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Cardiac MR: Coming of AgeCardiac MR: Coming of Age

True FISP

CE-First pass 
perfusion

CE-viabilityCE-MRA
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OverviewOverview

Safety IssuesSafety Issues
Imaging PlanesImaging Planes
Clinical Protocols: A How To …Clinical Protocols: A How To …
•• Cardiac Morphology and MassesCardiac Morphology and Masses
•• ValvularValvular DiseaseDisease
•• LV FunctionLV Function
•• Ischemic Heart DiseaseIschemic Heart Disease SCHOOL OF
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MR Safety Issues

ContraindicationsContraindications
•• Pacemaker/Defibrillator/PumpsPacemaker/Defibrillator/Pumps
•• Recent (< 6 wks) coronary Recent (< 6 wks) coronary stentingstenting

NotNot ContraindicationsContraindications
•• Prosthetic valvesProsthetic valves
•• Vascular Vascular stentsstents (> 6 wks)(> 6 wks)
•• SternotomySternotomy wireswires
•• IVC filtersIVC filters
•• Arrhythmias (use special sequences)Arrhythmias (use special sequences)
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Imaging PlanesImaging Planes
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Short Axis

LVLVRVRV

Commonly Used Imaging PlanesCommonly Used Imaging Planes
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Vertical Long Axis

(2 Chamber)

LVLVRVRV

Commonly Used Imaging PlanesCommonly Used Imaging Planes
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Horizontal Long Axis

(4 Chamber)

LVLVRVRV

Commonly Used Imaging PlanesCommonly Used Imaging Planes

SCHOOL OF
MEDICINE

NEW YORK
UNIVERSITY Three-chamber view

LVLVRVRV

Commonly Used Imaging PlanesCommonly Used Imaging Planes
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Imaging PlanesImaging Planes

A Step-by-Step Guide ...
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Imaging PlanesImaging Planes

Coronal
Scout
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Imaging PlanesImaging Planes

2 chamber scout
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Imaging Planes: Short AxisImaging Planes: Short Axis

2 chamber
scout

Axial
HASTE

Short Axis
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Imaging Planes: 4 chamber

2 ch
scout

Short
axis

4 chamber (HLA)
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Imaging Planes: 2 chamber

4 chamber Short
axis

2 chamber (VLA)

SCHOOL OF
MEDICINE

NEW YORK
UNIVERSITY

Imaging Planes: LVOTImaging Planes: LVOT

Axial HASTE
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OverviewOverview

Safety IssuesSafety Issues
Imaging PlanesImaging Planes
Clinical Protocols: A How To …Clinical Protocols: A How To …
•• Cardiac Morphology and MassesCardiac Morphology and Masses

Cardiac MassesCardiac Masses
Pericardial DiseasePericardial Disease
ARVDARVD

•• ValvularValvular DiseaseDisease
•• LV FunctionLV Function
•• Ischemic Heart DiseaseIschemic Heart Disease
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Cardiac Masses/PericardiumCardiac Masses/Pericardium

SetSet--upup
•• ECG leadsECG leads
•• IV/IV/GdGd optionaloptional

Axial/Coronal SS TSE/HASTEAxial/Coronal SS TSE/HASTE
MultiplanarMultiplanar T1 TSE (limited coverage)T1 TSE (limited coverage)
Selected Selected multiplanarmultiplanar cine GREcine GRE
OptionalOptional
•• GdGd--DTPA, PostDTPA, Post--contrast T1 TSEcontrast T1 TSE
•• Single slice BH STIR or FSSingle slice BH STIR or FS--TSETSE



4

SCHOOL OF
MEDICINE

NEW YORK
UNIVERSITY

Cardiac MassesCardiac Masses

BenignBenign
•• MyxomaMyxoma: left atrium most common: left atrium most common
•• LipomaLipoma
•• RhabdomyomaRhabdomyoma
•• FibromaFibroma
•• ThrombusThrombus

MalignantMalignant
•• MetastasesMetastases
•• AngiosarcomaAngiosarcoma
•• RhabdomyosarcomaRhabdomyosarcoma
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Cardiac MassesCardiac Masses

Characterization of massesCharacterization of masses
•• LipomaLipoma——fatty massfatty mass
•• MyxomaMyxoma——classic classic septalseptal attachmentattachment
•• ThrombusThrombus

GdGd--enhancement/Viability imagingenhancement/Viability imaging

Location and extentLocation and extent
Effect on Effect on hemodynamicshemodynamics
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Cardiac MassesCardiac Masses

Lipomatous hypertrophy 
of the interatrial septum

Fat-suppressed T2 SCHOOL OF
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Thrombus (LV infarct)Thrombus (LV infarct)
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LV ThrombusLV Thrombus

NonNon--enhancingenhancing
Well seen on delayed CEWell seen on delayed CE--MRIMRI

Infarcted myocardium

LV Thrombus!
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LymphomaLymphoma
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Constrictive PericarditisConstrictive Pericarditis

Pericardial thickening > 3 – 4 mm
Small RV and LV
Enlarged RA and LA
Paradoxical Septal Motion
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Cardiac Mass?

?
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Right Atrial Pseudomass
Nodular thickening, linear strandsNodular thickening, linear strands
Between IVC and coronary sinusBetween IVC and coronary sinus
5959--90% of cardiac MR studies90% of cardiac MR studies
Normal anatomic structuresNormal anatomic structures
•• CristaCrista terminalisterminalis
•• Eustachian valveEustachian valve
•• ThebesianThebesian valvevalve
•• ChiariChiari networknetwork

MirowitzMirowitz SA, Radiology 1992;182:231; SA, Radiology 1992;182:231; 
Meier RA, JCAT 1994;18:398Meier RA, JCAT 1994;18:398
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ARVDARVD

Arrhythmogenic right ventricular dysplasiaArrhythmogenic right ventricular dysplasia
•• Ventricular tachycardiaVentricular tachycardia
•• 30% familial30% familial

Diagnosis difficultDiagnosis difficult
•• BiopsyBiopsy
•• EchocardiographyEchocardiography
•• ElectrophysiologyElectrophysiology
•• MRIMRI

FibrofattyFibrofatty replacement of right ventricular myocardiumreplacement of right ventricular myocardium
Right ventricular Right ventricular aneurysmalaneurysmal dilatationdilatation
DyskinesisDyskinesis
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ARVD ProtocolARVD Protocol

SetSet--upup
•• ECG leadsECG leads
•• No iv, no No iv, no GdGd

Axial SS TSE/HASTEAxial SS TSE/HASTE
Axial TSEAxial TSE
•• High resolutionHigh resolution

Axial cine GREAxial cine GRE
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ARVD FSE: Imaging TricksARVD FSE: Imaging Tricks

Saturation band over LV
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Turn Posterior coil elements off

Decrease FOV

ARVD FSE: Imaging TricksARVD FSE: Imaging Tricks
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ARVD FSEARVD FSE

Fibrofatty replacement of RV wall
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ARVDARVD

RV Dyskinesis

Cine GRE
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ARVD Diagnostic CriteriaARVD Diagnostic Criteria

Two major criteriaTwo major criteria
One major and two minor criteriaOne major and two minor criteria
Four minor criteriaFour minor criteria

McKenna WJ, et al Brit Heart Journal 1994; 71:215-218
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Not Right Ventricular DysplasiaNot Right Ventricular Dysplasia

Potential PitfallsPotential Pitfalls
•• Moderator bandModerator band
•• Apical thinningApical thinning
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OverviewOverview

Safety IssuesSafety Issues
Imaging PlanesImaging Planes
Clinical Protocols: A How To …Clinical Protocols: A How To …
•• Cardiac Morphology and MassesCardiac Morphology and Masses
•• ValvularValvular DiseaseDisease
•• LV FunctionLV Function
•• Ischemic Heart DiseaseIschemic Heart Disease



7

SCHOOL OF
MEDICINE

NEW YORK
UNIVERSITY

Valvular DiseaseValvular Disease

SetSet--upup
•• ECG leadsECG leads
•• No No i.vi.v..

Axial SS TSE/HASTEAxial SS TSE/HASTE
Double oblique scoutsDouble oblique scouts
LV function cine GRELV function cine GRE
Cine GRE biplane through valveCine GRE biplane through valve
Phase contrast flow quantificationPhase contrast flow quantification
Optional:Optional:
•• High resolution black blood TSEHigh resolution black blood TSE
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Phase Contrast Applications

Peak velocity tracingsPeak velocity tracings
•• DopplerDoppler--like waveformslike waveforms
•• Pressure gradient estimatesPressure gradient estimates

Modified Modified BernouilliBernouilli EquationEquation
∇∇P  P  ≅≅ 4  x  4  x  vvmaxmax

22

∇∇P = pressure gradient (mm Hg)P = pressure gradient (mm Hg)
vvmaxmax = maximum velocity (m/sec)= maximum velocity (m/sec)

Volume flow ratesVolume flow rates
•• Total blood flow (Aorta, PA)Total blood flow (Aorta, PA)
•• RegurgitantRegurgitant volumevolume
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Aortic StenosisAortic Stenosis

Aortic Valve
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Aortic Valvular DiseaseAortic Valvular Disease

By planimetry: 1.2 cm2 (Mild stenosis)
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Aortic StenosisAortic Stenosis

PC through Jet
Venc = 500
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Phase ContrastPhase Contrast

Peak = 223 cm/sec
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Aortic Valvular DiseaseAortic Valvular Disease

Peak systolic velocity Peak systolic velocity 
= 223 cm/sec = 223 cm/sec 
= 2.23 = 2.23 m/sm/s

Peak pressure gradient Peak pressure gradient 
= 4 x v= 4 x v22

= 20 mmHg= 20 mmHg
SCHOOL OF
MEDICINE

NEW YORK
UNIVERSITY

Volume Flow MeasurementsVolume Flow Measurements

PA

PA

Clinical History: Status post pulmonic valvulotomy

Clinical question: Is there pulmonic insufficiency?
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Pulmonic Artery Phase ContrastPulmonic Artery Phase Contrast

Phase-Contrast

PA
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Pulmonic InsufficiencyPulmonic Insufficiency

120 cc forward 
flow

50 cc reverse 
flow

Phase-Contrast

PA

Effective forward flow = 70 ml
Regurgitant fraction = 0.42
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Tricks for Quantifying RegurgitationTricks for Quantifying Regurgitation

RegurgitantRegurgitant Fraction = Fraction = 
RegurgitantRegurgitant flow/Forward flowflow/Forward flow

MitralMitral RegurgitantRegurgitant Fraction = Fraction = 
(SV (SV –– Aortic Forward Flow)/SV     orAortic Forward Flow)/SV     or
(SV (SV –– Pulmonary Forward Flow)/SVPulmonary Forward Flow)/SV
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OverviewOverview

Safety IssuesSafety Issues
Imaging PlanesImaging Planes
Clinical Protocols: A How To …Clinical Protocols: A How To …
•• Cardiac Morphology and MassesCardiac Morphology and Masses
•• ValvularValvular DiseaseDisease
•• LV FunctionLV Function
•• Ischemic Heart DiseaseIschemic Heart Disease
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LV FunctionLV Function

SetSet--upup
•• ECG leadsECG leads
•• No No i.vi.v..

Axial SS FSE/HASTEAxial SS FSE/HASTE
Double Oblique ScoutsDouble Oblique Scouts
Cine GRECine GRE
•• Short axis from base to apex (6Short axis from base to apex (6--8mm/2mm)8mm/2mm)
•• Long axes viewsLong axes views

Phase contrast flow quantificationPhase contrast flow quantification
•• Aortic outflow (SV)Aortic outflow (SV)
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LV Functional ParametersLV Functional Parameters

LV End Diastolic Volume (EDV) (ml)LV End Diastolic Volume (EDV) (ml)
LV End Systolic Volume (ESV)LV End Systolic Volume (ESV)
Stroke Volume (SV) = EDV Stroke Volume (SV) = EDV –– ESVESV
Ejection Fraction = SV/EDV (%)Ejection Fraction = SV/EDV (%)
Cardiac Output = SV x HR (L/min)Cardiac Output = SV x HR (L/min)
Cardiac Index = Cardiac Output/BMICardiac Index = Cardiac Output/BMI
•• (BMI based on height and weight)(BMI based on height and weight)

LV Mass = LV myocardial LV Mass = LV myocardial volvol x 1.04 g/mlx 1.04 g/ml
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Calculating LV VolumesCalculating LV Volumes

Cine GRE Short AxisCine GRE Short Axis
Modified Simpson’s rule Modified Simpson’s rule 
•• LV = A1 + A2 + … + AnLV = A1 + A2 + … + An
•• Assuming t = 1 cm (8/2 gap)Assuming t = 1 cm (8/2 gap)
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Calculating LV VolumesCalculating LV Volumes

End diastoleEnd diastole

EDV A2 = 19 cm2

End systoleEnd systole

ESV A2 = 9 cm2

Short axis - Base
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Calculating LV VolumesCalculating LV Volumes

End diastoleEnd diastole

EDV A5 = 12 cm2

End systoleEnd systole

ESV A5 = 6 cm2

Short axis - Apex
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Calculating LV VolumesCalculating LV Volumes

End diastoleEnd diastole

EDV = (A1 + A2 + …)

End systoleEnd systole

ESV = (A1 + A2 + …)

Stroke Volume = EDV - ESV
EF = SV / EDV x 100%
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Tip #1: Choosing the slicesTip #1: Choosing the slices

LV covers larger number of LV covers larger number of 
slices at EDV and ESVslices at EDV and ESV
Avoid including LAAvoid including LA
Tip:Tip:
•• Include only slices that have Include only slices that have 

circumferential muscle ringcircumferential muscle ring
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Tip #2: Papillary muscles?Tip #2: Papillary muscles?

Bottom line: Bottom line: Be consistentBe consistent
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Wall Motion/ContractilityWall Motion/Contractility
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OverviewOverview

Safety IssuesSafety Issues
Imaging PlanesImaging Planes
Clinical Protocols: A How To …Clinical Protocols: A How To …
•• Cardiac Morphology and MassesCardiac Morphology and Masses
•• ValvularValvular DiseaseDisease
•• LV FunctionLV Function
•• Ischemic Heart DiseaseIschemic Heart Disease

Stress testingStress testing
ViabilityViability
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Ischemic Heart DiseaseIschemic Heart Disease

Exercise impracticalExercise impractical
DobutamineDobutamine for increased for increased 
contractility and oxygen contractility and oxygen 
consumptionconsumption
•• Target HR 0.85 x (220Target HR 0.85 x (220--age)age)

Adenosine/Adenosine/persantinepersantine for for 
differential hyperemiadifferential hyperemia SCHOOL OF
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Stress Protocol Option #1Stress Protocol Option #1

DobutamineDobutamine Cine GRECine GRE
•• Careful monitoringCareful monitoring

BP, Pulse ox, ECG (rate/rhythm)BP, Pulse ox, ECG (rate/rhythm)
Beta blocker to reverseBeta blocker to reverse

•• Cine GRE following incremental dosesCine GRE following incremental doses
RestRest
10 10 ugug/min/kg 3 min/min/kg 3 min
20 20 ugug/min/kg 3 min/min/kg 3 min
30 30 ugug/min/kg 3 min/min/kg 3 min
40 40 ugug/min/kg 3 min/min/kg 3 min
Optional Atropine 0.25 mg x 4 to achieve HROptional Atropine 0.25 mg x 4 to achieve HR

•• RealReal--time image reconstruction/displaytime image reconstruction/display
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Dobutamine ExampleDobutamine Example
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Stress Protocol Option #2Stress Protocol Option #2

Adenosine/Adenosine/PersantinePersantine PerfusionPerfusion
•• Careful monitoringCareful monitoring

BP, Pulse ox, ECG (rate/rhythm)BP, Pulse ox, ECG (rate/rhythm)
AminophyllineAminophylline to reverseto reverse

•• Stress perfusionStress perfusion
Adenosine 140 Adenosine 140 ugug/min/kg 6 min (image at 3 min)/min/kg 6 min (image at 3 min)
DipyridamoleDipyridamole 0.56 mg/kg over 4 min0.56 mg/kg over 4 min

•• 20 min delay20 min delay
•• Rest perfusionRest perfusion
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Myocardial PerfusionMyocardial Perfusion

SequencesSequences
•• Gated singleGated single--shot SR or IR shot SR or IR turboFLASHturboFLASH or true FISPor true FISP
•• Notched interleaved SR spoiled GRENotched interleaved SR spoiled GRE

Typically 3 Typically 3 –– 6 short axis slices every HB or 6 short axis slices every HB or 
every other HBevery other HB
First pass First pass GdGd (0.02 (0.02 –– 0.1 0.1 mmolmmol/kg)/kg)
•• 5 5 –– 20 ml20 ml
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Perfusion ExamplePerfusion Example
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Myocardial Infarct ImagingMyocardial Infarct Imaging

Time

Normal
myocardium

Gd
Contrast
injection

Infarcted
myocardium

Enhancement

Delay (~ 5 to 10 min)

SCHOOL OF
MEDICINE

NEW YORK
UNIVERSITY

Enhancement on delayed imaging = infarctEnhancement on delayed imaging = infarct

Myocardial Infarct ImagingMyocardial Infarct Imaging

Viability 
Images

Cine GRE
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Interpretation: Interpretation: 
•• Old anterior wall infarctOld anterior wall infarct

5252--yearyear--old diabetic womanold diabetic woman
•• History of prior MI History of prior MI 
•• 4 day history of nausea/GI symptoms4 day history of nausea/GI symptoms

Myocardial Infarct ImagingMyocardial Infarct Imaging

•• New inferior infarct (RCA disease)New inferior infarct (RCA disease)
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UNIVERSITY Kim RJ et al. Circulation 1999; 100:1992

TTC   MRI

Enhancement on delayed imaging = infarctEnhancement on delayed imaging = infarct

Myocardial Infarct ImagingMyocardial Infarct Imaging
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Myocardial Viability

Transmural extent
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Delayed HyperenhancementDelayed Hyperenhancement

CausesCauses
•• SubacuteSubacute/Chronic myocardial infarct/Chronic myocardial infarct
•• Acute myocardial infarctAcute myocardial infarct
•• HypertrophicHypertrophic cardiomyopathycardiomyopathy**
•• SarcoidosisSarcoidosis**
•• Acute Acute myocarditismyocarditis**

*Patchy distribution differentiates these from coronary 
causes which arise from subendocardial surface and 
extend to subepicardial region
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SetSet--upup
•• ECG leadsECG leads
•• 20 20 –– 30 ml 30 ml GdGd**

Axial HASTEAxial HASTE
Scouts for double obliqueScouts for double oblique
Inject Inject GdGd
•• Optional: Perfusion Optional: Perfusion ((±± stress)stress)

Cine GRECine GRE
•• Short and long axesShort and long axes

Viability (scar)Viability (scar)
•• Slice planes matched to cine GRESlice planes matched to cine GRE

Viability Protocol: 30 min

*Gd-DTPA for cardiac MRI is off-label application
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ViabilityViability

Conventional Viability sequencesConventional Viability sequences
•• CHOOSE TI (Inversion Time)CHOOSE TI (Inversion Time)
•• IR IR turboFLASHturboFLASH
•• IR true FISP (1 IR true FISP (1 –– 3 slices/BH)3 slices/BH)
•• New sequencesNew sequences

Single shot IR true FISPSingle shot IR true FISP
3D IR 3D IR turboFLASHturboFLASH
3D IR true FISP3D IR true FISP

PhasePhase--Sensitive IR ViabilitySensitive IR Viability
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Chung YC, et al ISMRM 2002

Cine IR True FISP to select TICine IR True FISP to select TI
Infarct

Normal

Optimal TI

TI = 170 ms TI = 203 ms TI = 238 ms TI = 275ms

12 sec BH
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Cine IR True FISP to select TICine IR True FISP to select TI
Infarct

Normal

Optimal TI

TI = 275ms TI = 308ms TI = 342ms TI = 375ms

12 sec BH
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Viability: 5 breath holdsViability: 5 breath holds

2D IR True FISP
(9 sl/3 BH)

3 sl/BH

3 sl/BH
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Viability: 1 breath holdViability: 1 breath hold

2D IR True FISP
(9 sl/3 BH)

3D IR True FISP
(24 x 4mm/ BH)
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Viability Case: InterpretationViability Case: Interpretation

Real-time True FISP

SubendocardialSubendocardial infarct extends along entire infarct extends along entire 
anterior wall/apex, septum, lateral wall (LAD)anterior wall/apex, septum, lateral wall (LAD)
Additional foci in Additional foci in inferolateralinferolateral base (base (LCxLCx))

Viability

Impression:
Salvageable myocardium LAD and 
circumflex territory
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CAD: InterpretationCAD: Interpretation

17 segment 17 segment 
interpretationinterpretation

Cerqueira MD et al. Circulation 2002; 105:539
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Clinical applicationsClinical applications
•• HypokinesisHypokinesis: Nonviable vs. Hibernating ?: Nonviable vs. Hibernating ?

Is revascularization indicated?Is revascularization indicated?

•• Equivocal Equivocal scintigraphyscintigraphy or echocardiographyor echocardiography
Attenuation artifacts/inadequate windowAttenuation artifacts/inadequate window
Abnormality too subtle/Abnormality too subtle/subendocardialsubendocardial infarctinfarct

•• Acute chest pain, Acute chest pain, r/or/o MIMI

Myocardial Viability
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Case: 76Case: 76--yearyear--old man old man 
with DOEwith DOE

StressStress--rest rest SestamibiSestamibi
•• Normal wall motionNormal wall motion

•• EF 67%EF 67%

•• Fixed defect anterior wallFixed defect anterior wall

•• Infarct vs. Attenuation ?Infarct vs. Attenuation ?

Myocardial Viability
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Cine GRE

Myocardial Viability
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Myocardial Viability
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Interpretation:Interpretation:
•• Normal wall motionNormal wall motion

•• EF 70%EF 70%

•• SubendocardialSubendocardial infarctinfarct

•• LAD territoryLAD territory

Coronary Coronary CathCath
•• 3 vessel disease3 vessel disease

•• Severe stenosis of 1st Severe stenosis of 1st 
diagonal (off LAD)diagonal (off LAD)

Myocardial Viability

Lee VS et al, Radiology, 2004
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OverviewOverview

Safety IssuesSafety Issues
Imaging PlanesImaging Planes
Clinical Protocols: A How To …Clinical Protocols: A How To …
•• Cardiac Morphology and MassesCardiac Morphology and Masses
•• ValvularValvular DiseaseDisease
•• LV FunctionLV Function
•• Ischemic Heart DiseaseIschemic Heart Disease
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NYU Body/CV MR ImagingNYU Body/CV MR Imaging

Genevieve Bennett, MDGenevieve Bennett, MD Leon Axel, PhD, MDLeon Axel, PhD, MD
Gary Israel, MDGary Israel, MD QunQun Chen, PhDChen, PhD
Elizabeth Hecht, MDElizabeth Hecht, MD GlynGlyn Johnson, PhDJohnson, PhD
Barbara Barbara SrichaiSrichai, MD, MD Ray Lee, PhDRay Lee, PhD
BachirBachir TaouliTaouli, MD, MD VinayVinay PaiPai, PhD, PhD

Stephen Drew, MDStephen Drew, MD
Ruth Lim, MDRuth Lim, MD
TejasTejas Parikh, MDParikh, MD
Minnie Minnie KaurKaur, MD, MD

SCHOOL OF
MEDICINE

NEW YORK
UNIVERSITY Dec 2005Dec 2005

SCHOOL OF
MEDICINE

NEW YORK
UNIVERSITY

ISMRM Clinical MRI Course:
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