

Table 2 CMR parameters in

FP and TP perfusion results
CMR parameter FP CMR results

(n = 41)

TP CMR results

(n = 165)

p value

LV ejection fraction 65.8% ± 0.03 65.6% ± 0.09 0.86

LV enddiastolic volume (ml) 126 ± 27 129 ± 31 0.58

LV mass (g) 130 ± 30 137 ± 37 0.20

LV wall stress (N/m2) 35.7 ± 5.5 34.7 ± 6.8 0.62

Transmural extent of ischemia 41.1% ± 6.8 41.3% ± 7.8 0.64

Temporal persistence of ischemia (beats) 8.9 ± 1.1 8.7 ± 1.0 0.44

CMR–CA correlation

Ischemia in area with small caliber vessel 53.7% 0.9% \0.0001

204 Clin Res Cardiol (2011) 100:201–208

123



If adjusted for the disproportion of age and gender by

means of matched pair analysis, these results were com-

parable (ROC curve areas: CMR alone 0.62 ± 0.06; CMR

plus coronary caliber, 0.86 ± 0.03; p \ 0.001; plus diam-

eter ratio, 0.91 ± 0.04; p \ 0.05).

For the 19 FP CMR cases with regular coronary caliber,

none of the baseline and CMR parameters shown in

Tables 1 and 2 allowed significant discrimination (all

p n.s.). The proportion of other pathological previous stress

tests was similar in the small caliber (9/22) and regular

caliber (7/19) FP CMR subgroup (p = 0.79).

Regardless of a FP or TP result, all patients with

ischemia in the area supplied by a small caliber coronary

artery were treated conservatively.

Discussion

Diagnostic performance of stress perfusion CMR for CAD

evaluation is presently limited primarily by a lower speci-

ficity (FP results). In a large meta-analysis on 24 studies using

perfusion CMR imaging mean specificity was 81%. Our

study on 206 consecutive patients yielded a PPV of (80.1%),

despite adding rest to stress perfusion imaging for recognition

of artefacts as proposed by Thomson et al. [11]. Hence our

population was representative for current CMR performance.

To the best of our knowledge, the present study is the

first to describe an interrelationship between small caliber

coronary vessels and CMR visualization of hypoperfusion

in the absence of coronary stenosis (FP results regarding

CAD). As the main finding of our study, we observed a

correlation between FP CMR perfusion results and the

presence of a small caliber coronary vessel supplying the

area of ischemia in CMR, opposite to the dominant vessel.

Of note, in the subgroup of patients with other stress tests

performed prior to CMR these exams had similarly yielded

pathological findings indicative of ischemia.

Our analysis showed the presence of such a small caliber

vessel to be a possible predictive parameter for discrimi-

nation of false versus true positive. By adding this infor-

mation to CMR perfusion, diagnostic performance

improved by potentially avoiding up to half of FP CMR

results. ROC curve analysis of a combined approach (CMR

perfusion and proximal coronary diameter) yielded a sig-

nificantly better result compared to CMR perfusion alone.

This concept is strengthened by the further increment in

CMR diagnostic accuracy achieved when additionally

including the ratios of ipsilateral/contralateral coronary

diameter for FP versus TP discrimination. In contrast,

standard CMR function and perfusion criteria were not

discriminatory (LV ejection fraction, LV enddiastolic

volume, LV mass, LV wall stress, transmural extent of

ischemia and temporal persistence of ischemia).

Anatomic studies have shown that while the irrigation of

the sternocostal surface of the heart is extremely regular,

the inferior or diaphragmatic surface supplied by the cir-

cumflex and right coronary arteries is highly variable and

gives each heart its own ‘‘distinctive physiognomy’’ [15].

In this respect, the presence of small caliber coronary

arteries has been described early. Concerning perfusion

physiology, a study in healthy humans found heterogeneity

of resting and hyperaemic myocardial blood flow with a

broad range of regional distribution [16].

Although our description of an impact of small caliber

coronary arteries for stress perfusion CMR evaluation may

be considered disputable, the importance of coronary var-

iability is well known in other cardiovascular imaging

conditions. Most recently, Ortiz-Pérez et al. [17] have

shown the impact of variations in coronary anatomy on the

assignment of LGE viability assessment by CMR imaging

to the specific coronary territory. Their study highlighted

that in a per-segment analysis, only 76% of segments fol-

lowed the distribution of coronary arteries empirically

attributed and the discordance reached 67% of cases in a

per-patient analysis. In the case of nuclear cardiac imaging,

Segall et al. [9] concluded that the accurate assessment of

coronary stenoses by thallium SPECT imaging requires

close correlation with arteriography owing to the signifi-

cant variability in normal coronary anatomy. A main

finding of their study was the great variability in blood

supply to the inferior and lateral wall, but also in the apex,

Fig. 3 Comparison of ROC curves for identification of FP patients.

Standard CMR parameters alone (see Table 2) (dotted line) versus the

combined approach of standard CMR parameters and proximal

coronary caliber (Cor cal) information [presence of a small caliber

vessel in the area of ischemia (interrupted line), p \ 0.0001] versus

the combined approach of standard CMR parameters, proximal

coronary caliber and ratios of ipsilateral/contralateral coronary

diameter (full line, p \ 0.03 vs. CMR ? Cor cal)
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which is one of the most variable regions with regard to

myocardial perfusion [9]. The impact of coronary vari-

ability on ECG findings in acute myocardial infarction was

first analyzed by Birnbaum et al. Thus, the occlusion in the

same site of a coronary artery in different patients may

result in a different size and location of the ischemic area at

risk and hence the ECG pattern may not be the same in all

cases with similar coronary artery occlusion [18]. These

findings were confirmed by means of direct CMR scar

visualization (LGE) by Rovai et al. [19].

The coronary distribution and calibers found in our

study are in accordance with the literature. Thus, proximal

coronary artery calibers measured in our study are in the

magnitude of previous studies [14]. Similarly, the higher

incidence of right dominant pattern in our study confirms

former data [15].

Given the increasing demand for non-invasive assess-

ment of suspected coronary artery disease [20], a method

with higher sensitivity and specificity compared to the

present approaches is strongly needed. A recent study using

myocardial perfusion scintigraphy showed that a non-

invasive ‘‘gatekeeper’’ approach could make about half of

catheterizations redundant [21]. Furthermore, even in high-

risk groups substantial savings were possible, and the risk

of overlooking patients with severe disease seemed negli-

gible. Besides clinical relevance, the approach of an

ischemia-guided selective catheterization has been shown

to potentially contribute to saving increasing health

expenses [22], as has been most recently confirmed also for

CMR perfusion imaging [23].

As a valuable alternative to perfusion scintigraphy for

non-invasive CAD detection, perfusion stress CMR cur-

rently has reached very high sensitivity values, but is still

limited by a lack in specificity [1, 2]. Our results suggest

that the knowledge of proximal coronary diameter provides

added diagnostic value and may increase PPV of perfusion

CMR up to 90% without relevant loss of sensitivity. Our

data provide preliminary support for an extended CMR

algorithm in CAD by adding proximal coronary artery

diameter information to the current standard approach of

Klem et al. (combination of stress perfusion and LGE

[24]). Applied as a non-invasive gatekeeper, such an

extended CMR approach could further reduce FP CMR

results, and consequently, the rate of superfluous diagnostic

CA. We are aware that the major limitation for imple-

mentation of this CMR concept into clinical routine is the

fact that magnetic resonance CA (MRCA) to date is still

experimental and inferior to coronary computed tomo-

graphic angiography (CCTA) [25, 26]. Thus, a most recent

attempt to integrate MRCA and CMR perfusion imaging

was not successful [27]. Summarized, the usefulness of this

extended CMR approach for clinical practice is limited as

long as the vessel caliber is not known at the time of CMR.

Currently, it is primarily CCTA that could be applied to

achieve this goal, particularly if radiation concerns [28, 29]

are addressed with development of techniques leading to

significant reduction in CCTA radiation exposure [30, 31].

In our study, nearly half of the FP CMR patients showed

no association with coronary caliber variations. The rea-

sons for these FP results were not identifiable either by

standard CMR parameters, or by knowledge of the proxi-

mal diameters. Possible explanations are hypoperfusion

due to variations in regional blood flow distribution [16] or

to severe small vessel disease, a known cause of FP CMR

results [32, 33]. In addition, the findings might have been

caused by unrecognized susceptibility, motion, or ringing

artefacts, difficult to distinguish from perfusion deficits

despite use of rest perfusion images as in reference [11].

Recent work has shown that one possibility to minimize

‘‘dark rim artefacts’’ was using higher field strength and

parallel imaging strategies [34, 35].

The following limitations need to be mentioned for our

study. It represents a single center experience with ret-

rospective analysis of prospectively obtained data. Most

important, we are aware that the finding of an association

between FP CMR results and coronary caliber variations

does not prove causal relationship, particularly since we

did not perform quantitative perfusion analysis or invasive

flow measurements. However, the pathological findings

indicative of ischemia encountered in other stress tests

support the interpretation of hypoperfusion as a potential

cause of the FP results and argue against pure CMR

artefacts. Further, we acknowledge that our criterion for

classification of a vessel as small caliber may be con-

sidered arbitrary. Yet, in the absence of well established

definitions the use of the range lesser than one SD below

the mean seems plausible. The inclusion criterion of a

positive CMR may cause selection bias and thus our

results may not reflect the incidence of small caliber

coronary arteries in the general population. Finally, since

coronary diameter was measured by invasive CA, it

remains to be shown whether non-invasive MRCA and

CCTA can yield equal results. Thus, our single-center

experience should presently be considered as hypothesis-

generating result requiring prospective multicenter

verification of our findings and evaluation of MRCA’s

potential in this concept.

Conclusion

Small caliber coronary arteries found as normal variations

in right-dominant or left-dominant circulation may account

for visualization of hypoperfusion in the absence of coro-

nary stenosis and thus may cause FP adenosine stress CMR

results in the assessment of CAD. Additional non-invasive
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assessment of the proximal coronary diameter in the vessel

supplying the area of ischemia could reduce the rate of FP

CMR results and increase PPV for CAD. Our data provide

preliminary support for an algorithm which adds informa-

tion about proximal coronary calibers to stress perfusion

CMR imaging to raise the diagnostic accuracy of CMR in

the evaluation of CAD and to minimize subsequent

superfluous diagnostic CA.
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