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• Accurate assessment of chamber size and function is 
clinically important in many types of heart disease.


• Echo most widely used modality

• low cost

• portability

• widespread availability


• Echo limitations:

• suboptimal acoustic windows

• operator dependence

• use of geometric assumptions

Chamber Size and Function

OUTLINE:

• CINE CMR IMAGING

• How Its Performed

• Limitations

• Strategies To Overcome 

Limitations

• CMR DERIVATION OF 

VOLUMES AND EF

• EFFECT OF AGE AND 

GENDER ON VOLUMES

• VOLUMES BY CMR VS. ECHO

• HEMODYNAMICS BY CMR

1. Localization: 
Perpendicular to long 
axis on 2 & 4 chamber 
views

2. Slice obtained every 10 
mm

3. Use large FOV to avoid 
phase wrap

• No need for IV, or 
contrast agent

• Can typically be 
acquired in 10-15 
minutes

LV Function Study by CMR

ECG GATING with segmentation

� Cine image is a series of 20-25 image 
frames at different points in the cardiac 
cycle that are played one after another to 
create a “movie”

...

Frames:                1                      2                           19                    20

Time(msec):0                  40                   80     720                760                 800


                                              ACQUISITION WINDOW
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� Entire image is completed after 4 heart beats

How does segmentation work?

ECG GATING with segmentation
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Image Reconstruction ECG GATING with segmentation

� Cine image is a series of 20-25 image 
frames at different points in the cardiac 
cycle that are played one after another to 
create a “movie”

...

Frames:                1                      2                           19                    20

Time(msec):0                  40                   80     720                760                 800 

ECG GATING with segmentation

� Cine image is a series of 20-25 image 
frames at different points in the cardiac 
cycle that are played one after another to 
create a “movie”

...

Frames:                1                      2                           19                    20

Time(msec):0                  40                   80     720                760                 800


                                              ACQUISITION WINDOW

CINE IMAGES

What is wrong with this image ?

ECG GATING with segmentation

� ACQUISITION WINDOW IS TOO SHORT

� MOVIE IS MISSING THE LAST FEW FRAMES 

OF THE CARDIAC CYCLE

...

Frames:                1                      2                           19                    20

Time(msec):0                  40                   80     600                760                 800


                      ACQUISITION WINDOW

CINE IMAGES

What is wrong with this image ?



ECG GATING with segmentation

� ACQUISITION WINDOW IS SET TOO LONG

� MOVIE CONSISTS OF EXTRA FRAMES FROM 

NEXT CARDIAC CYCLE

...

Frames:                1                      2                           19                    20

Time(msec):0                  40                   80     720                      800                          880


                                                           ACQUISITION WINDOW

What is wrong with this image ?

Answer:  Poor temporal resolution

ECG GATING with segmentation
� POOR TEMPORAL RESOLUTION


� EACH FRAME IS ACQUIRED OVER A LONG 
TIME PERIOD


� NOT ENOUGH FRAMES IN THE MOVIE

Frames:                            1                      2…9	         10 

Time(msec): 0                 40                 80           720           760               800


                                                 ACQUISITION WINDOW

…

What is wrong with this image ?

Answer:  Nothing is wrong, but it has

              Very High Temporal Resolution

Will there be a difference in breath hold time ?


               Example A                    Example B

       Poor Temporal 	     High Temporal

          Resolution	         Resolution

YES - Example B will be a longer breath hold than A

CINE IMAGES
What is the difference in breath hold time ?

Acquisition Window Too Short Acquisition Window Too Long



�Segmented Image Acquisition with 
cardiac gating:

�Allows us to acquire high spatial and temporal 

resolution functional information about the 
beating heart


�Requires adequate method of ECG gating 
Requires ability to breath hold in most cases

Breathing Artifact or Arrhythmia ?

20

Breathing artifact	        Arrhythmia

Patient A	 	           Patient B

Breathing Artifact or Arrhythmia ?

Breathing artifact	      Arrhythmia

Patient A	 	        Patient B Arrhythmias
�Occur when there is RR variability

�Atrial fibrillation

�Ventricular ectopy


�Classify arrhythmia as

�Regularly irregular

�Irregularly irregular

22

Ventricular Bigeminy

23

Use Prospective Triggering

24



Ventricular Bigeminy

25

Retrospective Gating Prospective Gating 
with 2 RR intervals

Irregularly Irregular

�Afib with variable 
RR

�Frequent PVC

26

Poor Image Quality

27

Arrhythmia Rejection Irregularly Irregular
�Strategies:

�Arrhythmia Rejection

28

Poor Image 
Quality

Arrhythmia 
Rejection

• Limitations:

– Abnormal beat is 

rejected

– Leads to increased 

breath hold time

– Not feasible if there 

are many irregular 
beats

Overcoming Arrhythmias

Poor Image Quality Arrhythmia Rejection

�Strategies:

�Arrhythmia Rejection

ARRHYTHMIAS

Poor Image Quality Arrhythmia Rejection Prospective with 
short RR interval



What about patients who have 
significant arrhythmias or who 

can’t hold their breath ?

Realtime Cine 
Sequence  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    Realtime Cine

Segmented Cine

•  5 sec breath-hold

•  inplane ~1.5-2.0  mm

•  frame rate ~ 30/sec  

Real-time Cine

•  No breath hold

•  inplane ~3.0-3.5 mm

•  frame rate ~ 20/sec  

Do not let perfection be the enemy of the good.
CMR image quality should never be worse than this !!

SSFP: Ventricular Volumes & 
Function

Shah. Curr Opin Cardiol 2012, 27:485–491

 
Simpson’s Rule 

Technique

SSFP: Ventricular Volumes & 
Function

Shah. Curr Opin Cardiol 2012, 27:485–491

 
Simpson’s Rule 

Technique

CMR in casts of cadaveric 
hearts

• CMR volumetry validated:

– Animals

– In vitro

– In vivo

– Ex vivo


• Superior to ECHO

– Highly accurate

– Highly reproducible 

– Low intra-observer variability

– Low inter-observer variability


• LVEF: 2-7%

– Low inter-study variability


Pattynama PM. Radiology 1993;187:261–8.

Semelka RC. Am Heart J 1990;119:1367–73.

Stratemeier EJ.Radiology 1986;158:775–7.

Rehr RB.Radiology 1985;156:717–9

LVEF = (EDV-ESV)/EDV

LVEF = (206–102)/206 = 50% 
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Long Axis Cross Referencing

Take Home Message:


Use Long Axis Cross Referencing to Determine Basal Slice

Long Axis Cross Referencing

Diastole Systole

Basal Plane Descent

Take Home Message:


Basal plane typically descends during systole

May have 0-2 slices included in LV during diastole that are LA during systole

Papillary Muscle

Trabeculae and papillary muscles = 6.2% - 8.9% of LV mass

Janik et al, J Hypertens 2008

Vogel-Claussen et al, J Comput Assist Tomogr 2006

Contouring time:  25 +/- 4 mins vs. 13 +/- 3 minutes

Sievers et al, JCMR 2004


Papillary Muscles

Kawel-Boehm et al. Journal of Cardiovascular Magnetic Resonance (2015)



What is the LV Ejection Fraction here ?

A. LVEF < 60%
B. LVEF 60-69%
C. LVEF ≥70%

Papillary Muscle Attribution: Papillary Muscle Attribution:

Myocardium Blood Cavity

89 ml

Is there Mitral Regurgitation ?

Mitral Regurgitation = LVSV - AO Forward Flow

Papillary Muscle Attribution:

Myocardium Blood Cavity

Take Home Message:


1. Lab needs to be systematic regarding papillary muscles

2. We including papillary muscles in myocardium (excluding from 

blood volume)

Take Home Message:


High Quality Images Allow For Semi-Automated Image Analysis 

Maceria et al. Journal of Cardiovascular Magnetic Resonance 2016

LV EJECTION FRACTION

Maceria et al. Journal of Cardiovascular Magnetic Resonance 2016



MEN VS. WOMEN

Kawel-Boehm et al. Journal of Cardiovascular Magnetic Resonance (2015)

Echo Normal LV End Diastolic Volumes:

Men:           34–74 ml/m2

Women:     29-61 ml/m2

                    - Lange et al. JASE 2015 

Take Home Message:


1. Normal ventricular volumes decrease with age

2. Normal EF increases with age

3. Normal volumes are different between men and women

4. Normal values are quite different that echocardiography

Meta-Analysis:  65 studies, 2888 patients
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CMR vs. 3D Echo

Mor-Avi et al.  JACC: Cardiovascular Imaging, Volume 1, Issue 4, 2008, 413–423 

SOURCE OF UNDERESTIMATION

Mor-Avi et al.  JACC: Cardiovascular Imaging, Volume 1, Issue 4, 2008, 413–423 

INNER INTERFACE OUTER INTERFACECENTER

Mor-Avi et al.  JACC: Cardiovascular Imaging, Volume 1, Issue 4, 2008, 413–423 

THE NEGATIVE BIAS OF 3D ECHO COMPARED TO CMR 
MAY BE DUE TO INABILITY TO RESOLVE LV TRABECULAE

Interstudy Variability in LVEF Quantification

Lang et al, JASE 2015

Echo

9-10%

CMR

3-5%

Grothues et al, Am J Cardiol 2002.



Left Atrium Left Atrial Volumes

Maceira et al. Journal of Cardiovascular Magnetic Resonance 2010, 12:65

Khan et al. Journal of Cardiovascular Magnetic Resonance 2019

A1 = Area 2 Chamber
A2 = Area 4 Chamber
L = Shortest Atrial Length

3D Modeling Approach Biplane Area-length Method

CMR Upper Limits Normal LA Volume Index:
Men - 52 ml/m2
Women - 52 ml/m2

The upper normal limit for 2D echocardiographic LA volume is 34 mL/m2 for both genders.

Left Atrial Volumes

Khan et al. Journal of Cardiovascular Magnetic Resonance 2019

Lange et al. JASE 2015

LA Volumes and Outcomes

Khan et al. Journal of Cardiovascular Magnetic Resonance 2019

• Right Ventricle 
– The forgotten 

ventricle

• Advantages:

– Large FOV


• Intra/extra cardiac anatomy

– Unlimited imaging planes 

for the RV

– Superior image resolution

– Tissue characterization


• Fibrosis, inflammation, 
scar, fat, thrombus


– Volumetric based 
technique: RV volumes, 
RVEF and Regurg Vol/RF 

CMR Imaging for the Right Heart



Normal RV

Severe RV Dysfunction Severe RV Dilation

Severe RVH

What is the ideal way to assess the RV:

Rudski.J Am Soc Echocardiogr 2010;23:685-713

• Complete endocardial 
definition


• Quantitative methods 
that do not require 
geometry 
assumptions


• Reproducibility

• Established reference 

normal values

CMR for Right Heart Volumes & Function

RV EDV = 159 ml

Base                                                              Apex 

Th
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kn
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 Volume = Area x Thickness

40 ml 32 ml 27 ml 25 ml 20 ml 10 ml 5 ml

• Highly accurate

• Highly reproducible 

• Low variability


– intra-observer 

– inter-observer 

– Low inter-study (5-6%)

Boxt LM. J Thorac Imaging 1993;8:92–7.

Doherty NE III. Am J Cardiol 1992;69:1223–8.

Katz J.J Am Coll Cardiol 1993;21:1475–81.

Pattynama PM. Magn Reson Imaging 1995;13:53–63.

Rominger MB. J Magn Reson Imaging 1999;10:908–18.

Accurate RV volumes & EF can aid in:

1. Initial clinical assessment of the impact of PI/TR

2. Long term with serial measurements

CMR May Be The Reference Standard 
for Right Heart Volumes & Function

Reference RV Values Normalized to Age, 
Gender and Body Surface Area 

Maceira.European Heart Journal (2006) 27, 2879–2888

NORMAL RV VOLUMES DIFFER 
BETWEEN MEN AND WOMEN



Reference RV Values Normalized to Age, 
Gender and Body Surface Area

Maceira.European Heart Journal (2006) 27, 2879–2888

NORMAL RV VOLUMES 
CHANGE WITH AGE

Axial vs. Short Axis Tracing of RV

Christopher J. Clarke et al. JIMG 2012;5:28-37

Axial vs. Short Axis Tracing of RV

Christopher J. Clarke et al. JIMG 2012;5:28-37

Take Home Message:

Either Method Is Acceptable.  

Most normal reference values are based on short axis tracings.

Reproducibility of Ventricular Size and Function Measured by CMR

Reproducibility of RV 
Measurements by CMR is 
robust, but not as robust as for 
the LV

LA Volumes

• Generally the left atrial appendage 
is included as part of the left atrial 
volume while the pulmonary veins 
are excluded.


• The maximal left atrial volume is 
achieved during ventricular systole.


• Using cine images, the maximum 
volume can be defined as last 
image before opening of the mitral 
valve.


• Accordingly the minimal left atrial 
volume can be defined as first 
image after closure of the mitral 
valve

SUMMARY:

• CMR MAY BE THE REFERENCE STANDARD FOR 
VOLUMES AND EF


• Optimal image quality

• Limited need for geometric assumptions


• ESTABLISHED NORMAL VOLUMES AND EF

• Vary with age and gender


• CMR NORMAL VOLUMES DIFFER FROM ECHO

Thank you for your attention
Dipan J. Shah, MD, FACC

djshah@houstonmethodist.org



Echo is a great technique, but ……. CONCLUSION

Thank you for your attention
Dipan J. Shah, MD, FACC

djshah@houstonmethodist.org

Will the real RV please stand up:

Rudski.J Am Soc Echocardiogr 2010;23:685-713

CMR is Reference Standard for Right Heart Volumes, Mass, Function

Buechel.European Heart Journal (2012) 33, 949–960

No geometric assumptions

CMR is Reference Standard for Right Heart Volumes, Mass, Function

Buechel.European Heart Journal (2012) 33, 949–960

No geometric assumptions

RV Volumes�

Maceira et al. European Heart Journal 2006.



Normal RV volumes�

Maceira et al. European Heart Journal 2006.

Sample Size

Grothues et al, Am J Cardiol 2002.

Normal LV Volumes

Hudsmith et al, Journal of Cardiovascular Magnetic Resonance 2005.
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Coefficient of Variability

Grothues et al, Am J Cardiol 2002.



• TTE is first-line imaging 
study for RHD


• Limitations:

– Poor imaging windows 

(location just behind the 
sternum) 


– Difficult to visualize:

• Endocardial borders of the 

RV lateral wall and apex

• Trabeculations 

• Pulmonic valve

Echo Limitations for Right Heart Disease Assessment

Rudski.J Am Soc Echocardiogr 2010;23:685-713 Rudski.J Am Soc Echocardiogr 2010;23:685-713

 Two-dimensional Fractional Area Change is one of the recommended methods of 
quantitatively estimating RV function, with a lower reference value for normal RV 
systolic function of 35%.

Fractional Area Change

ECHO: NO Accurate Method to Quantify RV 
Volumes and Function 

 
• Difficulties in the estimation of RV volume:


– crescentic shape of RV 

– separation between RV inflow and outflow 

– no uniform geometric assumption for 

measuring volume

–  Cannot image the entire RV in a single view 

–  Variations in the direction or location of the 

RV are common 

Rudski.J Am Soc Echocardiogr 2010;23:685-713

Two dimensionally derived estim
ation of RV EF is not re

commended, because 

of th
e heterogeneity of m

ethods and the numerous geometric
 assumptions.

ECHO: NO Accurate Method to Quantify RV 
Volumes and Function 

 

Rudski.J Am Soc Echocardiogr 2010;23:685-713

Two dimensionally derived estimation of RV EF is not recommended, 
because of the heterogeneity of methods and the numerous geometric 
assumptions.

In studies in selected patients with RV dilatation or dysfunction, 3D  
echocardiography using the disk summation method may be used to 
report RV EFs. A lower reference limit of 44% has been obtained from 
pooled data. Until more studies are published, it may be reasonable to 
reserve 3D methods for serial volume and EF determinations.



• Advantages:

– Large FOV


• Intra/extra cardiac anatomy

– Unlimited imaging planes 

for the RV

– Superior image resolution

– Tissue characterization


• Fibrosis, inflammation, 
scar, fat, thrombus


– Volumetric based 
technique: RV volumes, 
RVEF and Regurg Vol/RF 

CMR Imaging for the Right Heart Chambers Quantification

RV EDV = 159 ml
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 Volume = Area x Thickness

40 ml 32 ml 27 ml 25 ml 20 ml 10 ml 5 ml

• Highly accurate

• Highly reproducible 

• Low variability


– intra-observer 

– inter-observer 

– Low inter-study (5-6%)

CMR is Superior to ECHO for Right Ventricular Measurements

Boxt LM. J Thorac Imaging 1993;8:92–7.

Doherty NE III. Am J Cardiol 1992;69:1223–8.

Katz J.J Am Coll Cardiol 1993;21:1475–81.

Pattynama PM. Magn Reson Imaging 1995;13:53–63.

Rominger MB. J Magn Reson Imaging 1999;10:908–18.

Accurate RV volumes & EF can aid in:

1. Initial clinical assessment of the impact of PI/TR

2. Long term with serial measurements

Reference RV Values Normalized to Age, 
Gender and Body Surface Area 

Maceira.European Heart Journal (2006) 27, 2879–2888

Reference RV Values Normalized to Age, 
Gender and Body Surface Area

Maceira.European Heart Journal (2006) 27, 2879–2888

Normal RV

Severe RV Dysfunction Severe RV Dilation




