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ated with the development of Fontan-associated liver dis-
ease,2 and with supraventricular arrhythmia in adolescent 
patients with congenital single ventricle.3 We hypothesized 
that mechanical dyssynchrony causes VF to disrupt efficient 
output; therefore, CRT response may be associated with the 
occurrence of LV VF. The aims of the present study were 
to investigate the relationship between efficient LV ejection 
and VF, and whether CRT response could be predicted on 
VFM analysis in patients with dilated cardiomyopathy 
(DCM).

Methods
Patients
This retrospective cohort study was approved by the insti-
tutional research ethics board and involved 20 HF patients 
with LVEF ≥40% and 25 DCM patients with LVEF <40% 
who were scheduled for CRT between January 2010 and 
December 2016. All patients underwent CMR, cardiac cath-
eterization, transthoracic echocardiography, 12-lead electro-
cardiogram (ECG), and clinical examination at the same 

C ardiac resynchronization therapy (CRT) is 1 of the 
effective therapies for advanced heart failure (HF) 
with mechanical dyssynchrony. The 2016 ESC guide-

lines recommend CRT implantation according to the follow-
ing parameters. CRT is recommended for symptomatic 
patients in sinus rhythm, with wide QRS duration (≥120 ms), 
with left bundle branch block (LBBB) QRS morphology, and 
with left ventricle ejection fraction (LVEF) ≤35%.1 Although 
these parameters have been considered to be parallel to the 
progression of dyssynchrony, approximately 20–30% of 
patients were non-responders to CRT. In order to predict 
response to CRT, several dyssynchrony indexes derived from 
echocardiography have been proposed, but neither param-
eter is a certain predictor of CRT.

Interventricular vortex dynamics may have an important 
role in cardiac hemodynamics. Vortex flow mapping (VFM) 
using conventional cine cardiac magnetic resonance imag-
ing (CMR) that enables quantification and visualization of 
turbulent flow in the cardiac cavity and the great vessels, 
has recently been developed. On VFM analysis, vortex flow 
(VF) in Fontan circulation has been shown to be associ-
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Background: We investigated the association between left ventricle ejection fraction (LVEF) and vortex flow (VF), and whether cardiac 
resynchronization therapy (CRT) response can be predicted using VF mapping (VFM) in patients with dilated cardiomyopathy (DCM).

Methods and Results: Cardiac magnetic resonance imaging data for 20 patients with heart failure (HF) with LVEF ≥40% and 25 
patients with DCM with LVEF <40%, scheduled for CRT, were retrospectively analyzed. The maximum VF (MVF) on short-axis, 
long-axis and 4-chamber LV cine imaging were calculated using VFM. Summed MVF was used as a representative value for each 
case and was significantly greater for patients with DCM than for patients with HF with LVEF ≥40% (25.2±19.2% vs. 12.1±15.4%, 
P<0.005). Summed MVF was significantly greater for CRT responders (n=12, 35.8±22.7%) than for non-responders (n=13, 15.8±8.7%, 
P=0.04) during the mean follow-up period of 38.4 months after CRT. Patients with summed MVF ≥31.3% had a significantly higher 
major adverse cardiac event-free rate than those with MVF <31.3% (log-rank=4.51, P<0.05).

Conclusions: On VFM analysis, LV VF interrupted efficient ejection in HF. Summed MVF can predict CRT response in DCM.
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Philips Medical Systems, Best, the Netherlands) between 
January 2010 and March 2014, and 12 patients (including 
9 patients with CRT) using a 3.0-T MRI scanner (Ingenia, 
Philips Medical Systems, Best, the Netherlands) between 
April 2014 and December 2016 with a 4-element phased-
array coil in the supine position with breath-holds during 
expiration and ECG gating.

Cine images were acquired using cine-balanced turbo field-
echo sequences (repetition time, 2.8 ms; echo time, 1.4 ms; 
flip angle, 45°; slice thickness, 8 mm; field of view, 380 mm; 
matrix size, 176×193; SENSE factor 2). There were 20 phases 
per cardiac cycle, resulting in a mean temporal resolution 
of 45 ms. LV end-diastolic volume (LVEDV) and LVESV 
were analyzed semi-automatically at the basal to apical 
levels using LV short-axis (SA) cine images, followed by 
manual correction with available software (Ziostation 2; 
Ziosoft, Tokyo, Japan). End-diastolic and end-systolic phases 
were identified visually on those images with the largest 
and smallest LV cavity areas, respectively.

VFM Analysis
Based on the voxel and feature tracking methods, we mod-
ified the myocardial strain analysis for cine-tagging using 
existing software (Ziostation 2; Ziosoft)5,6 and developed a 
VFM that enables quantification and visualization of tur-
bulent flow. On conventional 2-D cine imaging with steady-
state free precession or balanced turbo field-echo sequences, 
a dark flow artifact is often seen in an enlarged LV, which 
is caused by spins moving within an inhomogeneous mag-
netic field.7,8 In the dilated LV, the turbulent flow is a result 
of a mixture of LV inflow by non-unified LV wall motion. 
The advantage of VFM is that it enables quantification of 
the area and depth of the dark flow artifact by tracking 
each voxel, followed by automatic extraction of the voxel 
movement occurring throughout a cardiac cycle.

First, cine imaging with the maximum cross-section of 
the LV on SA, long-axis (LA), and 4-chamber views was 
selected. Second, we delineated the contour of the LV cavity 

time as part of their routine follow-up, and their clinical 
history and New York Heart Association (NYHA) func-
tional class were collected from the medical records. The 
reference cohort was defined as those having no history of 
significant clinical events such as arrhythmias or HF. For 
patients scheduled for CRT, the presence or absence of LV 
dyssynchrony was determined on echocardiography and 
CMR. The median time from CMR to CRT implantation 
was 12 days. The characteristics of the patients in the CRT 
group and LVEF ≥40% group are summarized in Table 1. 
In the LVEF ≥40% group, 11 patients had a clinical diag-
nosis of DCM, while 9 patients did not (arrhythmia, n=5: 
PVC, nsVT, paroxysmal AF, atrial tachycardia, and Brugada 
syndrome; hypertrophic cardiomyopathy, n=1; ventricular 
septal defect, n=1; and 2 patients underwent CMR to rule 
out myocardial damage associated with scleroderma).

Definition of CRT Response
For patients with DCM who underwent CRT, blood test 
for HF markers, ECG, chest radiography, and echocardiog-
raphy were performed at least every 6 months. CRT response 
was defined as reduction of LV end-systolic volume (LVESV) 
≥15% on echocardiography from before CRT to 6–12 
months after CRT.4 In addition, CRT responders were not 
hospitalized for decompensated HF during the follow-up 
period. Non-response was defined as acute decompensated 
HF (ADHF), including arrhythmias, hemostatic complica-
tions (including thromboembolism and hemoptysis), cath-
eterization and/or surgical intervention, and death. Death 
was defined as sudden when it occurred ≤1 h after acute 
symptoms, and as secondary to HF when it occurred after 
progressively worsening HF. Follow-up data were obtained 
from hospital records. In cases of multiple events, the cen-
soring event was the first sequential event.

CMR
Twenty-three patients (including 16 patients with CRT), were 
examined using a 1.5-T MRI scanner (Gyroscan ACS-NT, 

Table 1. Subject Characteristics

CRT group  
(n=25)

LVEF ≥40%  
group (n=20) P-value

Clinical characteristics

  Age (years) 59.2±16.0 48.1±15.3 0.016　　
  Male 24 (96) 12 (60) 0.0032

  NYHA I/II/III 1/11/13 20/0/0

  Paroxysmal AF   4 (16) 1 (5) 0.36　　　　
Diagnosis

  DCM   25 (100) 11 (55)

  Others 0 (0)   9 (45)

MR parameters

  LVEF (%) 16.2±7.8　　 44.5±4.5　　 <0.001　　　
  LVEDV (mL) 298.2±160.0 132.8±36.8　　 <0.001　　　
Vortex flow mapping

  MVF (short-axis) (%) 6.4±8.0 3.2±7.6 0.018　　
  MVF (long-axis) (%) 7.8±9.6 4.0±4.7 0.049　　
  MVF (4-chamber) (%) 11.0±12.8 4.9±7.5 0.0088

  Summed MVF (%) 25.2±19.2 12.1±15.4 0.0027

Data given as mean ± SD or n (%). AF, atrial fibrillation; CRT, cardiac resynchronization therapy; DCM, dilated 
cardiomyopathy; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; MR, magnetic 
resonance; MVF, maximum vortex flow; NYHA, New York Heart Association.
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contour. These were then automatically propagated through 
the cardiac cycle by matching individual patterns that repre-
sent anatomical structures.9 Second, mid-LV SA and 4-cham-
ber cine images were divided into 6 myocardial segments. 
Circumferential strain for the mid-LV SA and longitudinal 
strain for the 4-chamber view were calculated for each seg-
ment. Based on the cross-correlation analysis of the strain-
time curve, the temporal delay was calculated between the 
septal and lateral time curves by shifting 1 curve in time 
relative to the other curve and calculating the normalized 
correlation between the curves for each time shift. The time 
shift between the 2 curves that resulted in the maximum 
correlation value was defined as the temporal delay between 
the 2 strain-time curves.10,11 In the case of faulty propaga-
tion, the track line can be re-adapted to the endocardial bor-
der. Then, the software propagates a new track line based on 
the manually made corrections. Figure 3 shows an example 
of CMR-FT.

Echocardiography  We measured interventricular and 
intraventricular dyssynchrony index using echocardiography 
based on previous studies.12–14 The time difference between 
the LV pre-ejection period (PEP) and right ventricular PEP 
was measured for interventricuar wall motion delay (IVMD). 
IVMD >40 ms was defined as positive for interventricular 
dyssynchrony. The speckle tracking radial strain delay 
index was used as an estimate of intraventricular dyssyn-
chrony. The time-radial strain curve on SA view of the LV 
at the papillary muscle level was semi-automatically drawn 
using the speckle tracking method. The time difference 

as a region of interest (ROI) and determined the center of 
the long and short diameter of the LV on the initial frame 
of the cine image. Third, VFM automatically tracked all 
pixels in the ROI and calculated the pixel movement for 
the ROI at each phase during the total pixel movement 
throughout a cardiac cycle. The vector of pixel movement 
is resolved into circumferential and radial components. 
Movement in the circumferential direction is defined as 
VF. The magnitude of VF is obtained from the following 
equation:

VF (%)=D(t)/D(1),

where D(t) is the distance moved by the voxel at time t, and 
D(1) is the total distance moved by the voxel throughout a 
cardiac cycle.

The highest MVF was used as the representative value 
for each case. Summed MVF for the 3 views (SA, LA, and 
4-chamber view) was also used. On the VFM, high VF is 
shown in hot colors, and low VF or stagnation in cold 
colors (Figures 1,2).

Identification of Dyssynchrony
CMR-Feature Tracking (CMR-FT)  CMR-FT-derived 

strain analysis was performed using dedicated software 
(Vitrea, Canon Medical Systems, Tochigi, Japan). The 
same SA and 4-chamber cine images used for VFM were 
used for strain measurements. First, endocardial and epi-
cardial borders were manually drawn in the end-diastolic 
frame. Papillary muscles were excluded from the endocardial 

Figure 1.  A man in his 40 s with dilated cardiomyopathy was classified as a responder 8 months after cardiac resynchronization 
therapy implantation. (Upper row) Four-chamber cine imaging throughout a cardiac cycle (Left, early-systole; Center, end-systole; 
Right, end-diastole); (Lower row) vortex flow map at the same phase. Cine imaging shows multiple dark flow phenomena in the 
dilated left ventricle. (Middle row) Moving dark flow phenomena along the septal wall corresponding to a large vortex with hot 
colors.
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Figure 2.  Vortex flow (VF) map and time curves of VF on the (Left) short-axis (SA), (Center) 4-chamber and (Right) long-axis (LA) 
images. Time curves of the VF were divided into 4 sections. Purple line, VF of septum (SA and 4-chamber) or basal (LA) segment. 
Red line, VF of the anterior (SA and LA) or apex (4-chamber) segment. Green line, VF of the lateral (SA and 4-chamber) or apex 
(LA) segment. Blue line VF of the inferior (SA and LA) or basal (4-chamber) segment. Arrow, maximum VF (MVF). (A) A man in his 
30 s with dilated cardiomyopathy (DCM) who was a cardiac resynchronization therapy (CRT) responder. He spent 6.6 years with-
out hospitalization for heart failure (HF) after CRT implantation. His summed MVF and left ventricle ejection fraction (LVEF) were 
64.7% and 9.8%, respectively. Electrocardiogram (ECG) showed sinus rhythm, complete right bundle branch block (CRBBB), and 
QRS duration of 160 ms at the same time. (B) A man in his 60 s with DCM who was a CRT non-responder. He was hospitalized 
due to acute decompensated HF 5 months after CRT implantation. His summed MVF and LVEF were 7.6% and 18.5%, respec-
tively. ECG showed sinus rhythm, intraventricular conduction disturbance, and QRS duration of 136 ms.
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Statistical Analysis
Continuous data are expressed as mean ± SD. Comparisons 
of MVF, age, LVEDV and LVESV between the CRT group 
and LVEF ≥40% group were performed using the Mann-
Whitney U-test. Comparison of MVF, age, QRS duration 
time, brain natriuretic peptide, LVEF, and LVEDV between 

between the anteroseptum and posterolateral wall from QRS 
onset to maximum strain ratio was calculated, and a time 
difference >130 ms was defined as positive for intraven-
tricular dyssynchrony.

Figure 3.  Feature tracking of cardiac magnetic resonance imaging (CMR-FT). Left ventricular (LV) (Upper row) short-axis and 
(Lower row) 4-chamber cine images ere used for analysis of LV dyssynchrony. CMR-FT semi-automatically tracks the contours 
of the endocardium and epicardium throughout a cardiac cycle. The LV was divided into 6 segments. The times to peak strain for 
the septal and lateral walls were obtained from (Right side) time curves of circumferential and longitudinal strain.

Figure 4.  Summed maximum vortex flow (MVF) in 
cardiac resynchronization therapy (CRT) responders 
vs. non-responders (P<0.05). Horizontal line, maximum 
and minimum; ends of box, median; whiskers, upper 
quartile and lower quartile.
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CRT response. Survival curves of patient subgroups were 
created using the Kaplan-Meier method to clarify the time-
dependent, cumulative cardiac death and ADHF-free rate 
and were compared using the log rank test. P<0.05 was 
considered to indicate statistical significance. These analy-
ses were performed using JMP version 9.0 (JMP, Cary, 
NC, USA).

Results
VF and LVEF
There was no significant difference in gender, NYHA clas-
sification, or presence of paroxysmal AF between the CRT 

CRT responders and non-responders was also performed 
using the Mann-Whitney U-test. Comparison of the number 
of participants positive for LV dyssynchrony, who were 
male, had atrial fibrillation (AF), or had complete LBBB 
(CLBBB) and medication use between the CRT group and 
LVEF ≥40% group, and between CRT responders and 
non-responders, was carried out using Fisher’s exact test. 
The correlation between summed MVF and the other param-
eters was analyzed using Pearson’s correlation coefficient. 
Logistic regression analysis was performed to evaluate the 
factors associated CRT response. Receiver operating char-
acteristic (ROC) curve analysis was performed to determine 
the optimal cut-off of summed MVF for the prediction of 

Table 2. Subject Characteristics vs. CRT Response

CRT responders  
(n=12)

Non-responders  
(n=13) P-value

Clinical characteristics

  Age (years) 56.0±15.7 62.2±16.4 0.32　　
  Sex (male) 12 (100)  12 (92.3) 0.25　　
  NYHA I/II/III 1/4/7 0/7/6 0.32　　
  Paroxysmal AF  1 (8.3)    3 (23.1) 0.3　　　　
  QRS duration (ms) 155.0±42.1　　 146.2±35.2　　 0.56　　
  CLBBB 6 (50)    4 (30.8) 0.33　　
Baseline medication

  ACEI/ARB 12 (100) 13 (100) 1　
  β-blockers  11 (91.7) 13 (100) 0.22　　
  Aldosterone inhibitors    8 (66.7)    8 (61.5) 0.79　　
  Diuretics    9 (75.0)  12 (92.3) 0.23　　
Laboratory data

  BNP (pg/mL) 560.7±830.3 504.3±484.6 0.51　　
Echocardiography

  IVMD (ms) 46.9±36.1 23.1±10.5 0.1　　　　
  STRSDI (ms) 172.6±141.2 160.8±100.9 1　
MRI parameters

  LVEF (%) 15.6±8.8　　 16.7±7.1　　 0.72　　
  LVEDV (mL) 339.6±165.4 259.9±151.1 0.19　　
  Circumferential temporal delay (ms) 82.0±70.4 57.8±67.9 0.32　　
  Longitudinal temporal delay (ms) 40.6±56.3 15.7±37.8 0.2　　　　
  Summed MVF (%) 34.4±22.3 15.7±9.1　　 　0.039*

Data given as mean ± SD or n (%). ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor 
blocker; BNP, brain natriuretic peptide; CLBBB, complete left bundle branch block; IVMD, interventricular wall motion 
delay; MRI, magnetic resonance imaging; STRSDI, speckle tracking radial strain delay index. Other abbreviations as 
in Table 1.

Table 3. Univariate Indicators of CRT Response

Parameter OR 95% CI P-value

NYHA 1.45 0.36–5.77 0.6　　　　　　
Paroxysmal AF 0.25 0.01–2.33 0.23　　　　
QRS duration 1 0.99–1.03 0.49　　　　
CLBBB 1.71 0.34–8.68 0.51　　　　
LVEDV 1 1.00–1.01 0.21　　　　
IVMD 1.02 0.99–1.05 0.1　　　　　　
STRSDI 1 0.99–1.01 0.82　　　　
Circumferential temporal delay (CMR-FT) 1.01 0.99–1.02 0.37　　　　
Longitudinal temporal delay (CMR-FT) 1.01 0.99–1.03 0.19　　　　
Summed MVF 1.07 1.01–1.14 　0.0092*

*P<0.05. CMR-FT, cardiac magnetic resonance imaging-feature tracking. Other abbreviations as in Tables 1,2.
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ponents: direct flow; retained inflow; delayed ejection flow; 
and residual volume.16 Components other than residual 
volume consisted of linear flows, and only residual volume 
was a swirling flow in the LV. Further, delayed ejection flow 
and residual volume in severely dilated LV cause increase 
of kinetic energy loss, leading to heart overload. Our pro-
posed VF targets on slow flow or stagnation along the LV 
wall out of mainstreams, which is considered to be a quan-
tification of the residual volume with parts of retained 
inflow and delated ejection flow.

On VFM analysis, VF in the LV was associated with 
efficiency of LV ejection, and patients with HF and LVEF 
<40% had a significantly greater MVF than patients with 
LVEF >40%. Patients with DCM and a high MVF have 
better response to CRT than those without a high MVF. 
Interestingly, we found a moderate association between 
greater VF and LV mechanical dyssynchrony. The greater 
VF was highly asymmetrical and was often seen along the 
endocardium of an akinetic wall (Figures 1,2). Asymmetry 
has been classically related to the geometry of mitral and 
non-coaxial flow orientation along the ventricular LA.19 
The present results suggest the importance of the interac-
tion of the vortex with the ventricular wall. We speculate 
that heterogeneous LV contraction and regional dyskinesis 
cause localized stagnation and the intermixing of slow and 
rapid flows in dilated LV. This makes an inhomogeneous 
magnetic field leading to dark flow phenomena; eventually 
it is seen as a VF. In the CRT group, the mean summed 
MVF for 4 patients who died was 21.9%, which was lower 
than that in the patients who survived (mean, 26.8%). This 
suggests that patients with a greater VF may have a better 
response to CRT therapy than patients with small VF. At 
the end-stage of DCM, myocardial fibrosis progresses in 
the entire LV, and LV wall movement become diffusely weak 
and akinetic.20 VF cannot be established due to severe myo-
cardial damage, relating to CRT non-response. On logistic 
regression analysis only summed MVF was significantly 
related to CRT response. No other dyssynchrony index is 
associated with CRT response.21–24 Finally, summed MVF 

and LVEF ≥40% groups. All MVF were significantly 
greater for the CRT group than for the LVEF ≥40% group, 
although summed MVF had a higher level of significance 
(Table 1).

VF and CRT Response
Patients with DCM were classified as responders (n=12) or 
non-responders (n=13) during the follow-up period of 
38.4±25.5 months (median, 30 months) after CRT. Four of 
13 non-responders died: 2 patients died of HF, 1 died of 
sustained ventricular tachycardia, and 1 had sudden cardiac 
death. Five patients were hospitalized for ADHF, and 1 of 
5 patients had a left ventricle assist device (LVAD) implanted. 
The average time to onset of ADHF was 16.8±15.3 months 
(median, 13 months) and LVAD was implanted 72 months 
after CRT implantation. The other 4 non-responders had 
an increase of LVESV <15% after CRT.

Summed MVF was significantly greater for CRT respond-
ers than for non-responders (34.4±22.3% vs. 15.7±9.1%, 
P<0.05; Figure 4).

The standard CRT predictors, such as AF, QRS durations, 
CLBBB, and LV dyssynchrony index on echocardiography 
did not differ between the CRT responders and non-respond-
ers. Circumferential dyssynchrony derived from CMR-FT 
was observed significantly more frequently in CRT respond-
ers than in non-responders (Table 2).

The predictive factors for CRT response were identified 
on univariate logistic regression analysis. Summed MVF 
had the strongest association with CRT response (OR, 
1.07; 95% CI: 1.01–1.14; P=0.0092; Table 3).

On ROC analysis the optimal cut-off of summed MVF of 
31.3% could predict CRT response with an area under the 
curve of 0.74, a sensitivity of 0.58, and a specificity of 1.00.

Patients with summed MVF ≥31.3% had a significantly 
higher cardiac death and ADHF hospitalization-free rate 
than those with summed MVF <31.3% (log-rank value=4.51, 
P=0.034, Figure 5).

VF and LV Dyssynchrony
Circumferential and longitudinal temporal delay times for 
the responder group were 82.0±70.4 and 40.6±56.3 ms, and 
those for the non-responder group were 57.8±67.9 and 
15.7±37.8 ms, respectively. There was no significant difference 
in either of the temporal delay times between the responder 
and non-responder groups (P=0.32 and 0.20, respectively). 
Temporal delay time and summed MVF had moderate cor-
relation (circumferential temporal delay, r=0.56, P=0.0035; 
longitudinal temporal delay, r=0.59, P=0.0020).

Discussion
This is the first trial using VFM with conventional cine CMR 
in LV analysis in patients with HF. Previous studies using 
VFM have succeeded in visualization of blood flow in the 
dilated right atrium in adult patients after Fontan opera-
tion.2,3 The 4-D flow MRI or contrast echocardiography 
characterize blood motion in the LV using vertical flow 
dynamics,15–18 but there has never been an easy or useful 
imaging method for visualization of blood flow on 2-D cine 
MRI (Supplementary Movie; Supplementary Figure). The VF 
software was originally used to quantify myocardial strain 
analysis for cine-tagging imaging based on voxel and feature-
tracking methods, and its principle is the ratio of each voxel 
movement towards circumferential direction. Eriksson et 
al noted that intracardiac LV blood flow consists of 4 com-

Figure 5.  Cardiac death and acute decompensated heart 
failure hospitalization event-free curves after cardiac resyn-
chronization therapy (CRT) according to summed maximum 
vortex flow (MVF) ≥31.3% (blue) or <31.3% (red) (P=0.034).
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Conclusions
On VFM analysis, the development of VF in LV interrupts 
efficient ejection in HF. MVF is the best predictor of CRT 
response in patients with DCM compared with other dys-
synchrony parameters and biomarkers.
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