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ABSTRACT 

 Large trials have demonstrated the prognostic value of quantifying left ventricular (LV) twist because of its crucial 
role in the coupling of systolic and diastolic cardiac function. Current methods for measuring LV twist evaluate rotation 
in a 2D plane, chosen prospectively, and the data is acquired over multiple heartbeats. In this paper, a new method for 
assessing 3D endocardial LV twist from single-heartbeat, ECG-gated, 4DCT volumes is proposed. 
 

In this study, the ability of the novel LV twist algorithm to accurately measure rotation in a mathematical phantom 
with known deformation is evaluated. The mathematical phantom was then 3D-printed to determine the accuracy of the 
rotation measurement from CT images in the presence of varying levels of noise. Lastly, as a proof-of-concept, LV twist 
was measured in human hearts across the cardiac cycle to determine whether reasonable estimates of endocardial rotation 
could be obtained from 4DCT studies of standard clinical quality. 
 
 In both the mathematical and 3D-printed phantoms (for CNR ³ 9.3), the measured LV twist was highly correlated 
(r2 ³ 0.98, p<0.001) with the known ground truth rotation function. In the healthy controls, the mean endocardial LV twist 
was found to be 25.3° ± 6.5° and occurred within 30-36% of the R-R interval. From these results, it is clear that 3D 
rotational information and LV twist can be obtained from ECG-gated 4DCT volumes. The accuracy of LV twist in clinical 
data requires validation via a gold standard, such as MRI-tagging. 
   
Keywords: Cardiac function, 4DCT, LV twist, torsion, rotation, cardiac mechanics, 3D-printing, contrast-to-noise 
 

1. INTRODUCTION 
 
 The ordered structure of myocardial fibers within the left ventricle (LV) plays a crucial role in cardiac mechanics 
and function. The endocardial fibers follow a left-handed helix around the circumferential fibers within the midwall while 
the epicardial fibers follow a right-handed helix1. The orientation of the endocardial and epicardial fiber helices causes the 
apex and base of the LV to rotate in opposite directions during contraction and relaxation. This wringing motion allows 
for normal ejection fractions of 60-70% even though myofibers only shorten by 15-20%2.  It also leads to the distribution 
of transmural stress and the storage of potential energy during systole3. The energy is subsequently utilized for diastolic 
recoil leading to efficient ventricular filling1,3.  
 

LV twist is a metric used to quantify the torsional motion of the left ventricle and is defined as the difference in 
rotation from the apex to the base. It has been identified as a more sensitive parameter than traditional functional measures, 
like ejection fraction, due to its important role in the coupling of systolic and diastolic function. In addition, large trials 
have demonstrated the prognostic value of measuring twist in various patient populations. For example, LV twist has been 
used to identify patients receiving chemotherapy drugs who are at risk of developing heart failure, for predicting positive 
remodeling in patients who underwent cardiac resynchronization therapy, and as an early indicator for heart transplant 
rejection3–7. 
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The current methods for measuring LV twist include speckle-tracking echocardiography and MRI-tagging. 2D 
speckle-tracking evaluates rotation in a plane which is chosen prospectively. Therefore, in order to quantify LV twist, 
multiple heartbeats must be acquired and the measurement is subject to through-plane motion1,2. This modality has 
experienced poor reproducibility in normal values reported due to poor image quality, lack of the appropriate acoustic 
window, and inconsistency in the apical and basal planes chosen because of operator-related variability6. While the use of 
3D speckle-tracking is starting to be implemented to combat the issue of through-plane motion, this modality is still subject 
to variable image quality, relies on highly skilled technicians, and requires multiple, regular-rhythm heartbeats for accurate 
data acquisition8.  

 
Although MRI-tagging provides high-quality and reproducible rotation quantification, individual 4Dsequences 

measure rotation in a 2D plane chosen prospectively over multiple heartbeats. In addition, it is more expensive and cannot 
be used in all patients who have implanted devices1,2. There have been several attempts to extend the tagging technique to 
3D space, however, these exams require prolonged scan times accompanied by lengthy periods of breath-holding which 
can be difficult for patients9. 

 
  This paper presents a new method for quantifying endocardial rotation and LV twist from ECG-gated 4DCT 

volumes collected in a single heartbeat. 3D motion is measured by tracking features on the endocardial surface of the LV 
using a nonrigid registration algorithm. Rotation and LV twist are then derived from this motion field at each timeframe 
across the cardiac cycle. This study aims to evaluate the novel measurement algorithm’s ability to accurately evaluate 
rotation in a mathematical phantom with known deformation. The mathematical phantom was then 3D-printed to assess if 
rotation could be accurately measured from CT images obtained with a clinical protocol. Lastly, the LV twist algorithm 
was used to see if endocardial rotation could be estimated across the cardiac cycle in human subjects with normal cardiac 
function using 4DCT.   
 

2. METHODS 
 
2.1 Measuring 3D + time rotation with 4DCT 
 

In order to measure endocardial rotation across the cardiac cycle, the LV was segmented from 4DCT images 
using ITK Snap (ver. 3.6.2)10. A threshold was chosen to distinguish the contrast-enhanced blood pool from the 
surrounding myocardium. This resulted in a cast of the endocardial surface with fiducial markers due to the papillary 
muscles and trabeculae within the chamber. These features were preserved in a surface mesh and tracked across time and 
3D space using the coherent point drift (CPD) registration method previously used to measure endocardial strain11. This 
process is summarized in Figure 1. After solving for the displacement of each volume from the template frame using CPD, 
Maximum Likelihood Estimation (MLE) was used to fit an affine transformation to each slice across the volume at each 
timeframe. All calculations were performed using MATLAB (2017a, Mathworks, Natick, MA). 

 
 

Figure 1: Pipeline for obtaining displacement field from CT images using non-rigid registration of endocardial surface meshes. 
N number of volumes within the cardiac cycle are thresholded to obtain only the LV blood pool and create a cast of the features on the 
endocardial surface. After segmentation, a surface mesh is created which preserves these features. A template mesh, usually end-diastole, 
is registered to the subsequent timeframes (target meshes) using the CPD algorithm. The result is a displacement field for the ventricle 
across the cardiac cycle and N total meshes with corresponding faces and vertices. 
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2.1.1 Determine affine transformation using Maximum Likelihood Estimation 
 

After performing CPD registration, the point clouds were rotated from the axial position so that the z-axis was 
aligned with the long axis of the ventricle. Then, the template frame was divided into 2D slices based on the z-position of 
each vertex. Equivalent slices were found at subsequent timeframes using the CPD registered surface meshes containing 
point-to-point correspondence with the template mesh.  
 

The set of reference points was denoted X	∈ ℝ$%&, where n is the number of vertices in the 2D slice. The reference 
timeframe was always chosen to be the end-diastolic phase. The motion of X was modeled as the affine transformation 
 

𝓨 = 𝑨𝑿+ 𝒃 +𝓡, (1) 
 
where A ∈ ℝ$%$ is the transformation matrix, b ∈ ℝ$ is the translation vector, 𝓡 ∈ ℝ$ is the residual, and 𝓨 ∈ ℝ$%& is the 
result of the motion. The components of A and b were defined as 
 

𝑨 =	 2
𝑎44 𝑎4$
𝑎$4 𝑎$$5 	and	𝒃 = 	 9

𝑏4
𝑏$
; . (2) 

 
It was assumed that the residual is a normally distributed random variable with zero mean and isotropic variance 
 

𝑝𝓡(𝒓) =
1

@(2𝜋)$|Σ|
exp G−

1
2𝒓

I𝚺K4𝒓L , (3) 

 
where 𝚺 is the covariance matrix and defined as 
 

𝚺 = 	σ𝐈 =	 2σ 0
0 σ5 . (4) 

 
 The random variable 𝓨 followed the same distribution function with a shifted mean 𝝁 = AX + b, therefore 
 

𝑝𝓨(𝒚) =
1

@(2𝜋)$|Σ|
exp T−

1
2
(𝐲 − 𝐀𝐱 − 𝐛)I𝚺K4(𝐲 − 𝐀𝐱− 𝐛)Y . (5) 

 
A parameter vector was defined as 𝜼 = [𝑎44	𝑎4$	𝑎$4	𝑎$$	𝑏4		𝑏$	𝜎]T. The likelihood function for a given data point 

{xn,yn} is called ℒ(𝜂|{𝐱b, 𝐲b}) and was found by evaluating the distribution at that data point 
 

ℒ(𝜼|{𝐱b, 𝐲b}) = 𝑝(𝐱b, 𝐲b|𝜼). (6) 
 
The likelihood function for the entire 2D slice was given by 
 

ℒ = 	eℒb
b

. (7) 

 
The negative log likelihood was then defined as 
 

𝑁𝐿𝐿 = − log(ℒ) = 	−llog(ℒb)
b

. (8) 

 
In order to find the maximum likelihood estimate 𝜂∗, NLL was minimized  
 

𝜼∗ = 	argmin
𝜼

𝑁𝐿𝐿(𝜼) . (9) 
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The minimization of NLL in order to find the maximum likelihood estimate for 𝜼 was performed using 

MATLAB’s built in nonlinear solver fmincon. The initial conditions for each of the parameters were  
 

𝑨s = 21 0
0 15 , 𝒃s = 	 2

0
05 , and	σs = 1000, (10)	 

 
which assumed zero scaling, shear, rotation, and translation. Because of this, σs was initialized to a large enough value 
to account for the variability in vertex position within the slice. Lastly, an additional constraint was added to ensure σ 
was non-negative.  
 
2.1.2 Calculating rotation angle and determining uncertainty 
 
 Once 𝜼∗ was calculated for each slice in z across the ventricle for each timeframe, the rotation matrix, R*, was 
found by using singular value decomposition of the matrix A* and defined as 
 

𝑹∗ = 	 9𝑟𝟏𝟏
∗ 𝑟𝟏𝟐∗
𝑟𝟐𝟏∗ 𝑟𝟐𝟐∗

; (11) 

 
 
The rotation angle, derived from the rotation matrix, was defined as  
 

𝜃∗ = 	 tanK4 T
𝑟4$∗

𝑟44∗
Y . (12) 

 
This coordinate definition was chosen to designate counterclockwise rotation as a positive angle. This corresponds with 
the clinical convention that the counterclockwise rotation of the apex (as viewed from the apex toward the base) is a 
positive angle while the clockwise rotation of the base is negative12.  
 
 The uncertainty in degrees on the estimated 𝜃∗ was estimated by 
 

𝛿 = 	 tanK4 G
𝜎∗

�̃�
L , 	 (13) 

 
where 𝜎∗ is the variance determined by the MLE of the affine transformation and �̃� is the median radius of the slice. 
 
2.2 Mathematical phantom 
 

The ability for CPD to accurately capture the torsional displacement of the ventricle was tested using a 
mathematical phantom with known physiologic deformations.  The in-silico phantom was created from the end-diastolic 
phase of a clinical scan of a healthy heart with normal cardiac function. The LV blood pool was first segmented using ITK 
snap. Then, the segmentation was made to have an isotropic resolution of 0.5 mm prior to rotation into alignment with 
long axis. Lastly, the endocardial surface mesh was extracted using MATLAB’s isosurface tool. Displacements were then 
applied to the end-diastolic points based on literature-derived values of longitudinal and circumferential strain and 
torsion13–15 (Figure 2a). These deformations resulted in an ejection fraction of 71% as measured by CT volume16. For each 
set of x-y points at a uniform z-position, a rotation about the long axis from the center of mass of the slice was defined and 
is shown in Figure 2b. The rotation angle at the apex of the endocardial chamber was 13° which linearly decreased to -6.9° 
at the mitral valve plane giving a total twist of 19.9° from apex to base of the ventricle. (Positive angles are measured as 
counter-clockwise rotations when viewed from apex to base.) 

 
CPD was used to solve for the displacement field between the template end-diastolic phase and the target end-

systolic phase in order to evaluate the variation in rotation measurement due to registration errors alone. In clinical cases, 
because the volume of the end-systolic ventricle is smaller than at end-diastole, the mesh generated typically has 50% 
fewer vertices. Therefore, in order to simulate a clinical scan and disrupt the exact point-to-point coherence between 
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phases, noise was incorporated into the end-systolic mesh and 50 percent of the vertices were removed before running 
CPD. Then, rotation as a function of z-position was calculated using the CPD-registered meshes and compared to the 
known ground truth. This mathematical phantom was also used to find the optimal set of parameters for the registration 
algorithm as discussed by Manohar at al.17. 
 
2.3 3D-printed phantom 
 

The end-diastolic and end-systolic phases of the mathematical phantom were 3D-printed to see if rotation could 
be accurately measured from CT images in the presence of image noise. The phantoms were printed using a Form 2 
stereolithography system with a clear photopolymer resin (Formlabs Inc., Somerville, MA). The segmentation of the blood 
pool and subsequent extraction of the mesh with features required for accurate CPD registration is dependent on the 
contrast between the LV and the myocardium. Therefore, both phases were scanned with decreasing mA levels and a tissue 
equivalent “extension ring” (Extension-Ring-Tissue (L, H200), QRM GmbH, Moehrendorf, Germany) to reduce the 
contrast-to-noise (CNR) ratio between these two regions.  

 
All images were obtained on a Revolution CT scanner (GE Healthcare, Chicago, IL) using a small focal spot, 

standard reconstruction kernel, ASIR-V at 50% level, pixel spacing of 0.39 mm x 0.39 mm x 0.625 mm, and 100 kVp. The 
chamber was filled with x-ray contrast agent (Visipaque (iodixanol) 320mg Iodine/mL) diluted to 10% in water to mimic 
typical LV enhancement seen in clinical scans. The two phases of the 3D-printed phantom were first scanned at 450 mA 
with no extension ring to obtain the highest CNR image. This represented an optimal imaging scenario with minimal 
amount of noise. Then, this scan was repeated with the extension ring to simulate the attenuation of the human body. Inside 
the extension ring, the two phantoms were also scanned at 225 mA, 110 mA, and 50 mA to increase the image noise level.  

 
To extract the endocardial surface meshes from the CT images, the method summarized in Figure 1 was used. All 

the images were down-sampled to an isotropic resolution of 1.25 mm prior to mesh extraction due to data size and 
registration time constraints. CPD was then used to find the displacement field from end-diastole to end-systole under each 
of the five scanning conditions. The rotation as a function of z-position was calculated using the CPD output and compared 
to the ground truth. Correlation plots were created to evaluate the accuracy of CPD-based angle measurements compared 
to the ground truth rotation angles. 
 
2.4 Clinical data: healthy controls 
 

To demonstrate the possibility of estimating LV twist from clinical ECG-gated 4DCT scans, 6 subjects who had 
normal LV function were evaluated. They had an ejection fraction of 68.9% ± 4.4% and no observable motion or functional 
abnormalities. Each subject had a single-heartbeat, retrospective cardiac 4DCT data set with images at least every 10% of 
the cardiac cycle with slice thickness of 0.5 mm or 0.625 mm. The endocardial surface meshes for each timeframe were 

 

Figure 2: Known displacements applied to the mathematical phantom. a) Longitudinal and 
circumferential strain and LV twist were applied to the end-diastolic endocardial surface mesh to 
achieve a physiologic end-systolic phase for the analytical phantom. b) A rotation angle defined from 
the center of mass of the ventricle was assigned to each set of x-y points as a linear function of z from 
tip of the endocardial chamber (z = 0) to the mitral valve plane (z = 1). 
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obtained using the method described in Figure 1. As with the phantom data, the segmented volumes were downsampled 
to 1.25 mm (0.625 mm slice thickness) or 1.5 mm (0.5 mm slice thickness) isotropic resolution for computational 
considerations before mesh extraction. All timeframes were registered using CPD with the end-diastolic phase as the 
template mesh.  
 
 Rotation from end-diastole to all other phases within the cardiac cycle was calculated from the apex of the 
endocardial chamber to the mitral valve plane. From the results of the phantom data, it was clear that the accuracy of the  
rotation estimate decreases at both ends of the ventricle. Therefore, the most-apical slice was defined as 10% of the total 
LV length along the central long axis direction, and the most-basal slice was defined as 90% of the LV length. A linear fit 
of the rotation angle vs position along the LV length was used to calculate LV twist. A low-pass filter was applied to the 
time-based curves of LV twist to smooth noisy estimates due to motion artifacts in certain phases.     

 
3. RESULTS 

 3.1 Mathematical Phantom 
 

To demonstrate the variation in the measurement of rotation across the ventricle due to registration errors alone, 
CPD was used on the mathematical phantom to solve for the motion between the end-diastolic and end systolic phases. As 
shown in Figure 3a, there was a larger uncertainty in the rotation angle estimate towards the apex of the endocardial 
chamber (z = 0) due to the smaller radius and low number of points in those slices. This result showed that small errors 
occur at the apex without additional errors introduced by the imaging and post-processing procedures. This limitation led 
to the definition of the apex as 10% of the LV in order to avoid a region where errors are likely to affect the LV twist 
measurement more significantly. Overall, the measured rotation angles were highly correlated with the known ground truth 
rotation function applied to the mathematical phantom with r2 @ 1 and p<0.001 (Figure 3b).  
 

The mathematical phantom was also used to find the optimal set of parameters for CPD’s non-rigid (lowrank) 
registration process which yielded the most accurate rotation measurement. The parameters that were chosen based on the 
optimization process and used for all the phantom and clinical data are listed in Table 1. Manohar et al. used an outlier 
weight of 0.05 because the mathematical phantom only had white noise, not true outliers17. In this study, the parameter 
was increased to 0.1 to account for outliers in seen in clinical images. 
 

 

 
 
 
 
 

3.2 3D-printed Phantom 
 

The mathematical phantom was 3D-printed to examine the accuracy of rotation estimates from CT images with 
increasing image noise. From the 5 imaging scenarios, the CNR was calculated with the regions in Figure 4a for the LV 
and myocardium using the equation in Figure 4b. As shown in Figure 4c, the highest CNR images were those with the  

 
Figure 3: Accuracy of LV twist in the mathematical phantom. a) MLE rotation 
estimate per slice in z from the tip of the endocardial chamber to the mitral valve 
plane. The ground truth rotation function is shown in red. b) Correlation plot for 
measured vs. theoretical ground truth rotation angles. 

Table 1: Parameters for the nonrigid 
(lowrank) CPD registration algorithm 
chosen from the optimization process 
described by Manohar et al. which gave the 
best estimate of rotation.  

Parameter Value 

b 1.1 

l 11 
outliers 0.1 
numeig 100 
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highest tube current (450 mA) and no extension ring. As 
the mA decreased and the extension ring was included, 
the image noise increased and CNR was reduced. The 
reduction in CNR was less drastic than expected at 50 mA 
with the extension ring, however, this was likely due to 
the ASIR-V level which was set at 50% to match the 
reconstruction settings of clinical scans. 

 
While the decrease in CNR affected the 

accuracy of the LV twist measurement, the correlation in 
all cases was still very good (r2 ³ 0.98 and p<0.001) for 
CNR ³ 9.3 (Figure 5). However, there was higher 
uncertainty and disagreement with the ground truth 
angles near the apex as seen in the mathematical phantom. 
There was also a higher disagreement between the 
measured and ground truth rotation towards the middle of 
the ventricle. This was most likely due to the location of 
the papillary muscles which made the registration more 
difficult. Towards the base, the cap on the surface mesh 
also added uncertainty in the final few slices. Therefore, 

the most-basal segment used to measure LV twist in the clinical data was defined as 90% of the LV. 
 
3.3 Clinical data: Twist measured in the normal LV 
 
 As a proof-of-concept to see if the torsional motion of the endocardium could be captured in ECG-gated clinical 
CT scans, CPD-derived LV twist was measured in healthy subjects. At every timeframe within the cardiac cycle, rotation 
of each slice from the apex of the endocardial chamber to the mitral valve plane was calculated. A linear fit of these rotation 
estimates from the apex (10% of the LV) to the base (90% of the LV) was used to calculate LV twist. Figure 6 shows the 
linear fit for each of the 6 subjects at the timeframe where the maximum slope occurred. The maximum LV twist in the 

 
Figure 4: Calculation of CNR in 3D-printed phantom. a) 
Sample LV and myocardium regions used to calculate CNR. b) 
Equation used to calculate CNR where µ is the mean intensity 
within the region and s is the standard deviation. c) Tube current 
resulting CNR for the 5 imaging scenarios. The extension ring was 
used in all cases except the first one. 

Figure 5: Accuracy of 3D-printed phantom vs image noise. MLE rotation estimate for each slice in z compared to ground 
truth rotation function (top) and correlation plots (bottom) for a) CNR=20.2, 450 mA, no extension ring, b) CNR=14.8, 450 
mA with extension ring, and c) CNR=9.3, 50 mA with extension ring. 
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normal subjects was 25.3° ± 6.5° and within 30% to 36% of the R-R interval (Figure 7). The mean apical rotation at 
maximum LV twist was 20.2° ± 6.3° and the mean basal rotation was -8.6° ± 3.6°.  
   

4. DISCUSSION  
4.1 Main findings 
 
 Routine clinical methods for measuring LV twist, 
such as speckle-tracking echocardiography and MRI-tagging, 
assess rotation in 2D planes subject to through-plane motion 
and the data must be acquired across multiple heartbeats. This 
manuscript proposes a novel method for quantifying 3D 
endocardial LV twist from single-heartbeat ECG-gated 4DCT 
scans. The rotation, and subsequently LV twist, was derived 
from displacement fields obtained from tracking the features 
on the endocardial surface using CPD, a nonrigid registration 
algorithm. The accuracy of this method was evaluated in both 
a mathematical and 3D-printed phantom. In both cases, the 
measured rotation values were highly correlated with the 
theoretical rotation values.  
 

Once it was determined that endocardial rotation 
could be measured with CT images, LV twist was computed 
in 6 subjects who had normal LV function. From these results, 
it was clear that a LV twist signal could be obtained across the 
cardiac cycle as demonstrated in Figure 7. The maximum LV 
twist of 25.3° ± 6.5° was higher than reported values in normal subjects of 20.0° ± 7.3°14. This could be due to the fact that 
the proposed method measures endocardial motion which is known to have higher strain values18. In addition, the higher 

 
Figure 7: LV twist vs. time in subject with normal LV 
function. For all 6 subjects LV twist with respect to the end-
diastolic frame is shown across the cardiac cycle. The mean 
LV twist is displayed in red. 

Figure 6: Linear fit of rotation estimates for subjects with normal LV function. (a-e) For each of the 6 subjects the linear 
fit from apex (z=0.1) to base (z=0.9) is shown in blue for the timeframe with the maximum slope, or maximum LV twist. In 
black is the measured rotation angle per long axis slice with the uncertainty which is estimated from s* of the MLE fit as 
described in equation 13.  
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LV twist value was derived from 3D data as compared to the reported values from 2D clinical methods. However, because 
a ground truth was lacking for these patients, the next step is to validate the proposed method against MRI-tagging in 
patients who receive a clinical CTA and CMR study in the same day.  
 
 4.2 Limitations  
 

As demonstrated in the phantom experiments, the measurement of LV twist is highly dependent on the accuracy  
of CPD. Although the mathematical phantom was used to find the optimal parameters for the registration algorithm, there 
were still errors in the measurement because the fit was not perfect. The addition of image noise and motion artifacts 
affects the registration process, however,  these factors were not fully simulated in the mathematical phantom. In addition, 
the lowest CNR observed was 9.3 with 50 mA. Therefore, a significant decline in the measured twist values was not 
observed. Future studies will decrease the concentration of iodine in the chamber to decrease the CNR further and observe 
at what CNR the measurement fails. 

 
Mid-systolic frames can have motion artifacts which limit the accuracy of the rotation estimates. In this study, a 

lowpass filter was used on the time curves to smooth these noisy estimates. Motion artifacts could also be addressed by 
improved reconstruction techniques, such as SnapShot Freeze (GE Healthcare)19. 

 
Although CT provides a high resolution map of the endocardial surface which can be used to quantify LV 

function, there are radiation dose concerns associated 4DCT. In this study, multiple phases across the R-R interval were 
used in order to assess maximal twist and calculate multiple independent estimates of LV twist vs. time. However, in 
clinical practice, only two phases are needed to calculate the twist value for a patient.  

 
5. CONCLUSION 

 
 This was the first time that 3D + time rotation was measured from single heartbeat 4DCT images using feature 
tracking of the endocardial surface. It was demonstrated that CPD, a nonrigid registration algorithm, is capable of 
accurately measuring LV twist. In addition, CT images can be used to quantify ventricular torsion in a 3D-printed phantom 
with known deformations. Lastly, rotational information can be assessed in patients from ECG-gated 4DCT volumes which 
are clinically obtained to measure ventricular function or coronary anatomy. The accuracy of the LV twist algorithm 
requires validation against a gold-standard method such as MRI-tagging. 
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