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Aims To investigate the possibility that vorticity assessed by four-dimensional flow cardiac magnetic resonance (4D-Flow
CMR) in the left ventricle of patients with mild-to-moderate chronic obstructive pulmonary disease (COPD) is a
potential marker of early LV diastolic dysfunction (LVDD) and more sensitive than standard echocardiography, and
whether changes in vorticity are associated with quantitative computed tomography (CT) and clinical markers of
COPD, and right ventricular (RV) echocardiographic markers indicative of ventricular interdependency.

...................................................................................................................................................................................................
Methods
and results

Sixteen COPD patients with presumptive LVDD and 10 controls underwent same-day 4D-Flow CMR and Doppler
echocardiography to quantify early and late diastolic vorticity as well as standard evaluation for LVDD.
Furthermore, all patients underwent detailed CT analysis for COPD markers including percent emphysema and air
trapping. The 4D-Flow CMR derived diastolic vorticity measures were correlated with CT measures, standard clin-
ical and CMR markers, and echocardiographic diastolic RV metrics. Early diastolic vorticity was significantly reduced
in COPD patients (P < 0.0001) with normal left ventricular (LV) mass, geometry, systolic function, and no or mild
signs of Doppler LVDD when compared with controls. Vorticity significantly differentiated COPD patients without
echocardiographic signs of LVDD (n = 11) from controls (P < 0.0001), and from COPD patients with stage I LVDD
(n = 5) (P < 0.0180). Vorticity markers significantly correlated with CT computed measures, CMR-derived RV ejec-
tion fraction, echocardiographic RV diastolic metrics, and 6-minute walk test.

...................................................................................................................................................................................................
Conclusion 4D-Flow CMR derived diastolic vorticity is reduced in patients with mild-to-moderate COPD and no or mild signs

of LVDD, implying early perturbations in the LV flow domain preceding more obvious mechanical changes (i.e.
stiffening and dilation). Furthermore, reduced LV vorticity appears to be driven by COPD induced changes in lung
tissue and parallel RV dysfunction.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a known risk fac-
tor for left ventricular (LV) remodelling and dysfunction.1,2 The
pathophysiology of LV diastolic dysfunction (LVDD) in the setting of
COPD is currently thought to be mediated primarily by means of
lung hyperinflation and ventricular interdependency due to increased
right ventricular (RV) afterload.3–5 Importantly, LVDD has been
shown to significantly worsen survival in COPD patients, emphasizing
the need for an accurate and early screening diagnostic technique.2

However, non-invasive early characterization and diagnosis of LVDD
in the presence of COPD has proved to be a difficult task due to
associated comorbidities and the fact that LVDD may occur prior to
development of LV hypertrophy and stiffness, i.e. noticeable tissue
mechanical changes.6–9

While the Doppler echocardiography is the most widely used and
clinically accessible technique, it is limited by its inability to measure
velocity in all spatial directions, variable velocity acquisition assess-
ment due to probe alignment, and interpretation of velocity metrics
due to simplified flow theorems.10–14 In contrast, four-dimensional
flow cardiac magnetic resonance (4D-Flow CMR) can provide com-
plete spatiotemporal information about velocity and allows for quan-
titative and qualitative analysis in any given anatomical region of
interest.13,15,16 Furthermore, early detection of LVDD has recently
been suggested to be investigated by means of fluid-tissue inter-
actions and large scale vortex formations with the premise that
changes in the ventricular flow domain would be detectable sooner
than early stage tissue stiffening.17,18 Accordingly, we sought to inves-
tigate vorticity and vortex formations in patients with mild-to-severe
COPD and presumptive LVDD via 4D-Flow CMR. Specifically, we
aimed to evaluate LV diastolic vorticity previously shown to be a sen-
sitive measure of ventricular interdependency and diastolic dysfunc-
tion in pulmonary hypertension.19 We further sought to correlate LV
vorticity with: (i) metrics of lung hyperinflation using chest computed
tomography (CT) markers and (ii) ventricular interdependency via
standard volumetric CMR and echocardiographic indices.

Methods

Patients with diagnosed COPD and presumptive LVDD (n = 16) under-
went a prospective Institutional Review Board approved same-day echo-
cardiography study followed by 4D-Flow CMR. Additionally, control
subjects with the same protocol (n = 10) were retrospectively selected in
order to establish physiologic range of 4D-Flow CMR derived diastolic
markers. COPD was defined by means of ratio between forced expira-
tory volume in one second (FEV1) and forced vital capacity
(FVC) < 0.70.20 Severity of COPD was determined using spirometry
GOLD criteria.21 Included patients had no prior history of cardiovascular
surgery, arrhythmia, and myocardial ischaemia. All control subjects were
without prior history of cardiovascular disease. Informed consent was ob-
tained in all subjects.

Echocardiography
All subjects underwent standard tissue Doppler ECHO using a Vivid 7
ultrasound system (General Electric Medical Systems, Milwaukee, WI).
All ventricular diastolic markers were acquired according to consen-
sus based recommendations of the American Society of

Echocardiography (ASE) and the European Association of
Echocardiography (EAE).10,22,23 The following standard parameters
were collected from the mitral valve (MV) and tricuspid valve (TV) in-
flow: (i) peak early diastolic filling velocity (E), (ii) peak late atrial filling
velocity (A), and (iii) corresponding E/A ratio. Furthermore, mitral an-
nular Doppler tissue imaging parameters e’ and a’ were recorded in
each subject. The stage of diastolic dysfunction for each ventricle was
categorized using consensus recommendations.23

Quantitative CT markers of COPD
All COPD patients underwent thoracic CT on Siemens 64-slice helical
scanner (120 kVp, 100 mA at exposure time 0.5 s) with 0.75-mm slice
thickness and standard (b31f) reconstruction kernel. Quantitative analysis
of CT-included semiautomatic lung segmentation and lung voxel histo-
gram calculation on inspiratory and expiratory series.24 Whole-lung em-
physema score was computed as the percentage of lung voxels with
intensity less than -950 Hounsfield units (HU) on inspiratory scans. In
addition, the 15th percentile of the lung voxel histogram, i.e. the thresh-
old at which 15% of voxels have a lower density, was computed for each
inspiratory series.25 Air trapping was quantified on expiratory CT by cal-
culation of the percentage of lung voxels with intensity value less than the
established threshold of -856 HU.

CMR and 4D-flow CMR protocol
CMR with 4D-Flow technique was performed using a 1.5 T MRI Siemens
system (MAGNETOM, Avanto, Erlangen, Germany) with 8-channel
phased array coil. The field of view was oriented to cover the entire
mediastinum and great vessels. 4D-Flow CMR was performed with inter-
leaved 3D velocity encoding (spatial resolution = 2.4–2.6� 2.4–2.6 x 2.4–
3.0 mm, a = 14–15�, TE/TR = 2.85/48.56 ms). Velocity encoding values
ranged between 100 and 150 cm/s. 4D Flow CMR images were acquired
using a RF-spoiled gradient echo pulse sequence, prospective ECG gating,
and respiratory navigators using bellows.

A cine steady-state free precession (SSFP) technique with retro-
spective gating was used to image the heart from the base to apex dur-
ing brief end-expiratory breath-holds using contiguous short-axis
slices in 8 mm increments. Ventricular volumetric and functional ana-
lyses were performed off-line by a blinded reader using commercially
available software (Argus, MR B17, Siemens AG Healthcare Sector,
Erlangen, Germany). Ventricular end-diastolic and end-systolic con-
tours were manually traced in the axial view for each slice. LV and RV
ejection fraction (LVEF and RVEF) were determined using the modi-
fied Simpson’s rule.

Vorticity computation
The raw 4D-Flow CMR datasets were preprocessed and corrected for
phase offset errors, noise, and anti-aliasing as described previously using
standard recommendations.13 The preprocessed 4D-Flow CMR datasets
were then converted for quantitative and qualitative analysis (Paraview,
Kitware, Clifton, NY, USA) using a custom-made MATLAB program
(Mathworks, Natick, MA, USA).26

Vorticity within the specific ventricular compartment was calculated as
shown previously.19 Briefly, time sampled vorticity was spatially inte-
grated along the entire ventricular volume defined on the basal side by an-
nular rings and by the endocardial segmentation contours created from
SSFP short axis images (see Figure 1). Peak E and A phase vorticity were
then defined as the maximum vorticity values within the corresponding
diastolic phase.

In order to investigate large flow formations within the ventricles,
we have also evaluated every subject for the presence of vortex
formation. Prominent diastolic vortices in healthy individuals are
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formed during diastolic phase along the mitral valve leaflets.
Every subject was evaluated then for the presence of anterior and
posterior mitral valve leaflets (AML and PML). A fully developed vor-
tex was defined as the complete concentric set of rings detected
by either streamline or vector projection at any point in diastolic
cardiac phase.

Statistical analysis
Analyses were performed using JMP 10.0 (SAS Institute, Cary, NC,
USA). Variables were checked for the distributional assumption of
normality using normal plots, in addition to Kolmogorov–Smirnov
and Shapiro–Wilks tests. Variables that were positively skewed (e.g.
vorticity and chest CT metrics) were naturally log-transformed for
the analyses. All normally distributed group specific data sets are re-
ported as mean with corresponding standard deviations or as me-
dian values with interquartile range if non-uniformly distributed.
Demographic and clinical characteristics among COPD patients and
controls were compared using a student’s t-test for normally distrib-
uted continuous variables, Wilcoxon ranked sum test for non-
uniform distributed variables, and v2 for categorical variables. One-
way analysis of variance was applied to investigate variability in sub-
group analysis. Generalized linear regression models were em-
ployed to evaluate the associations between natural log of vorticity
metrics and known COPD risk predictors [chest CT metrics, RVEF,
and 6-minute walk test (6-MWT)]. Significance was based on an a-
level of 0.05.

Results

All subjects successfully underwent same-day 4D-Flow CMR and
Doppler Echo evaluation. For each subject, the LV velocity and vorti-
city vector fields were successfully generated to perform both quali-
tative and quantitative diastolic inflow evaluation (see Figure 2). The
standard haemodynamic, demographic, and pulmonary function data
are summarized in Table 1. Based on FEV1 values, 3 COPD patients
had stage I and 13 had stage II disease per GOLD spirometry criteria.
The mean 6MWT distance (m) was 1329 ± 302. The CMR-derived
LV systolic and volumetric measures were not different between
evaluated groups, except significantly increased CO in the COPD
group (4.6 ± 0.8 vs. 3.8 ± 0.6, P < 0.05). Correspondingly, heart rate
was elevated in the COPD subjects when compared with healthy
controls (78 ± 11 vs. 57 ± 7, P < 0.001). The RV volumetric measures
did not reveal any significant variabilities between considered co-
horts. However, RVEF (%) was significantly reduced in the COPD
group (51 ± 7 vs. 59 ± 9, P < 0.01).

Doppler echocardiography
Table 2 contains a comprehensive summary of all transvalvular and
tissue Doppler velocities. Five COPD patients presented Grade I LV
diastolic dysfunction according to ASE/EAE criteria.23 The mean val-
ues of LV transmitral velocity and tissue Doppler indices (all in cm/s)

Figure 1 The work-flow process towards vorticity computation. The SSFP images served for delineation of the LV endocardial border in diastole
(A). Segmented contours were then superimposed on the velocity vector field (B). Vorticity was computed within the isolated LV flow domain from
the corresponding velocity vector field throughout the entire cardiac cycle, and peak E and A wave vorticity were sampled from each subject (C).
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..for both groups were considered within the normal range.10

However, MV A velocity was increased in the COPD group (72 ± 18
vs. 49 ± 15, P < 0.01) and correspondingly MV E/A ratio was lower in
this group (0.97 ± 0.29 vs. 1.46 ± 0.30, P < 0.01). Furthermore,
COPD patients showed significantly higher MV lateral a’ velocity
(13.6 ± 4.0 vs. 9.0 ± 1.6, P < 0.001) and MV septal a’ velocity
(11.2 ± 2.0 vs. 8.7 ± 1.6, P < 0.01). Three COPD patients presented a
mild mitral regurgitation.

Two and three COPD patients showed Grade I and Grade II RV
diastolic dysfunction, respectively according to ASE guidelines.23 The
TV A velocity was significantly increased in the COPD group (52 ± 34
vs. 25 ± 7, P < 0.05) and correspondingly TV E/A ratio was lower in
the same group (1.0 ± 0.3 vs. 1.7 ± 0.5, P < 0.01). Additionally, TV E/e’
ratio was higher in the COPD group (5 ± 2 vs. 3 ± 1, P < 0.05).

4D-flow CMR and chest CT
4D-Flow CMR and quantitative CT measures are summarized in
Table 3. Figure 2 illustrates the visualization of segmented velocity and
vorticity vector fields in one of the control subjects inside the LV.
The LV peak E vorticity (1/s) in COPD patients was significantly de-
pressed when compared with healthy subjects (3248 vs. 7947,
P < 0.0001), while the mean COPD LV A peak vorticity (1/s) failed to
show any difference (2285 vs. 3686, P < 0.440). The macroscopic
quantitative evaluation of the flow formations in the LV in control
subjects revealed prominent vortex formations along both mitral
valve leaflets during early filing phase. Contrarily, the LV in COPD pa-
tients presented vortex formation only in 8 patients along the AML
(50%, P < 0.05) and in 5 patients along the PML (31%, P < 0.05) (see
Figure 3).

Figure 2 Visualization of velocity and vorticity vector fields during the early diastolic phase in the left ventricle in a control subject. Short-axis (SA)
visualization of the vorticity vector field shows strong vortex ring generated at the early filling phase (top right).
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To further test the sensitivity of vorticity in COPD patients with
presumptive LVDD, we compared vorticity between (i) COPD
patients with detected LVDD (n = 5), (ii) COPD patients with no
evidence of LVDD (n = 11), all assessed by echocardiography, and
(iii) healthy control subjects (n = 10). We found significant differ-
ences between all considered groups (see Figure 4A). Specifically,
patients with COPD and detected LVDD presented significantly
decreased vorticity when compared with controls (2419 vs. 7891,
P < 0.0001) and COPD patients without signs of LVDD (2419 vs.
4075, P = 0.0180). Most importantly, significant differences were
observed between patients with COPD and no echocardiographic
signs of LVDD and the control group (4075 vs. 7891, P < 0.0001).
Similar comparison of Doppler echocardiography markers failed
to show inter-group variability (see Figure 4C–D). Both quantitative
and qualitative perspectives of this inter-group variability can be
viewed in Figure 5 comparing representative subjects in each
group. All intergroup variabilities remained significant when ad-
justed to heart rate.

Regression analysis
The LV vorticity metrics correlated significantly with quantitative CT
measures (see Table 4). The LV E wave vorticity correlated in nega-
tive fashion with whole lung percent emphysema (<-950 HU)
(b ± SE: -55 ± 28, P = 0.041) and emphysema 15th percentile (b ± SE:
29 ± 14, P = 0.043). Additionally, the LV E vorticity correlated in posi-
tive trend with the 15th percentile of air trapping measure (b ± SE:
16 ± 7, P = 0.035). No significant correlations existed between chest
CT indices reflective of air trapping and 4D-flow CMR derived vorti-
city metrics.

.......................................

.................................................................................................

Table 1 Demographics, standard haemodynamics,
spirometry

COPD (n 5 16)

Variable Control

(n 5 10)

No LVDD

(n 5 11)

LVDD

(n 5 5)

Age (year) 57 ± 9 64 ± 7 65 ± 2*

Sex (female) 30% 27% 40%

BSA (m2) 1.87 ± 0.24 1.82 ± 0.20 1.78 ± 0.21

LV CO (L/min) 3.8 ± 0.6 4.9 ± 0.8* 4.2 ± 0.5

LVEF (%) 70 ± 7 70 ± 8 67 ± 13

LV SV (mL) 68 ± 11 65 ± 18 54 ± 13

LV EDV (mL) 98 ± 24 94 ± 21 81 ± 17

LV ESV (mL) 30 ± 13 29 ± 15 26 ± 16

LV mass (g) 62.2 ± 15.6 69 ± 19 70 ± 18

LAVI (mL/m2) 32 ± 5 31 ± 8 33 ± 7

RV EF (%) 59 ± 9 49 ± 6* 52 ± 11

RV SV (mL) 66 ± 16 61 ± 8 64 ± 19

RV EDV (mL) 112 ± 28 123 ± 22 121 ± 14

RV ESV (mL) 46 ± 15 62 ± 17 56 ± 10

HR (bpm) 57 ± 7 78 ± 11** 79 ± 13*

FEV1 predicted (%) N/A 61 ± 12 59 ± 10

FVC (%) N/A 83 ± 10 84 ± 9

FEV1/FVC N/A 55 ± 9 53 ± 9

6-MWT (m) N/A 426 ± 82 353 ± 90

All values are reported as means with corresponding ± SD.
BSA, body surface area; LV CO, left ventricular cardiac output; LVEF, left ven-
tricular ejection fraction; LV SV, left ventricular stroke volume; LV EVD, left ven-
tricular end diastolic volume; LV ESV, left ventricular end systolic volume; LAVI,
left atrial volume index; RVEF, right ventricular ejection fraction; RV SV, right ven-
tricular stroke volume; RV EDV, right ventricular end diastolic volume; RV ESV,
right ventricular end systolic volume; HR, heart rate; FEV1, forced expiratory vol-
ume in one second; FVC, forced vital capacity; 6-MWT, six minute walk test;
COPD, chronic obstructive pulmonary disease; LVDD, left ventricular diastolic
dysfunction.
*P < 0.05.
**P < 0.001 with respect to controls.

.................................................................................................

Table 2 Ventricular diastolic parameters

Variable Control (n 5 10) COPD (n 5 16) P-value

MV E (cm/s) 70 ± 17 65 ± 16 NS

MV A (cm/s) 49 ± 15 72 ± 18 <0.01

MV E/A ratio 1.46 ± 0.30 0.97 ± 0.29 <0.01

MV lat e’ (cm/s) 11.7 ± 3.2 10.5 ± 1.6 NS

MV lat a’ (cm/s) 9.0 ± 1.6 13.6 ± 4.0 <0.001

MV sept e’ (cm/s) 9.9 ± 2.7 9.5 ± 1.8 NS

MV sept a’ (cm/s) 8.7 ± 1.6 11.2 ± 2.0 <0.01

MV sep E/e’ ratio 7.2 ± 2.1 6.9 ± 1.8 NS

MV lat E/e’ ratio 6.1 ± 2.6 6.2 ± 1.8 NS

TV E (cm/s) 43 ± 7 44 ± 13 NS

TV A (cm/s) 25 ± 7 41 ± 34 <0.05

TV E/A ratio 1.7 ± 0.5 1.0 ± 0.3 <0.01

TV e’ (cm/s) 13 ± 4 11 ± 4 NS

TV E/e’ ratio 3.3 ± 0.9 4.1 ± 1.6 NS

All values are reported as means with corresponding ± SD.
SD, standard deviation; NS, not significant; COPD, chronic obstructive pulmon-
ary disease; MV, mitral valve; TV, tricuspid valve; E, peak early diastolic filling vel-
ocity; A, peak late atrial filling velocity.

.................................................................................................

Table 3 4D-flow CMR and chest CT parameters

Variable Control

(n 5 10)

COPD

(n 5 16)

P-value

LV peak E vorticity (1/s) 7947 (7148–8548) 3248 (2876–4578) <0.0001

LV peak A vorticity (1/s) 3686 (2719–5389) 2285 (1885–4519) NS

AML vortex presence 10 (100%) 8 (50%) <0.05

PML vortex presence 10 (100%) 5 (31%) <0.05

Emphysema % < -950 HU 6.7 (1.4–15.0)

Emphysema 15th

percentile

940 (921–951)

Air trapping % < -856 HU 27.3 (11.2–42.3)

Air trapping 15th

percentile

894 (916–843)

All 4D-Flow CMR and chest CT values are reported as medians with corres-
ponding IQR.
HU, Hounsfield unit; PML, posterior mitral leaflet; AML, anterior mitral leaflet;
CMR, cardiac magnetic resonance; CT, computed tomography; LV, left ventricu-
lar; NS, not significant; COPD, chronic obstructive pulmonary disease; IQR, inter-
quartile range; E, peak early diastolic filling velocity; A, peak late atrial filling
velocity.

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

4D-flow CMR-derived vorticity 419

Deleted Text: 1
Deleted Text: 2
Deleted Text: 3
Deleted Text: to 
Deleted Text: p
Deleted Text: p
Deleted Text: p
Deleted Text: &thinsp;- 
Deleted Text: -
Deleted Text: p
Deleted Text: p
Deleted Text: p


Figure 3 Visualization of the velocity vector field in the LV at the peak E wave, focused on the presence of the mitral leaflet associated vortices. An
exemplary control subject presents distinct formation of the mitral valve vortices which were present in each healthy control. On the right side is
shown a typical COPD patient with reduced vortex formation along the mitral leaflets. In total, only 47% of COPD patients showed distinct vortex
formation along the AML and 33% showed vortex present along the PML. AML, anterior mitral leaflet, PML, posterior mitral leaflet.

Figure 4 Subgroup analysis indicating sensitivity of vorticity toward detecting LVDD in patients with COPD. (A) Significant variability existed be-
tween patients with evidenced LVDD by means of echocardiography (n = 5) and patients with COPD and no signs of LVDD (n = 11). Furthermore,
both group presented significantly decreased LV peak early diastolic vorticity when compared with control group. (B) Parallel Doppler echocardiog-
raphy metric MV E velocity failed to reveal any inter-group variability. (C) MV E/A revealed only significance between COPD groups and controls, but
failed to present any difference between COPD—LVDD and COPD groups. (D) Average E/e’ was not different between among considered groups.
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.. To test the involvement of ventricular interdependency, we corre-
lated the RV functional/volumetric CMR derived indices as well as
standard RV echocardiographic diastolic indices with the LV vorticity
measures. The RVEF significantly and positively correlated with the
LV E vorticity (b ± SE: 140 ± 49, P = 0.009), and similarly with the log

Figure 5 Comparative analysis of flow patterns and the vorticity field generated during the early LV diastolic phase between representative con-
trol, COPD without LVDD, and COPD with stage I LVDD subjects. Streamline representation of the flow through the LV mitral valve shows two vis-
ible vortices along both mitral leaflets in control subject. The vorticity vector field covers the entire chamber in the control case, opposed to
incomplete coverage seen in COPD and COPDþ LVDD subjects.

.....................................................................

...................................................................................................

Table 4 Determinants of LVDD in general linear re-
gression model analysis

4D Flow CMR LVDD measure

LV E vorticity ln (LV E/A vorticity)

RVEF 140 6 49 (0.009) 0.030 6 0.014 (0.029)

TV E/A 2917 6 1086 (0.013) 1.05 6 0.45 (0.031)

TV E -7.93 ± 20.55 (0.703) 0.001 ± 0.022 (0.973)

TV A 2133 6 32 (0.022) -0.068 ± 0.048 (0.171)

TV E/e’ -34 ± 273 (0.901) -0.400 ± 0.294 (0.188)

TV e’ 3176 6 1525 (0.022) 4.86 6 1.59 (0.006)

6-MWT 2.201 6 0.85 (0.024) 0.0011 6 0.0003 (0.012)

Emphysema %

< -950 HU

255 6 28 (0.041) -0.018 ± 0.015 (0.256)

Emphysema

15th percentile

29 6 14 (0.043) 0.010 ± 0.008 (0.267)

Air trapping % < -856 -29 ± 20 (0.077) -0.009 ± 0.007 (0.210)

Air trapping 15th

percentile

16 6 7 (0.035) 0.005 ± 0.003 (0.094)

Data are beta coefficients ± SE (P-values). Significant associations are in bold. All
correlations are adjusted for age and sex.
RVEF, right ventricular ejection fraction; TV, tricuspid valve; 6-MWT, six minute
walk test; HU Hounsfield unit; CMR, cardiac magnetic resonance; LVDD, left ven-
tricular diastolic dysfunction; LV, left ventricular; E, peak early diastolic filling vel-
ocity; A, peak late atrial filling velocity.

Figure 6 Positive correlation between RV ejection fraction and
LV E phase vorticity. The association indicative of RV-LV inter-
dependency segregated controls from specific COPD groups.

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

4D-flow CMR-derived vorticity 421

Deleted Text:  
Deleted Text: p


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
LV E/A ratio (b ± SE: 0.030 ± 0.014, P = 0.029) (see Figure 6). Multiple
indices of RV diastolic function correlated with markers of LV dia-
stolic function. TV E/A correlated positively with the LV E peak vorti-
city (b ± SE: 2917 ± 1086, P = 0.013) and log LV E/A (b ± SE:
1.05 ± 0.45, P = 0.031). In addition, TV A correlated negatively with
the LV E peak vorticity (b ± SE: -133 ± 32, P < 0.001). TV e’ also cor-
related in in positive fashion with the LV E peak vorticity (b ± SE:
3170 ± 1590, P = 0.022) and log LV E/A (b ± SE: 4.86 ± 1.59,
P < 0.002). No statistically significant correlations existed between
the CMR derived ventricular volumetric and the LV vorticity indices.
Finally, the LV E wave vorticity correlated with the 6MWT in positive
trend (b ± SE: 2.201 ± 0.85, P = 0.024) and with log LV E/A (b ± SE:
0.0011 ± 0.0003, P = 0.012) (see Figure 7). All correlations remained
significant when adjusted to heart rate.

Discussion

The present study demonstrates that patients with mild-to-moderate
COPD present different LV vortex dynamics than controls despite
having comparable cardiac function and geometry. Diastolic vortex
formation has been previously described, predominantly using con-
trast echocardiography, as a physiological sign of a healthy compliant
LV and an important component of the fluid energetic transfer be-
tween cardiovascular compartments.18,27–29 Importantly, impaired
LV vortex formation and reduced vorticity have been described in
patients with non-ischaemic dilated and hypertrophic cardiomyopa-
thies.17 Furthermore, the LV vortex strength has been investigated in
terms of kinetic energy dissipation between late diastole and iso-
volumetric contraction in patients with heart failure.30,31 Other com-
plex flow dynamic measures derived by echocardiographic tech-
niques and single plane phase contrast MRI, i.e. vortex formation time
metrics, were previously shown to be non-reflective of the LVDD.28

Just recently, a study on the feasibility of detecting ventricular dia-
stolic vortex formation by means of 4D-Flow CMR has been com-
pleted.27 We significantly extend the impact of this study with our
current work, in that we have shown that, in addition to differences

in qualitatively described vortex formations, patients with mild-to-
moderate COPD present decreased 4D-Flow CMR derived vorticity.
4D-Flow CMR can then provide graphical representation of both
qualitative and quantitative flow haemodynamic condition inside the
LV (Figure 4). Given the spatial and temporal localization of its meas-
urement, this vorticity provides a quantitative marker of the LV in-
flow condition19; thus we speculate that it may reflect on very early
stage ventricular remodelling associated with the restrictive nature of
hyperinflation on mediastinal structures. Given the associations be-
tween LV vorticity and RV function, we further speculate that LV dia-
stolic vorticity reflects LV–RV interdependency effects in COPD
which occur due to structural changes earlier in the disease
process.20,32

Effect of hyperinflation on vorticity
Severity of lung hyperinflation in patients with COPD has been previ-
ously described in association with cardiovascular comorbidities and
specifically with LVDD.4,33 Importantly, the severity of hyperinflation
is a well-recognized independent predictor of mortality in patients
with mild COPD.34,35 The elevated ventricular mass and stiffness in
patients with progressed COPD has been recently positively corre-
lated with the severity of hyperinflation determined by standard chest
CT metrics.1,20 However, investigation of subclinical LVDD in associ-
ation with COPD has yet received only limited attention. Previous
study indicated the presence of LVDD in selected patients with se-
vere COPD and showed associations with 6MWT and echocardio-
graphic E/A ratio.36 In our present study, we observed association
between the diastolic vorticity and chest CT metrics descriptive of
percent emphysema and air trapping in patients with normal LV mass
and volumes. In parallel with previous studies, it appears that in early
stage COPD reduced systolic and diastolic ventricular function
occurs in association with restrictive/overextended lung paren-
chyma.32,33 However, further studies considering the involvement of
systemic inflammation and vascular remodelling are required to fully
understand the pathophysiology behind the early ventricular dysfunc-
tion in COPD.

Figure 7 Correlations between LV vorticity metrics and standard clinical marker—6-MWT. 6-MWT positively correlated with the LV E phase
vorticity (left) and with the Ln LV E/A ratio (right).

422 M. Sch€afer et al.

Deleted Text: p
Deleted Text: p
Deleted Text: p
Deleted Text: -
Deleted Text: p
Deleted Text: p
Deleted Text: p
Deleted Text: p
Deleted Text: p
Deleted Text:  
Deleted Text: -
Deleted Text: interdepency


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Effect of ventricular interdependency on
vorticity
Ventricular interdependency is a recurrent pathophysiologic theme
in numerous cardiovascular diseases and was also shown to play a
role in COPD patients.37–39 Therefore, we investigated the relation-
ship between the RV volumetric and functional metrics and LV dia-
stolic vorticity. We found no significant correlations between the RV
volumetric metrics and LV vorticity implying that RV preload might
not be playing crucial role in the mild stages of COPD. However, as-
sociations between RV dimensional parameters and LV filling param-
eters have been previously described in patients with severe
COPD.37 Additionally, a strong relationship between the pulmonary
arterial pressure and LV diastolic function was described in advanced
stages of COPD.5 In this study we found correlations between RV
diastolic indices (TV E/A, TV A, and TV e’) and LV vorticity. Most
interestingly, we observed an association between RV systolic func-
tion (RVEF) and the LV vorticity. This non-invasively described early
involvement of ventricular interdependency in COPD has not yet
been described. However, the investigation of this phenomenon in
early stage COPD would require a larger homogenous group of pa-
tients and chronological observation. Additionally, the effect of the
COPD induced tachycardia on ventricular relaxation properties has
been shown to be rate-dependent.40 We speculate that with pro-
gressive worsening of COPD and LVDD we would observe more
profound decrease in diastolic vorticity, but additional factors such as
decreased LV filling due to reduced RV stroke volume and septal flat-
tening would play important role in this process. Contrary, isolated
LVDD would then reduce diastolic vorticity primarily by elevated
ventricular stiffness compromising diastolic recoil. Future studies
combining 4D-Flow CMR with tissue deformation and myocardial
perfusion imaging would provide more thorough insights into the
LVDD pathophysiology and subsequent effects on impaired diastolic
filling.

We acknowledge several limitations to this study. The number of
COPD patients who could undergo same-day echocardiographic and
4D-Flow CMR evaluation mainly due to physical intolerance limited
the size of this study. Furthermore, our control group did not receive
spirometry evaluation due to their retrospective recruitment. Finally,
the major limitation of 4D-Flow CMR haemodynamic evaluation is its
large temporal resolution and use of prospective ECG gating, which
does not permit more discrete investigation of diastolic function in
tachycardic patients. However, our main findings focus on early dia-
stolic phase, when the LV relaxation properties impaired by LVDD
express most dramatic changes in flow and mechanical haemodynam-
ics. Our future study will include both cardio-pulmonary exercise
protocol, investigation of specific patients with mild COPD and nor-
mal RV dysfunction, along with collection of the blood biomarkers to
fully investigate the effect of COPD on diastolic dysfunction.
Furthermore, we will investigate the feasibility of 4D-Flow CMR as-
sessment of early and presumptive LVDD in routine clinical setting in
larger patient population.

Conclusion

In this study, we demonstrate that 4D-flow CMR derived vorticity is
significantly altered in the LV in diastole in mild-to-moderate COPD

patients. Given the important prognostic aspect of LVDD, this tech-
nique may provide a novel technique for identifying and investigating
the pathophysiologic mechanisms for diastolic dysfunction.
Specifically, the pathophysiologic origins of reduced vorticity requires
further investigation particularly given that our COPD cohort did not
present reduced LV EF and LV volumetric metrics. The effect of
hyperinflation and ventricular interdependency on LVDD and may ul-
timately inform clinical approaches that improve diastolic function
through the treatment of COPD.
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