
Vol.:(0123456789)1 3

Magnetic Resonance Materials in Physics, Biology and Medicine 
https://doi.org/10.1007/s10334-017-0661-9

RESEARCH ARTICLE

Segmental biventricular analysis of myocardial function using high 
temporal and spatial resolution tissue phase mapping

Marius Menza1  · Daniela Föll2 · Jürgen Hennig1 · Bernd Jung3

Received: 18 May 2017 / Revised: 13 October 2017 / Accepted: 30 October 2017 
© ESMRMB 2017

Abstract
Objective Myocardial dysfunction of the right ventricle (RV) is an important indicator of RV diseases, e.g. RV infarction 
or pulmonary hypertension. Tissue phase mapping (TPM) has been widely used to determine function of the left ventricle 
(LV) by analyzing myocardial velocities. The analysis of RV motion is more complicated due to the different geometry and 
smaller wall thickness. The aim of this work was to adapt and optimize TPM to the demands of the RV.
Materials and methods TPM measurements were acquired in 25 healthy volunteers using a velocity-encoded phase-contrast 
sequence and kt-accelerated parallel imaging in combination with optimized navigator strategy and blood saturation. Post pro-
cessing was extended by a 10-segment RV model and a detailed biventricular analysis of myocardial velocities was performed.
Results High spatio-temporal resolution (1.0 × 1.0 × 6 mm3, 21.3 ms) and the optimized blood saturation enabled good 
delineation of the RV and its velocities. Global and segmental velocities, as well as time to peak velocities showed significant 
differences between the LV and RV. Furthermore, complex timing of the RV could be demonstrated by segmental time to 
peak analysis.
Conclusion High spatio-temporal resolution TPM enables a detailed biventricular analysis of myocardial motion and might 
provide a reliable tool for description and detection of diseases affecting left and right ventricular function.
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Introduction

Right ventricular function determines prognosis in patients 
with a variety of heart diseases [1]. Imaging of the right 
ventricle (RV) by echocardiography is restricted to the 
acoustic windows so that MRI has become the gold standard 
for analysis of global RV function such as right ventricu-
lar ejection fraction. However, the assessment of regional 
motion parameters of the RV might have several advantages 

over the analysis of global function. For example, segmen-
tal parameters might help to diagnose RV disease at earlier 
stages [2]. In addition, segmental RV function analysis is an 
important tool for the evaluation of cardiac resynchroniza-
tion [3]. It has been demonstrated that segmental RV myo-
cardial velocities correlate with ejection fraction in healthy 
and diseased RV [4]. In contrast to MR tagging, which is 
limited in imaging of the thin RV walls due to the spatial 
restriction of the tagging grids, phase-contrast MRI permits 
a detailed assessment of regional myocardial velocities in 
all spatial directions and with high spatial coverage of the 
entire heart. Phase-contrast MRI in the context of velocity 
mapping of the myocardium is typically referred to as tissue 
phase mapping (TPM).

TPM has been widely used in volunteer and patient 
studies for the investigation of left-ventricular (LV) myo-
cardial velocities [5–8] and has been validated in various 
publications with the result of a good agreement and higher 
reproducibility compared to other modalities such as tissue 
doppler imaging (TDI) [9–12]. Because of a mean LV myo-
cardial wall thickness of about 7–10 mm [13–15], typical 
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spatial resolutions range from about 1.3 mm in frequency 
encoding direction to about 3.4 mm in phase encoding direc-
tion. Data acquisition is usually performed within breath-
hold [6, 8, 16, 17] or during free breathing with navigator 
respiration control [18–24]. As early as 2000, Kayser et al. 
presented first measurements of global and regional RV 
function using TPM [25]; however, with limited temporal 
(50 ms) and spatial resolution (2.0 × 2.3 mm).

Because of the substantially smaller RV wall thickness 
of about 3–5 mm [26–28], the spatial resolution of TPM 
needs to be increased to avoid partial volume effects during 
segmentation and to properly quantify myocardial veloci-
ties. Therefore, a direct adaption of data acquisition param-
eters as used in previous LV studies [8, 18, 29–32] seems 
not suitable for the RV assessment. Furthermore, a direct 
translation of the assessment strategy for LV TPM data is 
not practicable, as the right ventricle cannot be assumed 
as a ring, and needs to be modified according to the RV. 
Thus, the aim of this study is to investigate a number of 
modifications which are essential for a robust RV assess-
ment: optimization of the black blood saturation pulse, the 
navigator respiration control, and particularly a thorough 
post-processing and analysis of RV myocardial velocities. 
With this newly developed TPM protocol, measurements and 
subsequent quantitative biventricular analysis of velocities 
and timing were performed in a volunteer cohort.

Materials and methods

Study population and data acquisition

Measurements were performed in 25 healthy volunteers 
(age = 29 ± 4 years, 11 female, 14 male) on a 3 T whole 
body system (Trio, Siemens, Erlangen, Germany) using a 
12 channel thorax coil and the system spine array coil for 
signal reception. The study was approved by the local ethics 

committee, and informed consent was obtained from all par-
ticipants. Standard CINE short-axis slices covering the com-
plete LV and RV were acquired with a FLASH sequence in 
order to perform a standardized volumetric assessment of the 
LV and RV. For TPM measurements, three short-axis slices 
(basal, mid-ventricular, apical: positioned equidistantly 
with individual slice distances depending on the heart size; 
Fig. 1) were acquired using a navigator-controlled, prospec-
tively ECG-gated, black blood prepared, velocity encoded 
phase-contrast gradient echo sequence (TE  =  4.5  ms, 
TR = 7.1 ms, flip angle: 15°, bandwidth: 460 Hz, FOV: 
352 × 264 mm2, ACQ-Matrix: 352 × 264) with a real spatial 
resolution of 1.0 × 1.0 × 6 mm3 and a velocity sensitivity 
(venc) of 15 cm/s in-plane and 25 cm/s through-plane. To 
achieve a temporal resolution of 21.3 ms a sequential acqui-
sition strategy [23] for velocity encoding was used with three 
k-space lines acquired per cardiac frame.

Furthermore, kt-GRAPPA based acceleration (PEAK-
GRAPPA [33] with an optimized kernel structure as 
described by Bauer et al. [19]) with 20 auto-calibration lines 
and a reduction factor of R = 5 (Rnet = 3.8) was used result-
ing in an acquisition time of 3.1 min (assuming an average 
navigator efficiency of 50% and a heart rate of 60 bpm).

Center navigator strategy

Typically, navigator echoes are acquired at the end of the 
CINE train and a single navigator decides about the accept-
ance of the subsequent cardiac cycle [34]. In this work the 
navigator echo was recorded in the middle of the cardiac 
cycle (after half of the number of cardiac frames). This has 
the advantage that the acquisition of the current breath-
ing position is temporally closer (± 0.5 heartbeat (HB) vs 
+ 1 heartbeat) to the data of interest, which is either rejected 
or accepted depending on the position of the diaphragm. 
Both navigator schemes are illustrated in Fig. 2a.

Fig. 1  Left: schematic illustration of slice locations and in-plane velocity calculation; right: extended left-ventricular American Heart Associa-
tion 16-segment model with additional self-defined 10-segment model of the right ventricle illustrated in a bullseye plot
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For comparison, TPM acquisitions of basal slices were 
acquired with both navigator strategies in additional five 
volunteers. Subjective blinded image grading was per-
formed by two independent, experienced observers with 
magnitude images. The image quality was scored for 
different heart phases (early systole, late systole, early 
diastole and late diastole) considering edge sharpness, 
blurring and motion artifacts: poor (1), fair (2), accept-
able (3), good (4), excellent (5). For all measurements the 
width of the navigator window was set to ± 4.0 mm. The 
navigator duration was 12.2 ms. The additional time was 
considered in the determination of time to peak (TTP) 
velocity values in diastole.

Black blood optimization

A spatially selective preparation “sandwich”-shaped pulse 
[5] was applied every ~ 150 ms for saturation of the blood 
signal in the ventricular cavities to avoid blood flow related 
artifacts and to simplify segmentation of myocardial con-
tours (Fig. 3). However, it has been shown in our prepara-
tory work that the gap of 24 mm between the two saturation 
bands of the pulse as used for LV application in our previous 
work leads to a decreased signal of the basal RV wall. This 
was observed particularly in systolic frames due to the more 
pronounced long-axis shortening of the RV free wall com-
pared to the LV wall. To analyze the impact of the gap on 
saturation effects, the gap of the saturation bands was varied 
between 20 and 36 mm in a basal slice for additional five 

Fig. 2  a Application and decision scheme of the conventional pro-
spective navigator (top) and the proposed center navigator strategy 
(bottom): the conventional navigator echo located at end of cardiac 
cycle deciding about data from subsequent cycle, navigator placed in 

middle of CINE train deciding about data from same cycle; b com-
parison of representative basal magnitude images between prospec-
tive (top) and center navigator (bottom)

Fig. 3  Schematic representation of the black blood saturation (left) and the according measured saturation profile (right) with a gap size of 
24 mm and the centered slice position (slice thickness 6 mm)
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volunteers. For each gap size, SNR values were determined 
by the averaged signal of RV and LV regions (after segmen-
tation of myocardial contours) and the standard deviation 
of a region of interest including only noise. To this end, one 
noise region was manually segmented in the first time frame 
of a dataset and used for all subsequent time frames.

Data post‑processing

Data post-processing was performed using home-built soft-
ware package in MATLAB (R2014a, Mathworks, Natick, 
MA, USA) to process automatically the phase-contrast MR 
velocity images. After eddy current correction by fitting a 
quadratic surface to the static tissue within the phase images 
[35], epi- and endocardial RV and LV contours were semi-
automatically segmented [36]. Subsequently, the measured 
in-plane velocities (Vx, Vy) of RV and LV were transformed 
into velocity components oriented perpendicular (Vr) and 
circumferential (Vφ) to the endocardial contour (Fig. 1)—
rather than calculating these components via a polar coor-
dinate system with the center of gravity of the segmentation 
mask as presented in the past for the assessment of the LV, 
e.g. [5, 20].

Global velocity time courses of Vr, Vφ and Vz were quanti-
fied for RV and LV. Mean velocities for the LV time course 
were calculated for the entire LV segmentation mask includ-
ing the septal wall, whereas the RV time course was deter-
mined only from the RV free wall. For segmental analysis, 
the LV was divided according to the American Heart Associ-
ation (AHA) 16-segment model [37]. For the analysis of the 
RV, a 10-segment model as illustrated in Fig. 1 is proposed. 
The basal and the mid-ventricular RV slices were divided in 
four equally distributed segments (i.e. with equal distances 
along the endocardial contour) in consistency with the num-
ber of LV free wall segments of the AHA model. The apical 
RV plane was divided into two segments.

Additionally, systolic and diastolic peak velocities (Peak 
Sys/Dia) as well as time to peak (TTP Sys/Dia) values were 
derived from global and segmental Vr and Vz time courses. 
For Vφ, only the first two global peak velocities and corre-
sponding TTPs for all three slices were determined accord-
ing to Simpson et al. [24]. Although the second velocity 
peak of Vφ is still in systole, the peak velocity and corre-
sponding TTP is referred to as Vφ Dia and TTP Dia for sim-
plification (see upper right velocity time course in Fig. 6).

To show statistical differences, a Wilcoxon signed-rank 
test was used (*P < 0.05, **P < 0.01; Table 3) to compare 
global peak velocities and TTPs between RV and LV. Results 
of the segmental analysis are presented as bullseye plots 
(Fig. 1, right) permitting a direct comparison between the 
peak velocities/TTPs of different segments.

Furthermore, the amount of shortening (systole) and 
lengthening (diastole) zsys∕dia was determined by integrating 

global long-axis velocity Vz(t) over time for both ventricles 
and each slice:

For a better visual representation and comparison, all 
time courses were normalized to end systole (as defined by 
the first minimum peak of the global radial basal LV veloci-
ties during diastole) prior to averaging over all volunteers 
(Fig. 6). This removes the timing variability between volun-
teers and makes the curves much easier to compare.

Results

Center navigator strategy

The comparison between the prospective and center naviga-
tor strategy is demonstrated in Fig. 2b and Table 1. For the 
prospective navigator, artefacts and blurring in early and 
late diastole due to respiratory motion are clearly visible. 
The subjective grading in Table 1 reveals a better overall 
image quality between the navigator strategies (2.8 ± 0.2 
vs. 3.4 ± 0.4), as well as a better image quality in different 
heart phases.

Black blood optimization

Figure 4 demonstrates the impact of different gap sizes 
of the black blood saturation pulse. With a smaller gap 
between the two saturation bands, a reduced signal can 
be clearly observed. The reduction is most pronounced in 
regions with strong long-axis motion particularly in the 
free wall of the RV (green arrows Fig. 4). If the width is 
chosen too large, signal of blood-filled cavities is not sup-
pressed sufficiently (red arrows Fig. 4), which may hinder 
a clear differentiation between blood and myocardium. The 

zsys∕dia =
∑

t∈sys∕dia

(

Vz(t)
)

⋅ Δt

Table 1  Image quality grading for the prospective and the center 
navigator strategy by two independent observers for different cardiac 
phases

Early systole, late systole, early diastole and late diastole: poor (1), 
fair (2), acceptable (3), good (4), excellent (5)

Subjective scoring mean values

Prospective Center

Early systole 2.5 (1–4) 2.9 (2–4)
Late systole 3.1 (2–4) 3.6 (2–5)
Early diastole 2.9 (2–3) 3.5 (2–5)
Late diastole 2.8 (1–3) 3.8 (2–5)
Avaraged 2.8 ± 0.2 3.4 ± 0.4
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graph (Fig. 4, right) shows SNR values averaged over all 
time frames and all five volunteers in relation to the SNR 
measured with a gap size of 24 mm (as used for the LV 
in previous studies) revealing an increase by more than 
10% while increasing the gap by 4 mm. For systolic time 
frames with strong motion, a local SNR increase of more 
than 60% in the free heart wall of RV and LV without 
flow artefacts could be observed for gap sizes between 28 
and 30 mm, which were used for the study measurements 
depending on the heart size. 

Volunteer study

Standardized volumetric parameters are summarized 
in Table 2. The averaged TPM scan time per slice was 
2.6 ± 0.5 min (navigator efficiency: 58.5%) and the averaged 
heart rate over all volunteers was 69 ± 14 bpm during the 
TPM measurements. Systolic and diastolic images of a basal 
slice of a representative volunteer are presented in Fig. 5 
with overlaid pixel-wise color-coded long-axis velocities 
and vectors depicting the in-plane velocities. A synchronous 

Fig. 4  Left: basal magnitude images of a representative volunteer 
with different gap sizes of the black blood saturation pulse; regions 
with strong long-axis motion suffer from signal loss due to satura-
tion effects (green arrows). Too large gap widths result in insufficient 

blood saturation (red arrows); right: SNR averaged over the right and 
left myocardium and all time frames normalized to the SNR at gap 
size of 24 mm

Fig. 5  Systolic and diastolic basal magnitude images of a representative volunteer with a pixel-wise color-coded long-axis velocities overlay and 
vectors proportional to the in-plane velocities for systole (top row) and diastole (bottom row)
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motion between the RV and LV can be observed. The high 
spatial resolution enables a good delineation of the thin-
walled RV (systole about 2–5 voxels and diastole about 3–8 
voxels, Fig. 5) and its velocities. The overlays indicate a 
global long-axis and radial contraction and expansion in 
systole and diastole, as well as the clockwise and counter-
clockwise rotation during systole for both ventricles. How-
ever, regional differences of myocardial motion during the 

heart cycle can also be observed. For instance, higher long-
axis velocities in the LV free wall were seen compared to 
the RV free wall.

Global velocities

As shown in Fig. 6 and Table 3, the mean systolic radial 
peak velocities were significantly higher in the basal, mid-
ventricular and apical parts of the RV free wall compared to 
the LV. In contrast, the RV diastolic radial peak velocities 
were only in the apical slice significantly lower compared 
to the LV. Systolic radial TTPs of the RV are significantly 
higher in all slice locations, whereas diastolic TTPs are sig-
nificantly lower (Table 3).

Systolic and diastolic RV long-axis (Vz) peak velocities 
were significantly lower in all slices compared to the LV 
except the basal systolic peak velocity (Table 3). However, 
the shape of the RV velocity time course differed from the 
LV curves (Fig. 6). The LV exhibits one strong velocity 
peak during systole. In the RV, two velocity peaks can be 
observed with approximately the same amplitude. This also 
influences the determination of the global systolic Vz TTP, 
which shows a delay and much higher standard deviation 
compared to the LV (Table 3). Although systolic and dias-
tolic LV Vz peak velocities are higher compared to the RV, a 
more pronounced RV shortening and lengthening (integral 

Table 2  Standardized 
volumetric parameters from 
CINE CMR

LVESV left ventricular end sys-
tolic volume, LVEDV left ven-
tricular end diastolic volume, 
LVEF left ventricular ejection 
fraction, RVESV right ventricu-
lar end systolic volume, RVEDV 
right ventricular end diastolic 
volume, RVEF right ventricular 
ejection fraction

Mean ± STD

Mass in g 150.0 ± 38.8
LVESV in mL 52.6 ± 12.4
LVEDV in mL 143.4 ± 26.7
LVEF in % 62.8 ± 3.7
RVESV in mL 60.5 ± 40.5
RVEDV in mL 149.9 ± 17.3
RVEF in % 58.8 ± 7.1

Fig. 6  Comparison of the global mean time courses of base, mid and apex for radial (left column) long-axis (center column) and circumferential 
velocities (right column) of the left (top row) and the right (bottom row) ventricle averaged over all volunteers
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over Vz) was observed due to a wider width of the systolic 
and diastolic RV Vz time course (Fig. 6). Therefore, the aver-
aged ratio zRV∕zLV of the contraction (systole) and expansion 
(diastole) length exhibited a more pronounced through-plane 
motion of the RV in basal and mid-ventricular slices for 
systole and diastole (zRV∕zLV systole: base 1.31 ± 0.22, mid 
1.26 ± 0.28, apex 1.02 ± 0.61; diastole: base 1.29 ± 0.21, 
mid 1.28 ± 0.38, apex 1.01 ± 0.68). Diastolic Vz TTP of the 
RV were only slightly, but significantly, delayed (Table 3).

Circumferential velocities, Vφ, also showed a similar time 
course for LV and RV in all slices. Systolic peak veloci-
ties were significantly higher in the LV compared to the RV 
(Table 3). The second RV velocity peak of Vφ (referred to as 
diastolic peak) was significantly increased in all slices com-
pared to the LV (Table 3). In all slices, TTPs of Vφ appeared 
synchronously without any significant differences between 
the ventricles (Table 3).

Segmental velocities

As an example, segmental basal radial and long-axis time 
courses averaged over all volunteers are shown in Fig. 7 
revealing regional differences between LV and RV segments 
such as different timing and velocity distribution.

Systolic and diastolic radial, as well as long-axis peak 
velocities in the RV decreased from the free wall to the seg-
ments adjacent to the LV (Figs. 7 and 8). Similar to the 
LV, the highest peak radial and long-axis velocities in sys-
tole and diastole can be found in the basal segments of the 
RV and decrease towards apical segments. The maximum 

velocities were observed in the basal and mid-ventricular 
inferolateral segments of the RV free wall in our 10-seg-
ment RV model (base: radial sys/dia: 5.6 ± 0.9/− 8.4 ± 1.5, 
long-axis sys/dia: 8.0  ±  2.5/−  11.0  ±  2.2; mid: radial 
sys/dia: 5.4  ±  0.9/−  7.4  ±  1.5, long-axis sys/dia: 
5.6 ± 2.0/− 8.6 ± 2.1; Fig. 8).

The segmental TTP analysis (Fig. 9) shows that the RV 
has a different timing compared to the synchronous LV 
behavior, which is supported by an increased standard devia-
tion (std) when averaging over all segments: std TTP VrLV/
RV systole: 7.8/19.5 ms, diastole: 12.3/13.9 ms; std TTP Vz 
LV/RV systole: 4.0/12.2 ms, diastole: 5.5/13.5 ms. Shortest 
systolic radial TTPs can be found in basal inferior RV seg-
ments (Fig. 9). Longest systolic radial TTPs appear in lateral 
and anterior mid-ventricular RV segments, but essentially 
do not differ from corresponding basal segments. Systolic 
RV long-axis TTPs follow a counter-clockwise delay course. 
Highest TTP values are in the basal and mid-ventricular infe-
rolateral and inferior segments and decrease towards apical 
segments. Diastolic radial and long-axis TTPs appear similar 
(Fig. 9). Shortest TTPs also occur in basal inferolateral and 
inferior RV segments and increase towards apical segments.

Discussion

RV function is an important parameter of cardiac prognosis. 
Diseases of the RV or lungs (e.g. arrhythmogenic right ven-
tricular dysplasia, RV infarction, pulmonary hypertension), 
as well as LV pathologies (e.g. dilated cardiomyopathy) can 

Table 3  Overview of 
global peak velocities and 
corresponding time to peak 
(TTP) velocities averaged over 
all volunteers

The stars denote significant differences between RV and LV of the corresponding slice location (*P < 0.05, 
**P < 0.01)

Radial Long-axis Circumferential

LV RV LV RV LV RV

Peak Sys in cm/s
 Base 2.8 ± 0.5 4.1 ± 0.6** 7.2 ± 1.3 6.4 ± 1.8 − 3.1 ± 0.9 − 2.7 ± 1.0*
 Mid 2.9 ± 0.3 3.9 ± 0.6** 5.7 ± 1.3 4.1 ± 1.7** − 3.8 ± 1.0 − 3.0 ± 1.0**
 Apex 2.6 ± 0.4 3.0 ± 0.7** 4.2 ± 1.8 2.0 ± 1.6** − 3.6 ± 0.8 − 3.1 ± 1.2**

Peak Dia in cm/s
 Base − 5.0 ± 0.8 − 5.2 ± 0.7 − 11.7 ± 1.9 − 9.2 ± 1.7** 2.7 ± 0.8 3.7 ± 1.1**
 Mid − 5.1 ± 0.7 − 4.9 ± 0.6 − 8.7 ± 2.0 − 6.9 ± 1.4** 1.7 ± 0.7 2.5 ± 1.0**
 Apex − 5.0 ± 0.9 − 4.5 ± 0.9** − 5.0 ± 1.9 − 4.1 ± 1.4** 0.4 ± 0.8 1.0 ± 1.0**

TTP Sys in ms
 Base 122 ± 26 143 ± 28** 63 ± 11 117 ± 54** 51 ± 12 56 ± 18
 Mid 114 ± 25 153 ± 33** 63 ± 11 125 ± 58** 51 ± 9 58 ± 14
 Apex 109 ± 25 142 ± 40** 57 ± 10 81 ± 29** 54 ± 10 59 ± 16

TTP Dia in ms
 Base 394 ± 33 383 ± 35** 406 ± 32 419 ± 27** 144 ± 18 146 ± 17
 Mid 414 ± 31 399 ± 53** 412 ± 26 425 ± 25** 143 ± 18 144 ± 16
 Apex 422 ± 28 418 ± 39* 400 ± 28 453 ± 81** 144 ± 17 143 ± 22
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cause RV dysfunction. As LV and RV function are closely 
linked, the prognosis of patients with LV heart disease wors-
ens with progressive RV failure [38].

In this work a robust TPM protocol for the acquisition 
of biventricular myocardial velocities with a high temporal 
resolution of 21.3 ms and high spatial resolution could be 
implemented and successfully applied in 25 healthy volun-
teers. The isotropic in-plane resolution of 1.0 mm enabled 
the analysis of the thin right ventricle.

Center navigator strategy

Despite the use of kt-based parallel imaging, the scan time 
(~ 92 s) considering a heart rate of 60 bpm and 100% navi-
gator efficiency) exceeded a normal breath-hold capabil-
ity (~ 16 s). Therefore, respiration control was necessary. 
With the implementation of the center navigator, motion 
artefacts could be substantially reduced in diastole. For 
individuals with very low heart rates and irregular breath-
ing patterns, this strategy might also lead to respiratory 

artefacts in early systole and end diastole. The use of 
more advanced navigator strategies like double naviga-
tor, in which the navigator decision is based on navigator 
signals acquired before and at the end of the cardiac cycle, 
or multiple navigators, played out during the heart cycle, 
might enable a more accurate data acquisition. However, 
these techniques would also substantially increase the scan 
time due to lower acceptance rates [22]. Using additional 
biofeedback techniques in combination with a double navi-
gator strategy [24] enable similar acceptance rates com-
pared to our study, whereas difficulties are expected to 
image patients due to the level of compliance needed to 
use the respiratory trace to guide their own breathing [24].

The total scan time of ~ 8 min for all three short-axis 
slices is relatively long for clinical application. With more 
advanced acquisition strategies such as spiral trajectories, 
the scan time might be reduced to breath-hold tolerable 
duration with still adequate spatio-temporal resolution [7, 
39].

Fig. 7  Segmental mean time courses of basal slice for radial (left column) and long-axis velocities (right column) of the left (top row) and the 
right (bottom row) ventricle averaged over all volunteers
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Fig. 8  Bullseye plots of systolic (top row) and diastolic (bottom row) radial (left) and long-axis (right) peak velocities averaged over all volun-
teers

Fig. 9  Bullseye plots of systolic (top row) and diastolic (bottom row) radial and long-axis TTPs averaged over all volunteers
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Black blood saturation

The optimization of the black blood saturation improved 
image quality and SNR and permitted sufficient blood sup-
pression enabling a proper segmentation. Especially the sig-
nal in the lateral basal heart wall of RV and LV with strong 
long-axis motion could be significantly increased (Fig. 4).

Velocity analysis

Because of the different geometry of the RV compared to the 
LV, a new strategy was proposed to calculate radial and cir-
cumferential velocity components for both ventricles based 
on the endo-myocardial wall. We also compared global and 
segmental LV peak velocities and TTPs of the new calcula-
tion strategy presented here with the conventional LV calcu-
lation values using a paired t test. No significant differences 
could be observed (P > 0.05). All global and segmental LV 
peak velocities match also well with the LV velocities of 
a comparable age-matched group of Föll et al. [20]. Here, 
the LV velocity components were calculated based on polar 
coordinates and a lower spatial resolution was used. Cor-
responding TTP values also agree well which suggests that 
the temporal resolution of 21.3 ms (compared to 13.8 ms 
in [20]) is sufficient to capture the wall motion dynamics.

In addition to LV analysis, our TPM protocol allows a 
complete RV evaluation for base, mid and apex. Our results 
show that the RV function exhibits a more complex tim-
ing and segmental peak velocity distribution compared to 
the LV. Moreover, a more pronounced RV shortening and 
lengthening was observed—a fact that provoked the optimi-
zation of the black blood saturation pulse. Radial velocities 
were higher in the RV compared to the LV. High radial RV 
velocities might be explained by the predominantly trans-
versal myocardial fiber orientation of the free RV wall [40]. 
Systolic TTPs were delayed in the RV compared to the LV. 
As the aortic valve closes before the pulmonary valve, the 
duration of systole is shorter in the LV compared to the RV 
and the measured TTP might reflect the delayed behavior of 
the cardiac cycle in the RV.

In line with literature, we found highest velocities in the 
long-axis direction of the RV [25]. In this study, a compara-
ble distribution of mid-ventricular RV radial velocities was 
described. Our global RV mid-ventricular time courses are 
similar to Steeden et al. [41], whereas in our study velocity 
peak values were higher. Previous studies by Steeden et al. 
[41], with no segmental analysis, and by Kayser et al. [25] 
who divided the mid-ventricular RV slice in six segments, 
a 10-segment RV free wall model covering the whole heart 
based on the AHA 16-segment LV model was introduced to 
enable segmental analysis. Furthermore, additional features 
like the closure of the valves and more pronounced veloc-
ity peaks were observed. Additionally, scan time could be 

reduced from 8–9 min to 2.6 ± 0.5 min while increasing 
spatial as well as temporal resolution of about 40 and 22%, 
respectively, compared to Steeden et al. [41].

However, the studies of Kayser et al. and Steeden et al. 
[25, 41] did not include time to peak velocities and only a 
single mid-ventricular slice without blood saturation was 
acquired. Especially for basal short-axis acquisitions, where 
the blood flow is most pronounced, saturation is necessary 
to avoid flow artefacts.

Furthermore, we presented a comprehensive evaluation 
of global and segmental velocities, as well as the timing of 
the complete RV. To our knowledge, such an analysis was 
still missing in literature.

RV evaluation using echocardiography is limited due to 
restrictions of the acoustic window in many patients. There-
fore, only regional lateral long-axis velocities for basal and 
mid-ventricular segments are commonly obtained from a 
four chamber view for the analysis of RV motion [42–44]. 
As TPM data are determined from fixed short-axis slices a 
direct comparison is difficult. However, the comparison of 
longitudinal RV peak velocity values between the control 
groups of these echocardiography studies [42–44] reveal 
strong deviations among each other.

MRI, in contrast, is the gold-standard for the evaluation of 
RV ejection fraction and offers the advantage of a quantita-
tive, relatively examiner-independent and regional RV func-
tion analysis. Several methods such as MR tagging [45–48] 
or displacement encoding with stimulated echoes (DENSE) 
[49–51] were assessed for the evaluation of segmental three 
directional RV function by analyzing strain and strain rate. 
Compared to high resolution TPM, these methods exhibit 
a lower spatial (> 1.5 mm) [52] and temporal resolution 
(> 28 ms) [52]. MR tagging is additionally limited to the 
spatial raster size of the saturation grid (> 4 mm) [52]. These 
limitations might hamper the detection of local small differ-
ences in myocardial function of the thin RV due to partial 
volume effects.

Another possibility to determine strain or strain rate from 
CINE time series is called feature tracking (FT) [53] and 
was already successfully applied to the RV [54]. As only the 
contours of the myocardium are tracked over time, motion 
information is only obtained from the translation and defor-
mation of the myocardial borders and not from the myo-
cardium itself [55] as with tagging or TPM. Additionally, 
a recent study showed differences in strain measurements 
between two types of FT solutions [56].

Strong relations between velocities and myocardial func-
tion have been reported in previous literature, for example, a 
correlation between systolic long-axis and rotational veloci-
ties and myocardial contractility [57], as well as between 
early diastolic velocities and active diastolic function [58, 
59]. Furthermore, the evaluation of LV synchrony, which 
relies on a highly time-resolved evaluation of segmental 
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ventricular motion, has gained increased importance for the 
management of patients with dyssynchrony. Such patients 
may in particular benefit from a robust and comprehensive 
biventricular motion analysis based on TPM velocities—
promising results have already been presented for the LV 
[31, 60]. Moreover, an echocardiography study by Thor-
stensen et al. [61] reported that velocity parameters were 
more sensitive in detecting contraction changes of the LV 
than strain.

Our proposed TPM method provides high temporal and 
spatial resolution velocity maps even of the thin RV. TPM 
acquisitions also inherently include information on deforma-
tion due to the relation of deformation/strain and velocity 
(i.e. time integral of velocity yields displacement, deforma-
tion is derived from the spatial variation of displacement), 
as used for TDI-based strain analysis as well as for previous 
TPM studies [62–64]. In situations of very small spatially 
localized changes in myocardial function the acquired three 
short-axis slices might not be sufficient and strain based 
methods covering the whole heart might be more sensitive.

However, the sensitivity of these strain based methods in 
the detection of small changes in myocardial RV motion in 
comparison to high resolution TPM velocities and/or TPM 
derived strain has to be further investigated.

Conclusion

High spatio-temporal resolution TPM implemented in this 
work enables a detailed biventricular analysis of myocar-
dial motion and might provide a reliable tool for description 
and detection of diseases affecting left and right ventricu-
lar function. With the advantages of high spatio-temporal 
resolution, examiner-independency and possibility for a seg-
mental evaluation, our pilot study on TPM MRI of the RV 
in healthy volunteers might serve as a base for multi-center 
studies of biventricular function in patients. Further work 
should include gender- and age-related analysis, as well as 
an extended analysis of the complex timing between RV and 
LV to extrapolate comprehensive inter- and intraventricular 
synchronicity parameters.
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