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INTRODUCTION

Clinically, dark flow artifacts are frequently observed as sig-

nal loss in steady-state free precession (SSFP) cine cardiac mag-
netic resonance (CMR) imaging [1]. Dark flow artifacts typi-
cally arise from high-velocity blood flow through off-resonant 
points in the magnetic field [2,3]. Cardiac output is not predict-
able between cycles, and the artifacts are often exacerbated by 
cardiovascular diseases associated with irregular cardiac circu-

cc  This is an Open Access article distributed under the terms of the Creative Commons 
Attribution Non-Commercial License (https://creativecommons.org/licenses/by-
nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

CVIA Decelerated Dark Flow Measured  
Using Steady-State Free Precession  
Magnetic Resonance Imaging for 
Specific Detection of Left Ventricular 
Myocardial Strain and Dyssynchrony 
in Dilated Cardiomyopathy
Masateru Kawakubo1, Michinobu Nagao2, Risako Nakao3,  
Eri Watanabe3, Masami Yoneyama4, Nobuhisa Hagiwara3, Shuji Sakai2
1�Department of Health Sciences, Faculty of Medical Sciences, Kyushu University, Fukuoka, Japan
2�Department of Diagnostic Imaging & Nuclear Medicine, Tokyo Women’s Medical University, 
Tokyo, Japan

3�Department of Cardiology, The Heart Institute of Japan, Tokyo Women’s Medical University, 
Tokyo, Japan

4�Philips Electronics Japan, Ltd., Tokyo, Japan

Received: September 17, 2021
Revised: November 18, 2021
Accepted: November 19, 2021

Corresponding author
Michinobu Nagao, MD, PhD
Department of Diagnostic Imaging &  
Nuclear Medicine,  
Tokyo Women’s Medical University,  
8-1 Kawada-cho, Shinjuku-ku,  
Tokyo, Japan
Tel: 81-3-3353-8111
Fax: 81-3-3353-8111
E-mail: nagao.michinobu@twmu.ac.jp

Objective: In steady-state free precession (SSFP) cine imaging, signal loss can be observed as 
accelerated dark flow in patients with valvular disease and decelerated dark flow (DDF) in pa-
tients with severe left ventricular (LV) dysfunction. In our study, we measured DDF with opti-
cal flow calculations and investigated the relationship between DDF and myocardial strain or 
intraventricular dyssynchrony.

Materials and Methods: Fifty-seven consecutive patients with heart failure were retrospec-
tively enrolled. In the short-axis orientation, the optical flow magnitude vector of the DDF was 
calculated over a cardiac cycle. The maximum value of the mean magnitude vector in the LV 
blood region was defined as the DDF index. The systolic circumferential strain (CS) of the LV 
free-wall, as well as the absolute difference in systolic timing of the LV free-wall and interven-
tricular septum (LV dyssynchrony, LVD), was measured using the feature-tracking method. 
Spearman’s correlation coefficients (ρ) were calculated between DDF and CS or LVD.

Results: Median and interquartile ranges (25th to 75th percentile) of measured DDF, CS, and 
LVD in 57 patients were 14.0 (10.3 to 20.4), -8.0% (-13.3 to -3.2), and 40 ms (21 to 99), re-
spectively. There were statistically significant correlations between the values of DDF and CS 
as well as LVD (0.60 and 0.48; p<0.01 for both).

Conclusion: Measurement of DDF may provide a specific clinical picture of myocardial strain 
and intraventricular dyssynchrony. Furthermore, it is possible to cost-effectively measure DDF 
without additional image acquisition during routine MR examination.

Keywords �Cine magnetic resonance imaging; Dilated cardiomyopathy; Heart ventricle; 
Medical image processing.
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lation. For example, in patients with mitral valve regurgitation, 
signal loss is related to accelerated blood flow [4]. The area of 
signal loss may not directly reflect the severity of valve stenosis; 
however, it is a useful parameter for assessing the shape of de-
fective heart valves and inferring the clinical consequences. 
Blood flow in the left ventricular (LV) blood pool stagnates in 
patients with severe heart failure (e.g., dilated cardiomyopathy 
[DCM]), presenting a risk for thrombus formation [5]. In pa-
tients with severe LV dysfunction, under low-velocity or stag-
nant blood conditions, decelerated dark flow (DDF) can still 
be observed on SSFP cine imaging. Thus, DDF can also be de-
tected in low-velocity blood flow or stagnation. The prediction 
of responses to cardiac resynchronization therapy in DCM pa-
tients is clinically relevant, and DDF analysis using CMR has re-
cently been reported to have predictive potential [6]. Further-
more, postoperative imaging after atriopulmonary connection-
type Fontan surgery revealed an association between the presence 
of right atrium dark flow and the subsequent development of 
complications like supraventricular arrhythmia, thrombus for-
mation, and liver disease [7,8]. Compared with dark flow, fea-
ture-tracking magnetic resonance imaging (FT-MRI) with SSFP 
cine imaging can quantify myocardial motion and dyssynchro-
ny of the systolic timing in the myocardium with post-image 
processing [9-11], which is advantageous for clinical examina-
tion. As a result, FT-MRI is widely used in various clinical situ-
ations [12-15]. Late gadolinium enhancement (LGE) has also 
demonstrated an association between myocardial dyssynchro-
ny and the presence of myocardial scarring [16,17]; however, to 
the best of our knowledge, the association between DDF in SSFP 
cine CMR imaging and myocardial function has not been fully 
investigated in patients with DCM. In our study, we sought to 
apply a unique imaging analysis algorithm to measure the DDF 
of cine MRI; using the algorithm, we evaluated the relatability 
of the DDF index value to cardiac strain, intraventricular dys-
synchrony, and the presence of LGE.

MATERIALS AND METHODS

Patient population
This retrospective observational study was approved by the 

Institutional Review Boards of Tokyo Women’s Medical Univer-
sity (No. 180309) and Kyushu University and was conducted in 
accordance with the 1964 Declaration of Helsinki. Written in-
formed consent was waived by the institutional review boards. 
All data included in the study, including CMR imaging data, 
were derived from clinical examinations of patients with declin-
ing cardiac function. The sample comprised a consecutive series 
of 57 DCM patients, retrospectively enrolled, who had under-
gone CMR examinations for the assessment of LV function be-
tween January 2010 and December 2016 (40 men, 17 women; 

age, 48±18 years). Additional LGE imaging was performed in 
55 of the 57 patients because two patients presented with renal 
complications; none of the patients had valvular disease or re-
gurgitation. In all cases, an experienced radiologist (>10 years) 
confirmed the absence of jets in the SSFP CMR images. Patients 
were divided into the following three groups according to the 
guidelines of the American College of Cardiology [18]: 1) those 
with an LV ejection fraction (LVEF) >50% (indicative of nor-
mal LV function; 3 men, 5 women; age, 42±18 years); 2) those 
with an LVEF of 30%–50% (moderate or mild LV dysfunction; 
12 men, 5 women; age, 43±15 years); and 3) those with an LVEF 
<30% (severe LV dysfunction; 25 men, 7 women; age, 52±18 
years).

CMR imaging
CMR imaging was performed according to a previously pub-

lished protocol [19]. A 1.5 T clinical scanner (Gyroscan Intera; 
Philips Medical Systems, Best, the Netherlands) with a four-el-
ement phased-array coil was used in the supine position with 
expiratory breath-holding and retrospective electrocardiogram 
gating. All SSFP cine images were acquired in the short-axis 
(SA), horizontal long-axis (HLA), and vertical long-axis (VLA) 
orientations. Parameters of cine imaging (20 frames/cardiac cy-
cle) were as follows: repetition time, 2.8 ms; echo time, 1.4 ms; 
flip angle, 45°; slice thickness, 8 mm; slice gap, 0 mm; field of 
view, 380×380 mm2; acquisition matrix, 176×193; reconstruc-
tion matrix, 352×352; parallel imaging acceleration factor 
(SENSE), 2.0. LGE imaging data were obtained 10 min after a 
0.2 mmol/kg gadolinium injection (Magnevist; Bayer Health-
care, Osaka, Japan) with the following parameters: repetition 
time, 3.9 ms; echo time, 1.2 ms; flip angle, 15°; slice thickness, 
4 mm; slice gap, 0 mm; spatial resolution, 1.32×1.79 mm2.

CMR volume analysis
LV end-diastolic volume and end-systolic volume, which are 

the sums of the largest and smallest ventricular volumes (mL), 
respectively, were quantified from the SA image stack using 
manual planimetry of the endocardial borders and commer-
cially available software (Vitrea; Canon Medical Systems Co., 
Tochigi, Japan). Both volumes were indexed to the body surface 
area and used to calculate ejection fractions (%). Stroke volume 
index was calculated as the difference between end-diastolic 
and end-systolic volume indices. Cardiac index was calculated 
as the product of stroke volume index and heart rate. 

Strain measurement with cine CMR
LV regional strains were semi-automatically calculated using 

feature-tracking analysis as described previously [20]. All image 
processing algorithms for CMR imaging were implemented in 
MATLAB R2017b version 9.3 (Mathworks Inc., Natick, MA, 
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USA). At the end of diastole, regional endocardial borders were 
manually defined on the LV free-wall and interventricular sep-
tum in the SA and HLA images, and on the LV anterior and 
posterior walls in the VLA images (Fig. 1A). Endocardium 
points were then automatically tracked with manual correc-
tion over a cardiac cycle using a local template-matching tech-
nique based on normalized correlation coefficient values. In 
our study, the initial size of the template image and search area 
was 32×32 pixels. However, when the endocardium was not 

well tracked, the template size and search area were changed 
to ensure successful tracking. LV endocardial regions were 
automatically segmented as lines with spline interpolation 
and tracked over a cardiac cycle (Fig. 1B). Systolic regional 
strain and differences in systolic timing were calculated from 
the LV regional strain curves (Fig. 1C). Slice orientations SA 
and HLA were used to calculate the systolic circumferential 
(CS) and longitudinal strain (LS) of the free wall and interven-
tricular septum, and the VLA slice orientation was used to cal-

Fig. 1. Workflow of strain analysis with feature-tracking magnetic resonance imaging. A: Representative points of the endocardial region are 
manually determined at the end-diastolic phase (blue and red). B: The points are tracked over a cardiac cycle and interpolated as a spline 
curve. C: Regional time-strain curves are calculated by normalizing the lengths of the spline curves with the lengths at the end-diastole. Sys-
tolic myocardial strain and differences in systolic timing for each region are attainable using time-strain curves. LV, left ventricular.
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culate systolic LS of the anterior and posterior walls. LV dys-
synchrony (LVD) was calculated as the absolute difference in 
systolic timing of any two regions in SA, HLA, and VLA, re-
spectively.

DDF measurement with cine CMR
All image processing for DDF measurements was implement-

ed in MATLAB R2017b version 9.3. Optical flows of SSFP im-
ages at each cardiac phase were computed with respect to the 
end-diastolic phase using the Lucas-Kanade algorithm and by 
solving the following optical flow constraint equation [21,22]:
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LV blood pooling regions, excluding papillary muscles, were 
isolated during a cardiac cycle by applying a threshold for sig-
nal intensity to the endocardium regions depicted by the fea-
ture-tracking algorithm used in the strain analysis (Fig. 2B). To 
avoid mixing endocardial contraction movement with the cal-
culation area, the edge of the isolated area was reduced by ero-
sion processing with a 3×3 pixel size. For standardized process-
ing, the threshold was automatically determined using an adapted 
threshold method [23]. The magnitude vector of movement in 
the LV blood pool (|uv|) was obtained from the magnitude vec-
tor image by masking the LV blood pool region (Fig. 2C). Last-
ly, DDF was determined as the maximum point of the curve 
plotted using the mean magnitude vectors in the LV blood pool 
at each cardiac phase (Fig. 2D); DDF was calculated for all 57 
patients in the SA, HLA, and VLA orientations.

Statistical analysis
The Shapiro-Wilk test for data normality was employed. Data 

with a non-normal distribution were summarized using descrip-
tive statistics and are reported as medians and corresponding 
interquartile ranges (IQR). The Kruskal-Wallis non-parametric 
test with Dunn’s post-hoc analysis was used for between-group 
comparisons. Spearman’s correlation coefficients (ρ) for the 
DDF and CS values, LS values, and LVD values were calculat-
ed. Detectability of DDF in patients with CS and LS degrada-
tion >-10% [24] and with LVD longer than 50 ms [25] was eval-
uated by receiver operating characteristic (ROC) analysis. The 
ability of LGE to predict LVD longer than 50 ms was also evalu-
ated by ROC analysis. All statistical analyses were conducted 

using GraphPad Prism (version 8.1.2 for Mac OS; GraphPad 
Software, La Jolla, CA, USA) with statistical significance set at 
p<0.05.

RESULTS

Baseline characteristics of the patients are displayed in Table 1. 
CMR examinations were successfully performed with sinus 
rhythm in all 57 patients. DDF values were significantly larger 
in patients with severe LV dysfunction than those with moder-
ate or mild LV dysfunction as well as normal LV function. These 
findings were consistent across all slice orientations. Further-
more, CS, LS, and LVD were significantly decreased in the se-
vere LV dysfunction group than in the other groups. Relation-
ships between DDF and CS, LS, and LVD were statistically 
correlated. Between-group comparisons of DDF and CS, LS, 
and LVD are reported in Table 2, and Spearman’s correlation 
coefficients for all 57 patients are reported in Table 3. Median 
and IQR of measured DDF, CS, and LVD in 57 patients were 
14.0 (10.3 to 20.4), -8.0% (13.3 to -3.2), and 40 ms (21 to 99), re-
spectively. DDF values were statistically correlated with strain 
and LVD in all slice orientations, and the ROC curves differen-
tiating patients with strain degradation and prolonged LVD 
using DDF values are shown in Fig. 3. DDF parameters were 
measured in the SA orientation to determine free-wall CS, in-
terventricular septum CS, and LVD (cut-off values of 13.0, 11.8, 
and 17.7; areas under the curves (AUCs [95% confidence inter-
val]) of 0.78 [0.67–0.90], 0.79 [0.67–0.90], and 0.74 [0.60–0.87]; 
sensitivities of 44/57 [77%], 50/57 [88%], and 33/57 [58%]; and 
specificities of 45/57 [79%], 38/57 [67%], and 50/57 [88%], re-
spectively). In the HLA orientation, free-wall LS, interventric-
ular septum LS, and LVD were measured (cut-off values of 25.5, 

Table 3. Spearman’s correlation coefficient (ρ) and 95% CI between 
DDF and the value of strain and LVD

Strain parameter DDF (95% CI)
Short-axis

Free-wall CS (%) 0.60 (0.27 to 0.67)*
IVS CS (%) 0.55 (0.25 to 0.66)*
LVD (ms) 0.48 (0.36 to 0.72)*

Horizontal long-axis
Free-wall LS (%) 0.48 (0.21 to 0.63)*
IVS LS (%) 0.39 (0.12 to 0.56)*
LVD (ms) 0.46 (0.10 to 0.56)*

Vertical long-axis
Anterior-wall LS (%) 0.54 (0.34 to 0.71)*
Posterior-wall LS (%) 0.47 (0.21 to 0.63)*
LVD (ms) 0.35 (0.17 to 0.61)*

*p<0.01. DDF, decelerated dark flow; IVS, interventricular septum; 
CS, circumferential strain; LVD, left ventricular dyssynchrony; LS, 
longitudinal strain; CI, confidence interval
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19.1, and 25.2; AUCs of 0.78 [0.66–0.91], 0.66 [0.52–0.80], and 
0.69 [0.56–0.83]; sensitivities of 43/57 [76%], 47/57 [83%], and 
37/57 [64%]; and specificities of 46/57 [81%], 26/57 [45%], and 
39/57 [69%], respectively). In the VLA orientation, anterior-wall 
LS, posterior-wall LS, and LVD were measured (cut-off values 
of 23.1, 21.1, and 43.9; AUCs of 0.78 [0.66–0.90], 0.76 [0.64–0.89], 
and 0.68 [0.53–0.82]; sensitivities of 38/57 [67%], 41/57 [72%], 
and 17/57 [30%]; and specificities of 51/57 [90%], 47/57 [83%], 
and 57/57 [100%], respectively). In the presence of LGE, LVD 
was predicted in the SA, HLA, and VLA orientations with an 
AUC of 0.54 [0.39–0.70], 0.60 [0.45–0.75], and 0.58 [0.43–0.74]; 
a sensitivity of 37/55 [67%], 40/55 [73%], and 40/55 [73%]; and 
a specificity of 32/55 [58%], 29/55 [53%], and 30/55 [55%], re-
spectively (Fig. 4).

DISCUSSION

Data from the current study indicate a connection between 
DDF and LV myocardial dysfunction, supporting the potential 

use of DDF as an imaging tool (Table 2). Dark flow artifacts ap-
pear periodically during imaging with off-center resonance [3] 
and the intra-voxel phase dispersion effect is dependent on the 
echo time [2]. The presence of DDF is altered by magnetic field 
inhomogeneity conditions including magnetic field strength, 
patient body size, scan bore, metallic objects, and lung air. Sig-
nal loss caused by accelerated dark flow has been used by some 
researchers to assess the type and shape of heart valve defects 
[2]; however, any interpretation should be made with caution 
because no direct link between the area of signal loss and the se-
verity of valve stenosis has been proven and the inter-scan re-
producibility of signal loss cannot be guaranteed. Following the 
same line of reasoning for accelerated dark flow, clinical appli-
cation of DDF measurements is tenuous. Moreover, DDF mea-
surements are affected by the pixel size of SSFP MRI because 
the magnitude vector calculation is based on the pixelwise cal-
culation with an optical flow algorithm. For clinical use of DDF 
analysis, further investigation of optimal pixel sizes and the ef-
fect of pixel size on DDF values are required. However, accord-

Fig. 3. Receiver operator characteristics curves for decelerated dark flow in short-, horizontal long-, and vertical long-axis orientations. A: Short-
axis. B: Horizontal long-axis. C: Vertical long-axis. Red: detectability of strain <-10% for the free- or anterior wall; Green: detectability of strain 
<-10% for the interventricular septum or posterior wall; Blue: detectability of intraventricular dyssynchrony longer than 50 ms.
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Fig. 4. Receiver operator characteristics curves for the presence of late gadolinium enhancement in short-, horizontal long-, and vertical 
long-axis orientations. A: Short-axis. B: Horizontal long-axis. C: Vertical long-axis.
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ing to ROC analyses, DDF measurements are capable of de-
tecting degradation in myocardial strain and synchronized LV 
contraction with moderate performance. Based on our analy-
ses, DDF performed better at detecting patients with myocar-
dial dyssynchronization than LGE. Cases of heart transplantation 
for severe heart failure (e.g., DCM) are becoming more fre-
quent. Heart motion after transplantation is considered unique 
because the shape and myocardium differ from the original heart, 
which may result in myocardial dyssynchrony. DDF measure-
ment using the method described here has the potential to func-
tion as a clinical index for predicting the presence of dyssyn-
chrony without use of a contrast medium in post-transplantation 
patients. However, further clinical evaluation and verification of 
the DDF measurement method proposed here are warranted. 

We used FT-MRI to assess CS, LS, and LVD, as this is an es-
tablished practice [12-15]. An advantage of FT-MRI, and where 
it differs from tagging MRI [26], is the possibility of post-imag-
ing processing without acquisition of additional images other 
than those acquired during routine CMR examination. Process-
ing techniques applied include displacement encoding with 
stimulated echoes (DENSE) imaging [27] and strain encoding 
(SENC) imaging [28]; both methods have proven reproducibil-
ity [29,30]. Similarly, DDF measurement may be useful for de-
tecting myocardial dysfunction without additional image re-
quirements. Furthermore, optical flow provides information 
about the magnitude and direction of motion in SSFP imaging. 
We propose that the analytic technique described has the po-
tential to quantitatively evaluate vortex flow in the ventricular 
blood pool (see the Supplementary Video 1 in the online-only 
Data Supplement). A representative MR imaging technique to 
quantify blood flow velocity is the phase contrast technique. 
MR-derived blood flow velocity has recently been shown to be 
associated with energy loss of circulation in patients with pul-
monary hypertension [31,32]. Our proposed DDF measure-
ment method may in the future allow elucidation of the energy 
loss of the circulation caused by the combined effects of intra-
ventricular blood stagnation and degraded ventricular wall mo-
tion. In other words, the dark flow shown here is mainly caused 
by slow flow, not by fast flow.

Our study has several limitations. Firstly, after assignment of 
patients to three groups, sample sizes were greatly reduced. Al-
though we provided preliminary evidence of the clinical utility 
of DDF measurement with SSFP cine CMR imaging, there is 
scope for further verification in larger cohorts and using a pro-
spective approach. Another limitation is the challenge of differ-
entiating between DDF and accelerated dark flow. However, no 
patients in this study suffered from valvular disease and there 
was no jet present in any of the SSFP CMR images, so this chal-
lenge could not be directly addressed. Other functional param-
eters, excluding the cardiac index, were found to differ signifi-

cantly between groups, possibly because of increased ventricular 
volume.

In conclusion, measurement of DDF with SSFP cine CMR 
imaging provides a clinical picture of LV myocardial dysfunc-
tion. Upon further confirmation, this approach is likely to con-
stitute an improved and cost-effective tool for the clinical ex-
amination of patients with severe LV myocardial dysfunction. 

Supplementary Video Legends
Video 1. Videos of steady-state free precession imaging (left) and a vector 

plot on the left ventricle blood pool (right) in patients with severe heart fail-
ure related to dilated cardiomyopathy. Calculated optical flow provides infor-
mation about the magnitude and direction of motion. Our proposed analytic 
technique has the potential to quantitate vortex flow in the ventricular blood 
pool.
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The online-only Data Supplement is available with this article at https://

doi.org/10.22468/cvia.2021.00339.
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