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INNOVATIONS IN IMAGING

Prediction of Cardiac Resynchronization Therapy 
Response Using a Lead Placement Score Derived 
From 4-Dimensional Computed Tomography
Ashish Manohar , PhD; Gabrielle M. Colvert, PhD; James Yang , BS; Zhennong Chen , PhD; 
Maria J. Ledesma-Carbayo, PhD; Mads Brix Kronborg , MD, PhD; Anders Sommer, MD, PhD;  
Bjarne L. Nørgaard, MD, PhD; Jens Cosedis Nielsen , MD, PhD; Elliot R. McVeigh , PhD

BACKGROUND: Cardiac resynchronization therapy (CRT) is an effective treatment for patients with heart failure; however, 30% 
of patients do not respond to the treatment. We sought to derive patient-specific left ventricle maps of lead placement scores 
(LPS) that highlight target pacing lead sites for achieving a higher probability of CRT response.

METHODS: Eighty-two subjects recruited for the ImagingCRT trial (Empiric Versus Imaging Guided Left Ventricular Lead 
Placement in Cardiac Resynchronization Therapy) were retrospectively analyzed. All 82 subjects had 2 contrast-enhanced 
full cardiac cycle 4-dimensional computed tomography scans: a baseline and a 6-month follow-up scan. CRT response was 
defined as a reduction in computed tomography–derived end-systolic volume ≥15%. Eight left ventricle features derived from 
the baseline scans were used to train a support vector machine via a bagging approach. An LPS map over the left ventricle 
was created for each subject as a linear combination of the support vector machine feature weights and the subject’s own 
feature vector. Performance for distinguishing responders was performed on the original 82 subjects.

RESULTS: Fifty-two (63%) subjects were responders. Subjects with an LPS≤Q1 (lower-quartile) had a posttest probability
of responding of 14% (3/21), while subjects with an LPS≥ Q3 (upper-quartile) had a posttest probability of responding of
90% (19/21). Subjects with Q1

<LPS<Q3 had a posttest probability of responding that was essentially unchanged from the 
pretest probability (75% versus 63%, P=0.2). An LPS threshold that maximized the geometric mean of true-negative and 
true-positive rates identified 26/30 of the nonresponders. The area under the curve of the receiver operating characteristic 
curve for identifying responders with an LPS threshold was 87%.

CONCLUSIONS: An LPS map was defined using 4-dimensional computed tomography–derived features of left ventricular 
mechanics. The LPS correlated with CRT response, reclassifying 25% of the subjects into low probability of response, 
25% into high probability of response, and 50% unchanged. These encouraging results highlight the potential utility of 
4-dimensional computed tomography in guiding patient selection for CRT. The present findings need verification in larger
independent data sets and prospective trials.

Key Words: cardiac imaging techniques ◼ cardiac resynchronization therapy ◼ four-dimensional computed tomography ◼ heart failure 
◼ heart function tests ◼ support vector machine ◼ ventricular function

Multiple trials have proven that cardiac resynchroniza-
tion therapy (CRT) can provide significant benefit for 
patients with intraventricular dyssynchrony and heart 

failure1; however, approximately 30% do not respond.2

Significant effort has been focused to reduce the 
nonresponder rate using echocardiography3; 2-dimen-
sional radial strain from speckle-tracking has been used 
to identify optimal left ventricle (LV) lead placement,4 and 
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studies have explored tissue doppler imaging in patient 
selection for CRT.5 However, poor reproducibility of 
echocardiography measurements due to interobserver 
and intraobserver variability coupled with intervendor dif-
ferences have led to disappointing results and hindered 
its routine clinical use.6

Cardiac magnetic resonance (CMR) imaging has also 
been used to guide CRT.7 Cine magnetic resonance 
imaging (MRI),8 tagged MRI,9 and cine displacement 
encoding with stimulated echoes10 have shown prom-
ise in mapping regional strain and mechanical activa-
tion times of the LV myocardium. Also, late gadolinium 
enhancement imaging can identify regions of scar tissue 

to be avoided during lead placement.11 However, 28% of 
patients under consideration for CRT have existing right 
ventricular pacing systems12; therefore, in patients with 
non-MRI compatible devices or those without access 
to advanced imaging centers, MRI will not be available. 
Additionally, tagged MRI and cine displacement encod-
ing with stimulated echoes images are not simple to 
acquire and analyze, requiring skilled technicians and 
image analysis personnel. No imaging modality is cur-
rently recommended for CRT planning and management.

Recent studies have explored the use of 4-dimen-
sional computed tomography (4DCT) to guide CRT. Tru-
ong et al13 used dual-source computed tomography (CT) 
to derive LV dyssynchrony indices that predicted 2-year 
major adverse cardiac events. They reported that leads 
placed on sites with maximal wall thickness correlated 
with less major adverse cardiac events. Rinaldi et al14,15 

utilized 4DCT-derived assessment of LV dyssynchrony 
and myocardial scar to target LV lead placement. They 
showed that patients with leads implanted in segments 
targeted from CT had higher clinical response rates14 
and superior acute hemodynamic responses15 than 
those with leads implanted in the nontarget segments. 
Fyenbo et al16 used CT to identify regions of myocardial 
scar and to compute scar burden. They found that high 
scar burden and proximity of scar to the LV pacing site 
were correlated with echocardiographic nonresponse.

We hoped to improve on the insights from these previ-
ous studies by using additional features of LV mechanics 
that have previously been shown to correlate with CRT 
response1 in a larger number of subjects. Thus, the pur-
pose of this study was to use a combination of 4DCT-
derived regional and global features of LV mechanics to 
define patient-specific maps of lead placement scores 
(LPS) that are correlated with CRT response.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Subject Population and CT Imaging
Subjects recruited for the ImagingCRT17 (Empiric Versus 
Imaging Guided Left Ventricular Lead Placement in Cardiac 
Resynchronization Therapy) randomized controlled trial were ret-
rospectively used for this study. The trial enrolled a total of 182 
subjects; 147 subjects had contrast-enhanced 4DCT scans both 
before and after CRT implantation. The complete study protocol for 
the trial is described by Sommer et al.17,18. The trial was conducted 
at Aarhus University Hospital, Skejby, Denmark and was approved 
by the Central Denmark regional committee on health research 
ethics and the Danish Data Protection Agency. All trial participants 
gave informed written consent, and the trial was registered on 
https://www.clinicaltrials.gov (Unique identifier: NCT01323686).

The prescribed cardiac 4DCT imaging protocol has 
previously been described in detail17 and is described in 
the Methods sections in the Supplemental Information. Each 

Nonstandard Abbreviations and Acronyms

4DCT 4-dimensional computed tomography
CMR cardiac magnetic resonance
CRT cardiac resynchronization therapy
LPS lead placement score
LV left ventricle
LVEF left ventricular ejection fraction
NYHA New York Heart Association
SVM support vector machine

CLINICAL PERSPECTIVE
Cardiac resynchronization therapy (CRT) is a proven 
treatment for patients with heart failure and dyssyn-
chrony. However, approximately 30% of patients do 
not respond; thus, more accurate patient selection 
for CRT remains an unmet need. Results from image-
guided CRT studies have been ambiguous. Poor 
reproducibility of echocardiography coupled with 
the complexity of cardiac magnetic resonance have 
likely contributed to the poor overall adoption of these 
methods for pre-CRT assessment. In this work, we 
describe a metric called the lead placement score that 
combines multiple 4-dimensional computed tomogra-
phy–derived features of left ventricular mechanics into 
a single number for each possible pacing lead location 
on the left ventricle; the features included in the lead 
placement score map have previously been shown to 
correlate with CRT response. Using a machine learn-
ing classifier, a model was constructed with these 
features and then used to derive the lead placement 
score map for each individual subject. The lead place-
ment score correlated with the probability of a subject 
responding to CRT. Low-dose 4-dimensional com-
puted tomography is now widely available and pro-
vides high-resolution images of the full cardiac cycle. 
The advantages of 4-dimensional computed tomogra-
phy coupled with the promising results reported in this 
study, highlight the potential utility of 4-dimensional 
computed tomography in the planning of CRT.
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subject had 2 contrast-enhanced full cardiac cycle and full 
LV volume retrospective ECG-gated 4DCT scans: the first 
scan was on the day before CRT implantation and the sec-
ond scan was 6 months after implantation; we refer to these 
scans hereafter as the baseline and the follow-up scans, 
respectively.

Subjects were excluded from this study if their baseline or 
follow-up scans had ≥1 of the following imaging artifacts, pre-
venting precise measurements of LV mechanics:

1. Severe helical step artifact.
2. Insufficient LV chamber-myocardium contrast for blood

volume segmentation.
3. Severe metal artifacts from the pacemaker/defibrillator

leads preventing segmentation of the LV blood volume.

LV Segmentation
The LV blood pool was segmented from each reconstructed 
time frame of the baseline and follow-up 4DCT datasets of 
each subject. The segmentation procedure employed has previ-
ously been described in detail.19,20 Additionally, the positions of 
the right and the left lead tips were marked in the end-diastolic 
image of the follow-up scans and were used to project the cor-
responding right and left pacing sites onto the LV endocardial 
model, respectively (see Figure 1)

Global and Regional Features of LV Mechanics
Eight global and regional features of LV mechanics were 
derived from the baseline 4DCT scans for each subject. The 
global LV features used were

1. End-diastolic volume (EDV)
2. End-systolic volume (ESV)
3. Circumferential uniformity ratio estimate using singular

value decomposition (CURE-SVD)
4. LV sphericity index (LVSI)

and the regional LV features used were
1. Peak regional shortening (PRSCT)
2. Time to peak regional shortening (TPRSCT)
3. Maximum prestretch of regional shortening (MSRSCT)
4. Time to onset of shortening (TOS)

The choice of these 8 features was driven by previous CRT 
studies using CMR and CT imaging.1,8 Detailed information 
on the computation of the above 8 features can be found in 

the Methods sections in the Supplemental Material. Figure S1 
describes the estimation of the 4 regional LV features.

Spatial Sampling of the LV Endocardium
The LV endocardium for each subject was divided into 90 spa-
tial segments: 18 circumferential segments (one every 20°) for 
each slice, and 5 slices defined from apex to base along the 
long axis of the LV.19 This 90-segment model has higher spa-
tial sampling than the American Heart Association 17-segment 
model, permitting wall function analysis that captures the high-
resolution features of mechanical function that are obvious in 
the 4DCT data. The location of the right and the left lead tips 
were mapped onto the LV endocardial segments closest to the 
lead locations. The 4 regional features listed above were esti-
mated for each of these 90 endocardial segments.

Definition of CRT Response
Subjects were considered responders if their CT-derived ESV 
decreased by ≥15% 6 months post-CRT implantation.6 The 
ESV of the subjects were computed from the 4DCT exams as 
described in the Methods sections in the Supplemental Material, 
and the change in ESV 6 months postimplantation was calcu-
lated between the baseline and the follow-up 4DCT scans.

Lead Placement Score
The LPS is a model that combines the 8 features of baseline 
LV mechanics listed above into a single scalar value for each 
endocardial segment, yielding high-resolution LPS maps over 
the entire LV. Our goal was to derive an LPS that is correlated 
with CRT response.

The LPS model comprised the following features derived 
from the baseline 4DCT scan: the global LV features of (1) end-
diastolic volume, (2) ESV, (3) circumferential uniformity ratio 
estimate using singular value decomposition, and (4) LV sphe-
ricity index, and the regional LV features of (5) peak regional 
shortening, (6) time to peak regional shortening, (7) maximum 
prestretch of regional shortening, and (8) time to onset of 
shortening. Values at 2 endocardial segments for each of the 
4 regional features were used in the model: one at the site of 
the right lead and the other at the site of the left lead; thus, the 
model had 12 parameters in total (4 global LV features+4×2 
regional LV features). Since all subjects used in this study had 

Figure 1. Left ventricle (LV) blood volume segmentation.
A, Axial contrast-enhanced cardiac computed tomography image. B, LV blood volume segmentation overlaid in red. C, 3-dimensional rendering 
of the LV blood volume segmentation with the locations of the right (cyan) and the left (magenta) lead tips. The anterior wall is in view with the 
septum on the left and the lateral wall on the right.
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follow-up 4DCT scans, their response states and left and right 
lead tip locations were precisely known. Hence, for training the 
model, the 4 regional LV features were estimated from the base-
line scans at the two endocardial segments that corresponded 
to the implanted lead tip locations measured in the follow-up 
scans. A support vector machine (SVM)21 was used for train-
ing the LPS model to predict the measured response. Detailed 
information on the SVM training and the LPS calculation can 
be found in the Methods sections in the Supplemental Material.

The performance of the trained model was tested on the 
original cohort of 82 subjects. Additionally, using the trained 
model, high-resolution LPS maps over the entire LV free wall 
(anterior wall to inferior wall) were created for each of the 82 
subjects. By fixing the right lead location, regional features 
estimated at all free wall segments were used to create LPS 
maps highlighting target left lead placement sites for achieving 
a higher probability of response.

Statistical Analysis
Continuous variables were expressed as mean±1 SD, unless 
specified otherwise. Categorical variables were expressed as 
numbers and percentages. Two-sample t test for a continuous 
variable and Fisher's exact test for a categorical variable were 
conducted for comparing statistically significant difference 
between the two groups; a P<0.05 was considered statistically 
significant (Table 1).

A linear regression model was fit to assess the association 
between CT- and echocardiography-derived LV ejection frac-
tions (LVEFs), and the Pearson correlation coefficient was cal-
culated to describe their correlation.

An SVM including 12 CT-derived features of LV mechanics 
was used to define the LPS, which in turn was used to assess 
the relationship between the CT-derived features and CRT 
response (change in ESV at 6 months). The optimal LPS thresh-
old was defined as the value that maximized the geometric mean 
(g-mean) of true-positive and true-negative rates. Subjects with 
an LPS value greater than the threshold were considered LPS 
responders, and subjects with an LPS value less than the thresh-
old were considered LPS nonresponders. The true respond-
ers were defined as patients in whom ΔESV ≤−15% after 6 
months, and nonresponders were determined using the ΔESV 
>−15% after 6 months. The relationship between ΔESV and 
LPS was investigated as categorical variables after applying 
the respective thresholds using Fisher's exact test (Figure 3).

Receiver operating characteristic curves were used to eval-
uate the performance of the trained SVM models, with their 
areas under the curve and 95% CIs around the area under the 
curve estimates reported.

RESULTS
Study Population
Out of the 147 subjects that had both baseline and 
follow-up 4DCT scans, 82 subjects had images that 
were of sufficient quality for this study. Scans were 
excluded because of either helical step artifacts (37 
subjects, 25%), insufficient LV blood pool-myocar-
dium contrast (19 subjects, 13%), or severe metallic 
lead artifacts (9 subjects, 6%). Figure 2 shows a flow 

diagram of the subject selection process used in this 
study. The mean radiation dose across the 82 sub-
jects was 4.4±2.6 mSv (median, 4.1 mSv; interquartile 
range, 2 mSv). The baseline characteristics are pro-
vided in Table 1.

Table 1. Baseline Characteristics of the 82 Subjects

Total 
(n=82) 

Responder 
(n=52) 

Nonre-
sponder 
(n=30) P value 

Female, n (%) 17 (21) 15 (29) 2 (7) 0.023*

Age, y, mean±SD 70.7±9.1 70.9±9.4 70.3±8.7 0.746†

Body mass index, kg/m2, 
mean±SD

26.5±4.2 25.9±4.3 27.7±3.6 0.054†

6-minute walk test, m, 
mean±SD

393±124 393±109 392±147 0.981†

QRS width (ms), 
mean±SD

170±24 173±20 163±29 0.064†

LBBB, n (%) 77 (94) 47 (90) 30 (100) 0.153*

Chronic RV pacing, n (%) 16 (20) 9 (17) 7 (23) 0.569*

eGFR, mL/min per 1.73 
m2, mean±SD

66±16 65±16 68±14 0.316†

Medical history, n (%)

 Hypertension 20 (24) 11 (21) 9 (30) 0.428*

 Diabetes 18 (22) 10 (19) 8 (27) 0.58*

Ischemic cardiomyopathy 42 (51) 22 (42) 20 (67) 0.041*

Myocardial infarction 28 (34) 13 (25) 15 (50) 0.03*

 CABG 19 (23) 8 (15) 11 (37) 0.034*

NYHA class, n (%)

 II 41 (50) 23 (44) 18 (60) 0.276*

 III 39 (48) 28 (54) 11 (37)

 IV 2 (2) 1 (2) 1 (3)

Atrial fibrillation, n (%)

 Paroxysmal 12 (15) 8 (15) 4 (13) 1*

 Permanent 9 (11) 6 (12) 3 (10) 1*

Medicine, n (%)

β-blockers 75 (91) 48 (92) 27 (90) 0.703*

ACE inhibitor/ARB 78 (95) 49 (94) 29 (97) 1*

Loop diuretics 51 (62) 34 (65) 17 (57) 0.483*

 Spironolactone 40 (49) 25 (48) 15 (50) 1*

CT

EDV, mL, mean±SD 273±93 278±94 264±92 0.527†

ESV, mL, mean±SD 178±81 179±78 177±87 0.888†

EF (%), mean±SD 37±9 37±8 36±11 0.602†

Echocardiography

EDV, mL, mean±SD 257±85 260±79 253±94 0.735†

ESV, mL, mean±SD 195±71 195±65 193±80 0.896†

EF, %, mean±SD 25±6 25±5 24±6 0.385†

ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor 
blocker; CABG, coronary artery bypass graft; CT, computed tomography; EDV, 
end-diastolic volume; EF, ejection fraction; eGFR, estimated glomerular filtration 
rate; ESV, end-systolic volume; LBBB, left bundle branch block; NYHA, New York 
Heart Association; and RV, right ventricle.

*P value computed using Fisher exact test
†P value computed using 2-sample t test.
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The CT-derived and the echocardiography-derived 
LVEFs at baseline were statistically different (37±9% 
versus 25±6%, P<0.001) and poorly correlated (r=0.46, 
P<0.001).

Lead Placement Score and Response 
Prediction
Out of the 82 subjects, 52 (63%) had an ESV decrease 
of ≥15% at 6 months follow-up and were considered 
responders. The average weights of the 12 features 
used in training the SVM model are shown in Table 2.

Figure 3 shows the relationship between the LPS and 
the relative change in ESV between the baseline and the 

follow-up scans. An LPS threshold of −0.2 maximized 
the geometric mean (g-mean) value for response predic-
tion; among the subjects above this threshold, the nonre-
sponder rate was 9% (4/[4+41]), down from the original 
nonresponder rate of 37% (30/82), and the sensitivity 
and the specificity at this threshold were 79% and 87%, 
respectively. The relationship between ΔESV and LPS 
was statistically significant (P<0.001).

Figure 4A shows the histogram of the LPS values 
for all 82 subjects. The LPS of the true nonresponders 
are shown in red while those of the true responders are 
shown in blue. Figure 4B shows the receiver operating 
characteristic curve of the prediction model. The area 
under the curve was 87% (95% CI, 77%–94%). Addition-
ally, the LPS model outperformed a model defined using 
only clinical predictors of CRT response (see Figure S2).

There is a very practical way to stratify the subjects 
using the LPS. We can break the subjects into 3 groups 
with respect to their posttest probabilities: lower probability 

Figure 2. Flow diagram of the subject 
selection process.
4DCT indicates 4-dimensional computed 
tomography; ImagingCRT, Empiric Versus 
Imaging Guided Left Ventricular Lead 
Placement in Cardiac Resynchronization 
Therapy trial; and LV, left ventricle.

Figure 3. Relationship between change in end-systolic 
volume (ESV) at 6 months follow-up and lead placement 
score (LPS).
Distribution of LPS values for the lead locations in each subject as a 
function of the relative change in ESV between baseline and follow-
up scans. The vertical dashed line corresponds to the LPS threshold 
(−0.2) that maximized the g-mean value for response prediction. The 
horizontal dashed line corresponds to the response definition of a 
relative reduction in ESV of 15%. + represents a true responder and 
o represents a true nonresponder.

Table 2. Feature Weights of the SVM Model With the Re-
sponder Criterion Set at %ΔESV ≤−15%

Feature name Feature weight for % ΔESV≤−15% 

1. EDV 0.15

2. ESV −0.47

3. CURE-SVD −0.33

4. LVSI 0.22

5. PRSCT-right 0.45

6. PRSCT-left −0.41

7. TPRSCT-right 0.66

8. TPRSCT-left −0.30

9. MSRSCT-right −0.57

10. MSRSCT-left −0.57

11. TOS-right −0.02

12. TOS-left 1.73

CURE-SVD indicates circumferential uniformity ratio estimate using singular 
value decomposition; EDV, end-diastolic volume; ESV, end-systolic volume; LVSI, 
left ventricular sphericity index; MSRSCT, maximum prestretch of regional shorten-
ing; PRSCT, peak regional shortening; SVM, support vector machine; TOS, time to 
onset of shortening; and TPRSCT, time to peak regional shortening.
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of response, unchanged probability, and higher probabil-
ity of response. Without considering the 4DCT data, the 
pretest probability of responding to CRT using the ≥15% 
reduction in ESV definition was 52/82 (63%). For the 
same response definition, by incorporating the 4DCT data, 
subjects with an LPS in the lowest quartile (LPS≤Q1=−1)
had a posttest probability of responding of 14% (3/21). 
Similarly, subjects with an LPS in the highest quartile 
(LPS≥Q3=1.3) had a posttest probability of responding of
90% (19/21), and for those subjects with an LPS within 
the interquartile range (interquartile range, Q1

<LPS<Q3), 
the posttest probability remained essentially unchanged 
from the pretest probability (75% versus 63%; P=0.2).

Figure 5 shows 4 example subjects that highlight the 
significance of the LPS in identifying target lead place-
ment sites: (1) a responder (%ΔESV=−43) with uni-
formly high LPS values across the entire LV free wall 
and the left lead placed in this region of high LPS, (2) 
a responder (%ΔESV=−68) with a localized region of 
high LPS values on the basal inferolateral wall and the 
left lead placed in this region of high LPS, (3) a non-
responder (%ΔESV=−13) with globally low LPS values 
and thus the left lead placed in a region of low LPS, 
and (4) a nonresponder (%ΔESV=+14) with a localized 
region of high LPS values on the basal inferolateral wall, 
but the left lead not placed in this region of high LPS. For 
each subject, polar maps of the 4 regional features of LV 
mechanics (time to onset of shortening, peak regional 
shortening, time to peak regional shortening, and maxi-
mum prestretch of regional shortening) that were used 
in the derivation of the LPS are shown. Additionally, the 

location of the right and the left lead tips are shown by 
the blue and red highlighted segments, respectively. Also 
shown are polar maps of the LPS as well as 3-dimen-
sional renderings of the LV lateral wall with the LPS val-
ues mapped onto the endocardial surface.

DISCUSSION
The primary objective of this study was to use known 
quantitative features of LV mechanics derived from base-
line 4DCT scans as features in a lead placement score 
that correlated with CRT response. The main findings 
reported demonstrate the potential utility of 4DCT in 
guiding patient selection for CRT; in at least 42 of the 
82 subjects used in the study, the LPS could have a sig-
nificant impact on the decision to proceed with CRT. The 
study also highlighted the subject-specific variation in the 
distribution of LPS values across the LV; some subjects 
had large areas with high LPS values while others had 
uniformly low LPS values across the LV. Additionally, the 
interuser and intrauser variability for estimating regional 
shortening has previously been shown to be very low19; 
therefore, the computed LPS values are highly reproduc-
ible. Thus, patient-specific LPS maps could aid in the 
optimal planning and management of patients under 
consideration for CRT.

CRT Response
Significant effort has been focused on improving the CRT 
responder rate through the use of imaging and better 

Figure 4. Performance of the trained lead placement score (LPS) model.
A, Histogram of LPS for all 82 subjects. The nonresponders are shown in red, and the responders are shown in blue. B, Receiver operating 
characteristic curve of the trained support vector machine model to predict responders as a function of changing LPS threshold. 4DCT 
indicates 4-dimensional computed tomography; AUC, area under curve; and CRT, cardiac resynchronization therapy.
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patient selection1; however, lack of an easily available, 
robust, and reproducible imaging method coupled with 
nonconsensus on the definition of CRT response itself 
have hindered these efforts. Despite 30 years of clinical 
development, no single definition of CRT response has 
been universally accepted22; however, ≥15% reduction in 
LV ESV is the most commonly used6,12 and can be mea-
sured with great precision using 4DCT. Previous studies 
using CT to guide CRT have used echocardiography-
derived % ΔESV to determine response15,23; however, 
the reproducibility of the echocardiography measures is 
low, causing uncertainty in the results. The image-based 
response definition used in this study was derived from 
the LV blood volume segmentations of the baseline and 
the follow-up 4DCT images, which are highly reproduc-
ible24 and are free from any assumptions about LV geom-
etry or manual contouring. For these reasons, we are 
confident in the precision of the 4DCT-derived measure-
ment of change in ESV as mechanical response. Addi-
tionally, the mean baseline CT-derived LVEF was higher 
than the echocardiography-derived LVEF; this bias was 
expected as methods of volume estimates derived from 
CT and echocardiography differ considerably. CT-derived 
volumes are estimated by simply summing all the seg-
mented LV blood pool voxels, whereas echocardiogra-
phy-derived volumes are estimated by drawing smooth 
contours in 2 different imaging planes. Thus, CT-derived 
volume estimates represent the true 3-dimensional LV 
blood volume which excludes the volume of the endo-
cardial texture comprising trabecular tissue and papil-
lary muscles, whereas echocardiography-derived volume 
estimates include the endocardial surface texture volume 
and papillary muscles.

Support Vector Machine
The 4DCT scans contain an abundance of information; 
using a limited number of features derived from the 
scans for training, an SVM model was able to stratify sub-
jects into LV mechanics responders and nonresponders 
with high accuracy. An SVM was chosen as the desired 
classifier because (1) it is less susceptible to fitting a 
model too closely to a specific set of data (overfitting)25 
and (2) it has only one optimal solution (no local minima) 
because it is defined by a convex optimization function (a 
U-shaped function with only a single lowest point). Due
to the limited number of subjects in this study, coupled
with the difference in numbers between the responders
and the nonresponders (with only 30 nonresponders), it
was not feasible to have an independent testing dataset.
Thus, we implemented a bagging (bootstrap aggrega-
tion)26 approach to overcome this limitation; bagging is
an established method that improves stability and helps
with overfitting by deriving the final model as an average
of all the independent bootstrapped models.27 Despite
implementing a bagging approach, the current LPS
model needs to be validated using larger independent

Figure 5. Lead placement score (LPS) maps of cardiac 
resynchronization therapy responders and nonresponders.
A–D, Four example subjects with the following information shown for 
each subject. Lead tip locations: blue=right lead, red=left lead. A, A 
responder (%ΔESV=−43) with uniformly high LPS values across the 
entire LV free wall and the left lead placed in this region of high LPS. B, A 
responder (%ΔESV=−68) with a localized region of high LPS values on 
the basal inferolateral wall and the left lead placed in this region of high 
LPS. C, A nonresponder (%ΔESV=−13) with globally low LPS values 
and thus the left lead placed in a region of low LPS. D, A nonresponder 
(%ΔESV=+14) with a localized region of high LPS values on the basal 
inferolateral wall, but the left lead not placed in this region of high LPS. 
3D LPS map indicates 3-dimensional rendering of the LV lateral wall with 
LPS values mapped onto the endocardial surface; ESV, end-systolic 
volume; LPS map, lead placement score map as a polar map; LV, left 
ventricle; MSRSCT, maximum prestretch of regional shortening; PRSCT, 
peak regional shortening; TOS, time to onset of shortening, in ms; and 
TPRSCT, time to peak regional shortening, in ms.
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testing datasets and prospective clinical trials to derive 
more robust statistical information on its predictive power 
as well as to be completely free from overfitting.

Image-Guided CRT
Predicting patient response to CRT with imaging has 
been extensively researched. Echocardiography, CMR, 
radionuclide imaging, and CT have all independently 
shown promise in predicting response.28 Studies using 
echocardiography,29 single photon emission computed 
tomography myocardial perfusion imaging,30 CMR,31 and 
CT16 have all shown a strong correlation between scar 
burden and CRT nonresponse; the results from our study 
are concordant with these findings as reflected by the 
weights of the peak regional shortening feature. Similarly, 
results from this study agree with previously published 
work using echo, CMR, and single photon emission 
computed tomography10,29,32 highlighting the strong cor-
relation between pacing at the site of latest mechani-
cal activation and CRT response; the time to onset of 
shortening-left feature is the most important feature in 
the LPS model with its feature weight nearly three times 
that of the second most important feature. Additionally, 
previous studies have used multimodality imaging to 
guide CRT including echocardiography, electrocardiog-
raphy, CMR, CT, fluoroscopy, and single photon emission 
computed tomography18,33; although beyond the scope 
of this paper, future studies could investigate developing 
and optimizing a robust multimodality imaging protocol 
for comprehensive pre-CRT assessment.

To the best of our knowledge, the influence of 
maximum prestretch (maximum prestretch of regional 
shortening) on CRT response has not been previously 
reported; the results reported in this study reveal it to be 
a relatively important feature of the model used to stratify 
subjects for CRT. A large prestretch at either the location 
of the right or left lead likely detects a region of poor 
myocardial health which confers the observed reduction 
in probability of response.

Clinical Utility of LPS
The patient-specific LPS maps could aid in CRT planning 
and management by providing the clinician with a high-
resolution LV map of potential target lead placement 
sites for achieving a higher probability of CRT response. 
The results from this study highlight the heterogenous 
patient-specific nature of the LPS maps. In patients with 
large areas of high LPS values, the clinician has multiple 
target sites for lead placement. In patients with smaller 
localized regions of high LPS, the clinician needs to find 
the optimal cardiac vein to reach the target site; if inac-
cessible, other pacing approaches such as His bundle 
pacing34 and left bundle branch pacing35 may be con-
sidered and more recently leadless endocardial pacing.36 

The advantage of 4DCT is that detailed images of the 
venous anatomy can be obtained33; hence, the optimal 
lead delivery approach can be efficiently planned. Lastly, 
CRT may not be the most effective treatment for patients 
with uniformly low LPS values across the entire LV, espe-
cially since CRT is an invasive procedure and not without 
risk. Other treatments such as optimal medical therapy, 
LV assist devices, or heart transplant may be considered 
for these subjects.

There is some concern with respect to LV lead dis-
placement. To address this, we previously investigated the 
stability of the pacing leads in the context of lead dis-
placement on the same subject cohort as the one used in 
this study.37 LV lead displacement was measured as the 
perpendicular distance from the LV lead tip to the lead 
body in the relevant coronary sinus between postimplant 
fluoroscopy and 6 months follow-up cardiac CT. Results 
from that study demonstrated no significant differences 
in the measured distances from the lead tips and to the 
lead bodies between postimplant fluoroscopy and 6 
months follow-up cardiac CT (P=0.84). Additionally, that 
study also highlighted the inaccuracy and modest repro-
ducibility of fluoroscopy when compared to cardiac CT for 
the assessment of LV and right ventricular lead positions.

Four-Dimensional Computed Tomography
Modern 4DCT imaging systems acquire high-resolution 
images of the entire heart across the full cardiac cycle 
rapidly, and with wide detector systems (not used in this 
study), within a single heartbeat. Additionally, images 
from wide detector scanners do not suffer from step 
artifacts, enabling artifact-free imaging of patients with 
arrhythmias. Another benefit of 4DCT is its ability to 
image patients with implanted metallic medical devices; 
nearly 28% of CRT candidates have existing right ven-
tricular pacing systems.12 Additionally, using the dynamic 
mA feature, the subjects in this study had low CT-based 
radiation doses (median, 4.1 mSv; interquartile range, 2 
mSv), which is comparable to the dose received from 
natural sources of radiation annually.38 The dose from CT 
is continuously being reduced as technology advances; 
from the 2007 and the 2017 dose surveys, the dose from 
coronary CT angiography was reduced by 78% (885 
mGy×cm versus 195 mGy×cm, P<0.001).39 New tech-
nological advancements such as iterative reconstruction, 
photon-counting detectors, and the use of deep learning 
will reduce dose further.40

Limitations
This study uses a unique dataset of subjects that had 
4DCT scans acquired at both baseline and at 6 months 
follow-up after CRT implantation, permitting highly pre-
cise direct comparisons in LV mechanical states between 
pre-CRT and post-CRT. Although the models derived in 
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this study show great promise for using 4DCT in guid-
ing patient selection for CRT, the lack of an independent 
testing dataset was a limitation. Larger independent test-
ing datasets and prospective trials are needed to ensure 
generalizability and to understand the true clinical utility 
and limitations of the LPS model.

The 4DCT images of the 147 subjects used in this 
study were acquired with a dual-source CT scanner. 
Due to the limited z axis coverage of the scanner, imag-
ing of the entire superior-inferior extent of the heart 
was performed in helical mode. Unfortunately, 37 sub-
jects (25%) had severe step artifacts due to beat-to-
beat irregularities, rendering the images not usable for 
dyssynchrony analysis. Despite the excellent tempo-
ral resolution of the dual-source scanner (66 ms per 
frame), wider detector scanners (256 or 320 detector 
rows) with full heart coverage from a single table posi-
tion may be better suited for this application, especially 
with the recent innovations in motion estimation and 
motion compensation technology.41,42

All 4DCT images used in this study were acquired 
and reconstructed with the same CT imaging system; 
this was tremendously advantageous in facilitating a 
direct comparison of LPS values derived from 4DCT 
scans of similar image characteristics. However, dif-
ferent scanners yield images of different image quality 
which could in turn affect the computed LPS values; 
therefore, to standardize the LPS model across differ-
ent imaging centers and vendors, future studies will 
need to explore the sensitivity of the LPS estimates to 
varying image qualities.

Conclusions
A lead placement score map was developed using fea-
tures of LV mechanics that were derived from 4DCT 
images acquired in 82 subjects before CRT implanta-
tion. The LPS value at the lead locations correlated 
with subject response to CRT; LPS effectively reclas-
sified 25% of the subjects into low probability (14%) 
of response and 25% into high probability (90%) of 
response, and the remaining 50% of the subjects had 
a probability of response that was unchanged from 
the pretest probability (75% versus 63%, P=0.2). 
Additionally, an LPS threshold that maximized the 
geometric mean of true-negative and true-positive 
rates categorized subjects as responders and non-
responders with high sensitivity (79%) and specific-
ity (87%), with an area under the receiver operating 
characteristic curve of 87% (95% CI, 77%–94%). 
These encouraging results highlight the potential util-
ity of 4DCT in planning CRT.
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