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Table 3d.1: Studies comparing CMR perfusion against microspheres and alternative diagnostic approaches. MBF – myocardial blood flow (ml/min/g) calculated from Fermi deconvolution. SPECT - single-photon emission computed tomography. PET - positron emission tomography. CAD – coronary artery disease. MRPI – myocardial perfusion reserve index calculated from relative upslopes. FFR – fractional flow reserve. LAD – left anterior descending artery. LCX – left circumflex artery. RCA – right coronary artery. PCI – percutaneous coronary intervention. CABG – coronary artery bypass graft. AUC – area under the curve. CT: computed tomography. TPGR - transmural perfusion gradient reserve. §-ischemic burden: the summed stress score and summed rest score taken from the LGE images were obtained by adding segmental scores, and the summed difference score (ie, summed stress score–summed rest score) was expressed as a percentage of 68, the theoretical maximum score. Studies included if n>25 patients. N/A for healthy volunteer studies.
	Correlation with microspheres 

	Author
	N
	Animal model
	Stress
	Field strength 
	Index
	
	
	Correlations
	

	Klocke [1]
	12
	Dogs
	Adenosine
	1.5
	MBF (ml/min/g)
	R2=0.87
	<0.001

	Lee [2]
	28
	Dogs
	Adenosine
	1.5
	MBF (ml/min/g)
	R2=0.77
	<0.001

	Christian [3]
	6
	Dogs
	Adenosine
	1.5
	MBF (ml/min/g) - single bolus
	R=0.91
	<0.001

	
	
	
	
	
	MBF (ml/min/g) - dual bolus
	R=0.94
	<0.001

	Christian [4]
	9
	Pigs
	Adenosine
	1.5
	MBF (ml/min/g)
	R=0.95
	<0.001

	
	8
	Pigs
	Adenosine
	3.0
	
	R=0.98
	<0.001

	Hsu [5]
	7
	Dogs
	Adenosine
	1.5
	MBF (ml/min/g)
	R=0.87-0.90
	<0.001

	Schuster [6]
	9
	Explanted pig hearts
	Adenosine
	1.5
	MBF (ml/min/g) - dual bolus
	R=0.93
	<0.001

	Schuster [7]
	8
	Explanted pig hearts
	Adenosine
	1.5
	MBF (ml/min/g) - dual bolus
	R=0.94
	<0.001

	
	
	
	
	3.0
	
	R=0.96
	<0.001



	Agreement with PET and SPECT

	Author
	N
	Patient Population
	Stress
	Field strength 
	Index
	Agreement
	

	Schwitter  [8]
	66
	Healthy volunteers and CAD patients
	Dipyridamole
	1.5
	MPRI Vs 13NH3 - PET
	0.76
	P<0.001

	Ibrahim [9]
	44
	Healthy volunteers and CAD patients
	Adenosine
	1.5
	MPRI vs 13NH3 - PET
	R=0.70
	P<0.001

	Pärkkä [10]
	18
	Healthy volunteers
	Dipyridamole
	1.5
	MBF (ml/min/g) vs O2 PET
	R=0.7
	<0.001

	
	
	
	
	
	MPRI vs O2 PET
	R=0.46
	0.04

	Fritz-Hansen [11]
	10
	Healthy volunteers
	Dipyridamole
	1.5
	MBF (ml/min/g) vs 13NH3 - PET
	R=0.79
	0.02

	Pack [12]
	5
	Healthy volunteers
	Adenosine
	3.0
	MBF (ml/min/g) vs 13NH3 - PET
	R=0.85
	<0.001

	Morton [13]
	41
	Suspected CAD
	Adenosine
	1.5
	MBF (ml/min/g) - dual bolus compared to 13NH3 – PET
MPRI
	R=0.32

R=0.79
	<0.001

p<0.001

	Jogiya R [14]
	45
	Suspected CAD
	Adenosine
	3.0
	Ischaemic burden§
	R=0.70
	

	Qayyum[15]
	14
	Suspected CAD
	Adenosine
	1.5
	Tikhonov deconvolution
Comparison to 82-Rb PET
Absolute global myocardial perfusion reserve
Regional myocardial perfusion reserve
	

R=0.87

R=0.89-0.90
	

P<0.001

P<0.001



	Agreement with coronary angiography 
	
	
	
	
	
	

	
	N
	Type
	Stress
	Reference (diameter/FFR)
	Patient based results
	Vessel based results

	
	
	
	
	
	Sensitivity
	Specificity
	Accuracy
	Sensitivity
	Specificity
	Accuracy

	Al-Saadi [16]
	34
	Observational
	Dipyridamole
	≥75%
	90
	83
	87
	90
	83
	

	Al-Saadi 
[17]
	27
	Observational
	Dobutamine
	≥75%
	81
	73
	77
	
	
	

	Nagel [18]
	84
	Observational
	Adenosine
	≥75%
	88
	90
	89
	
	
	

	Bunce [19]
	35
	Observational
	Adenosine
	≥50%
	
	
	
	74
	71
	72

	Cheng [20]
	61
	Observational
	Adenosine
	≥50
	1.5T: 90
3T: 98
	1.5T: 67
3T: 76
	1.5T: 82
3T: 90
	
	
	

	Cury [21]
	47
	Observational
	Adenosine
	≥50
	
	
	88
	87
	89
	88

	Wolff [22]
	99
	Observational dose ranging multicentre
	Adenosine
	≥70%
	93 (93-93)
	75 (68-82)
	85 (82-88)
	
	
	

	Giang [23]
	94
	Observational dose ranging, multicentre
	Adenosine
	≥50
	93 (77-99)
	75 (48-92)
	
	
	
	

	Gebker [24]
	101
	Observational
	Adenosine
	
	90
	71
	84
	
	
	

	Merkle [25]
	228
	Observational
	Adenosine
	>70%
>50%
	93
96
	86
72
	91
88
	LAD: 92
LCX: 82
RCA: 65
	
	

	Kitagawa [26]
	50
	Observational, multicentre
	Adenosine
	>50%
	89
	79
	86
	81
	83
	82

	Klein, 
[27]
	49
	Observational 
	Adenosine
	≥50%
	87
	89
	88
	LAD: 87
LCX: 69
RCA: 75
	94
89
85
	

	Klein [28]
	78
	Observational, after CABG
	Adenosine
	>50
	77
	90
	82
	63
	91
	81

	Klem [29]
	92
	Observational
	Adenosine
	≥70
	89
	87
	88
	
	
	

	Klem [30]
	136
	Observational, women
	Adenosine
	≥70
	84
	88
	87
	
	
	

	Krittayaphong [31]
	66
	Observational
	Adenosine
	
	Visual: 87
MPRI: 90
	Visual: 75
MPRI: 79
	
	
	
	

	Klumpp [32]
	57
	Observational
	Adenosine
	>70
	95-98
	80-87
	91-95
	95
	89
	

	Paetsch [33]
	79
	Observational
	Adenosine
	>50
	91
	62
	81
	
	
	

	Plein [34]
	92
	Observational
	Adenosine
	
	88
	82
	79
	
	
	

	Takase [35]
	102
	Observational
	dipyridamole
	>50
	93
	85
	
	
	
	

	Thomas [36]
	60
	Observational
	Adenosine
	
	93
	84
	
	
	
	

	Bernhardt [37]
	477
	Observational
	Adenosine
	≥70
	Suspected CAD: 94
Previous PCI: 91
Previous CABG: 79
	Suspected CAD: 94
Previous PCI: 90
Previous CABG: 77
	
	
	
	

	Manka [38]
	146
	Observational, 3D imaging
	Adenosine
	≥50
	92
	74
	83
	
	
	

	Meyer [39]
	60
	Observational,
	Adenosine
	≥70%
	89
	79
	85
	76
	86
	

	Greenwood [40]
	752
	Observational 
	Adenosine
	≥70%
	86 (82-90)
	83 (79-87)
	AUC 0.89 (0.86-91)
	
	
	

	
	
	
	
	
	Superior sensitivity and similar specificity compared to SPECT

	Greenwood [41]
	235
	Observational (subanalysis of women)
	Adenosine
	≥70%
	89
	83
	AUC 0.90 
	
	
	

	
	
	
	
	
	Superior sensitivity and similar specificity compared to SPECT in women

	Schwitter[42]
	515
	Observational, multicentre
	Adenosine
	≥50%
	75 (69-80)
	59 (52-65)
	
	
	
	

	
	
	
	
	
	Superior sensitivity and inferior specificity compared to SPECT

	Jaarsma[43]
	2937
	Meta-analysis
	Adenosine Dipyridamole Dobutamine
	≥50%
	89 (88-91)
	76 (73-78)
	86
	84 (81-86)
	83 (81-86)
	84

	
	
	
	
	
	CMR had superior specificity than SPECT with similar diagnostic accuracy as PET

	Doyle[44]
	184
	Observational 
	Dipyridamole
	≥70%
	58
	78
	76
	
	
	

	Gebker[45]
	414
	Observational 
	Dobutamine
	≥50%/70%
	87/91
	76/70
	85/84
	
	
	

	Merkle[25]
	256
	Observational 
	Adenosine
	≥50%
	91
	82
	89
	
	
	

	Pilz [46]
	171
	Observational 
	Adenosine
	≥70%
	96
	83
	92
	
	
	

	Jogiya [14]
	45
	Observational
	Adenosine
	≥50%
	94(71-100)
	81(54-95)
	88
	
	
	

	
	
	
	
	
	CMR had superior specificity than SPECT with similar diagnostic accuracy as PET

	Agreement with FFR

	Takx[47]
	798
	Meta-analysis
	Adenosine
	FFR<0.75
	89 (86-92)
	87 (83-90)
	88
	87 (84-90)
	91 (89-92)
	89

	
	
	
	
	
	CMR, CT and PET had similar diagnostic accuracy, and were superior to SPECT and echo

	Watkins[48]
	101
	Observational 
	Adenosine
	FFR<0.75
	95 (87-99)
	91 (72-99)
	94
	91 (84-95)
	94 (89-97)
	93

	Manka[49]
	120
	Observational 
	Adenosine
	FFR<0.75
	90 (80-96)
	82 (69-92)
	87
	
	
	

	Manka  [50]
	155
	Observational, multicentre
	Adenosine
	FFR <0.8
	85
	91
	
	
	
	

	Bettencourt[51]
	103
	Observational 
	Adenosine
	FFR<0.80
	89 (76-96)
	88 (77-95)
	88
	80 (69-88)
	93 (89-96)
	90

	Ebersberger[52]
	116
	Observational 
	Adenosine
	FFR≤0.80
	85 (70-94)
	87 (77-94)
	86
	89 (80-95)
	95 (91-98)
	93

	Groothuis[53]
	192
	Observational 
	Adenosine
	FFR≤0.75
	85 (65-96)
	82 (71-91)
	83
	
	
	

	Layland [54]
	106
	Observational
	Adenosine
	FFR≤0.80
	86
	95
	
	87.2
	91.9
	

	Li  [55]
	650
	Meta-Analysis
	Adenosine
	FFR ≤0.75 or 0.80
	90 (86-93)
	87 (82-90)
	
	89 (83-92)
	86 (77-92)
	

	Costa [56]
	30
	Observational
	Adenosine
	FFR≤0.75
	
	
	
	Segmental: 93
	Segmental:
57
	

	Lockie [5]
	42
	Observational
	Adenosine
	FFR≤0.75
	
	
	
	82
	94
	

	Huber [57]
	31
	Observational
	Adenosine
	>75 or >50 and FFR <0.75
	
	
	AUC: 0.92
	
	
	

	Jogiya [58]
	53
	Observational, 3D whole heart
	Adenosine
	FFR <0.75
	91 (76-98)
	90 (67-99)
	91
	79 (64-89)
	92 (85-96)
	88

	Pan [59]
	71
	Observational, TPGR 
	Adenosine
	FFR ≤ 0.75
	91
	90
	
	
	
	

	Bernhardt [60]
	34
	Observational
	Adenosine
	FFR≤0.80
	90 (70-99)
	100 (75-100)
	
	87 (72-96)
	98 (92-100)
	

	Kirschbaum, [61]
	50
	Observational
	Adenosine
	FFR <0.8
	
	
	
	97 (84-100)
	60 (44-75)
	

	Rieber[62]
	43
	Observational
	Adenosine
	FFR≤0.75
	
	
	
	88 (68-97)
	90 (82-95)
	

	Kühl [63]
	28
	Observational
	Adenosine
	FFR≤0.75
	
	
	
	92 (62-100)
	91 (79-98)
	





Table 3d.2: Interstudy reproducibility and normal values of myocardial perfusion reserve (index). Studies included, if reporting interstudy reproducibility. Variability is presented as coefficient of variation (CoV, derived from SD of the difference between the measurements divided by mean value, expressed as %)
	
	Larghat[64]
	Morton[65]
	Elkington[8]
	Chih[66]
	Likhite[10]

	Index
	Fermi deconvolution and upslopes
	Fermi deconvolution
	Fermi deconvolution and upslopes
	Upslopes
	Fermi deconvolution

	N
	11
	16
	16
	20
	10

	Population
	Healthy volunteers
	Healthy volunteers
	Healthy volunteers (n=7), CAD (n=9)
	CAD
	Healthy volunteers

	Interstudy variability (CoV) 
	MPR: 13-27%
	MPR: 23.9%
	MPR: 21%
MPRI: 41%
	MPRI: 18.9%
	MPR: 18.6% using a selfgated free breathing technique

	Interobserver-variability (CoV)
	MPR: 4-10%
	
	
	MPRI: 9.0%
	

	Intraobserver-variability (CoV)
	MPR: 3-7%
	
	
	MPRI: 5.3%
	



Normal values
	
	Index
	N
	Population
	Age
	Rest (ml/min/g)
	Stress (ml/min/g)
	MPR (I)

	Morton [65]
	Fermi deconvolution
	11
	Healthy volunteers
	27+5
	0.6±0.1
	2.5±0.5
	4.3±0.9

	Bakir [67]
	Upslopes
	20
	Healthy women
	54±9
	
	
	2.19±0.38

	Larghat [64]
	Upslopes

	11
	Healthy volunteers
	33 ± 7
	
	
	Endocard: 1.54±0.3
Epicard: 1.81±0.35

	
	Fermi deconvolution
	
	
	
	
	
	Endocard: 2.6±0.75
Epicard: 3.32±0.93






Table 3d.3: Prospective outcome studies using stress CMR. Follow-up is expressed in months. HRs are expressed as absolute values followed by 95% CI. All analysis are adjusted/multivariable unless otherwise indicated (†).CAD - coronary artery disease. MRP - magnetic resonance perfusion. DSMR - dobutamine stress magnetic resonance. MI - myocardial infarction. WMA - wall motion abnormalities. UA - unstable angina. LGE - late gadolinium enhancement. PCI - percutaneous coronary intervention. MPRI - myocardial perfusion reserve index. HF - heart failure. ACS – acute coronary syndrome. NICE - National Institute for Health and Care Excellence (UK). 


	
	N
	Type
	Population
	Stress
	Follow-up
	Endpoint
	CMR-outcomes

	Lipinski[68]
	11636
	Meta-analysis

	Known or suspected CAD
	MRP or DSMR
	32
	CV death,
MI,  CV death/MI
	MI
	HR 7.7 (3.28-18.23)
	< 0.0001

	
	
	
	
	
	
	
	CV death
	HR 6.96 (4.13-11.74)
	<0.0001

	
	
	
	
	
	
	
	CV death /MI
	HR 6.5 (4.41-9.58)
	<0.0001

	
	
	
	
	
	
	
	Event rate (CMR+ vs CMR -)

	
	
	
	
	
	
	
	CV death
	2.8±1.6 vs 0.3±0.3%
	<0.0001

	
	
	
	
	
	
	
	MI
	2.6±2 vs 0.4±0.3%
	<0.0005

	
	
	
	
	
	
	
	CV death/MI
	4.9±3.1 vs 0.8±0.7%
	<0.0001

	Jahnke[69]
	513
	Observational
Prospective
	Known or suspected CAD
	MRP and DSMR
	27.6
	CV death /MI
	3-y event free survival

	
	
	
	
	
	
	
	CMR-
	99.2%
	<0.001

	
	
	
	
	
	
	
	CMR +
	83.5%
	

	
	
	
	
	
	
	
	MRP+
	HR 10.57 (2.86-39.1)
	<0.001

	
	
	
	
	
	
	
	DSMR +
	HR 4.72 (1.76-12.64)
	0.002

	Bodi [70]
	601
	Observational
Prospective
	Known or suspected CAD
	MRP + WMA
	18.4
	CV death /MI/UA
	MRP+, WMA-
	HR 2.2 (1.2-4.1)
	0.001

	
	
	
	
	
	
	
	MRP+, WMA+
	HR 3.8 (1.9-7.8)
	0.0002

	
	
	
	
	
	
	
	Effect of revascularization

	
	
	
	
	
	
	
	MRP+, WMA-
	HR 1.1 (0.5-2.4)
	0.7

	
	
	
	
	
	
	
	MRP+, WMA+
	HR 0.2 (0.1-0.7)
	0.01

	Hundley [71]
	279
	Observational
Prospective
	Known or suspected CAD
	DSMR
	20
	CV death, MI
	DSMR+  associated with death (HR 2.8, 1-7.5) and  CV death/MI (HR 3.3, 1.1-9.7). 
Increased risk of CV death/MI with more coronary territories (HR 4.5-7 with more than 1) or number of segments affected (HR 7.1 with 3-5 segments)

	Kelle [72]
	3138
	Observational
Prospective
	Known or suspected CAD
	DSMR
	40
	CV death /MI
	DSMR +
	HR 6.5 (4.6-9.3)
	<0.001

	
	
	
	
	
	
	
	LGE
	HR 2.2 (1.2-4.1)
	<0.001

	
	
	
	
	
	
	
	Rest WMA
	HR 1.6 (1.2-2.3)
	<0.001

	
	
	
	
	
	
	
	Revascularization improved event-free survival only in those with DSMR+

	Kelle[73] 
	1369
	Observational
Prospective
	Known or suspected CAD
	DSMR
	44
	CV death /MI
	6-year event-free survival

	
	
	
	
	
	
	
	DSMR +
	92% 
	0.001

	
	
	
	
	
	
	
	
	HR 2.99 (1.6-5.4)
	

	
	
	
	
	
	
	
	DSMR-
	96.9%
	

	
	
	
	
	
	
	
	No effect of revascularization if DSMR - (3.1% vs 3.2% events). In DSMR+ trend to higher events in medically treated (8% vs 5.4%, p=0.234)

	Bodi[74]
	420
	Observational
Prospective
	Known or suspected CAD
	MRP + WMA
	14
	CV death /MI/UA
	MACE (abnormal vs normal)

	
	
	
	
	
	
	
	Rest WMA
	22 vs 5%
	<0.0001

	
	
	
	
	
	
	
	WMA+
	21 vs 4%
	<0.0001

	
	
	
	
	
	
	
	MRP+
	17 vs 5%
	<0.0001

	
	
	
	
	
	
	
	LGE
	20 vs 6%
	<0.0001

	
	
	
	
	
	
	
	Extent of stress WMA
	HR 1.15 (1.06-1.24) per segment
	0.0006

	Bingham[75]
	908
	Observational
Prospective
	Known or suspected CAD
	MRP
	31
	CV death /MI /late revas- cularization
	LVEF, aortic flow, LGE and abnormal perfusion predict adverse outcomes. Its combination enhances its prognostic value (increased χ² in Cox proportional model, 55.2, 63.3, 68 and 68.9, all p<0.00001).
Normal CMR  2.4% events/y (<1% CV death/MI)

	Bodi [76]
	1722
	Observational
Prospective
	Known or suspected CAD
	MRP + WMA
	10.2
	CV death /MI
	CV death/MI (abnormal vs normal)

	
	
	
	
	
	
	
	Rest WMA
	6.8 vs 2%
	<0.001

	
	
	
	
	
	
	
	WMA+
	13.5 vs 2.3%
	<0.001

	
	
	
	
	
	
	
	MRP+
	6.2 vs 1.7%
	<0.001

	
	
	
	
	
	
	
	LGE +
	6 vs 2.6%
	0.001

	
	
	
	
	
	
	
	Stress WMA is the only predictor of cardiac events 

	
	
	
	
	
	
	
	WMA+
	HR 10.7 (5.22-21.98)
	<0.0001

	
	
	
	
	
	
	
	WMA+ (per segment)
	HR 1.17 (1.08-1.27)
	0.0001

	Korosoglou [77]
	1493
	Observational
Prospective
	Known or suspected CAD
	DSMR (WMA+MRP)
	24
	CV death /MI, late reavascularization
	CV death/MI

	
	
	
	
	
	
	
	WMA+
	HR 5.9 (2.5-13.6)
	<0.001

	
	
	
	
	
	
	
	MRP+
	HR 5.4(2.3-12.9)
	<0.001

	
	
	
	
	
	
	
	Late revascularization

	
	
	
	
	
	
	
	WMA+
	HR 3.1 (1.7-5.6)
	<0.001

	
	
	
	
	
	
	
	MRP+
	HR 6.2 (3.3-11.3)
	<0.001

	Buckert[78]
	1229
	Observational
Prospective
	Known or suspected CAD
	MRP
	50
	CV death /MI/stroke
	MRP+
	HR .21 (2-06-5)
	<0.0001

	
	
	
	
	
	
	
	Event-free survival  95.6% vs 83.5% (MPR -/+)

	Krittayaphong[31]
	1232
	Observational
Prospective
	Known or suspected CAD
	MRP
	39
	CV death/ MI/UA/HF
	CV death/MI

	
	
	
	
	
	
	
	MRP+
	HR 6.24 (2.7-14.44)
	<0.001

	
	
	
	
	
	
	
	LGE+
	HR 3.64 (1.95-6.78)
	<0.001†

	
	
	
	
	
	
	
	CV death/MI/UA/HF

	
	
	
	
	
	
	
	MRP+
	HR 2.92 (1.86-4.6)
	<0.001

	
	
	
	
	
	
	
	LGE+
	HR 3.76 (2.58-5.48)
	<0.001†

	Greenwood
[79]
	752
	Observational Prospective
	Suspected CAD
	MRP
SPECT
	60
	CV death, ACS, unscheduled revascularization or hospital admission for any CV cause
	MRP+
SPECT+
	HR 2.77 (1.85-4.16)
HR 1.63 (1.11-2.39)
	<0.0001
<0.013

	Greenwood [80]
	1202 

	Multicenter, 3-parallel group, randomized clinical trial

	Suspected CAD
	MRP
SPECT
NICE
	12
	Protocol-defined unnecessary coronary angiography
	CMR vs NICE
	HR 0.21 (0.12-0.34)
	<0.001

	
	
	
	
	
	
	
	CMR vs SPECT
	HR 1.27 (0.79-2.03)
	0.32

	
	
	
	
	
	
	MACE
	CMR vs NICE
	1.37(0.52-3.57)
	0.52

	
	
	
	
	
	
	
	CMR vs SPECT
	0.95(0.46-1.95)
	0.88
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