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A B S T R A C T

Background: Doppler based mitral annular velocities are an integral part of echocardiographic left ventricular
diastolic function assessment. Although these measurements can be obtained by phase contrast cardiac magnetic
resonance imaging (PC-CMR), this approach has limitations. The aims of this study were to assess the accuracy
and reproducibility of a high temporal resolution steady-state free precession (SSFP) cine acquisition coupled
with semi-automated mitral annular tracking to measure tissue velocity, and compare to echocardiography as
the reference method.
Methods: High temporal resolution (17ms) 4-chamber cines were acquired in 25 volunteers using retrospective
and prospective gating on a 3.0 T magnet. Mitral annular early (e′) and late (a′) tissue velocities were derived
using a novel algorithm to semi-automatically detect the mitral valve insertion points and track its motion.
Additionally, PC-CMR was used to measure mitral inflow early diastolic (E) velocity. Those measurements were
also obtained using echocardiography based pulsed and tissue Doppler techniques, on the same day.
Results: Subjects were on average 34 ± 14 years-old (48% male). The lateral annulus e′ measurements had the
best agreement with echocardiography with a concordance correlation coefficient (CCC) of 0.76 and 0.75 for
prospectively and retrospectively gated cine CMR respectively. There was no significant difference in the lateral
annular tissue velocities between echocardiography (13.8 ± 3.7 cm/s) and prospective (13.4 ± 3.7 cm/s) or
retrospective (14.0 ± 3.7) acquisitions. Similarly, CMR measurement of E/e′ (a surrogate marker for LV filling
pressures) using the lateral e′ velocity showed moderate agreement with echocardiography (CCC of 0.56 and
0.51 for prospective and retrospective acquisitions respectively) without a significant difference in ratios
(5.3 ± 1.6 and 5.0 ± 1.3) compared to echocardiography (5.2 ± 1.4). Intra- and inter-observer reproduci-
bility of the CMR-based annular velocity measurements was good.
Conclusion: Measurements of mitral annular tissue velocities can be obtained from SSFP 4-chamber cine images
using a semi-automated annular tracking algorithm, and demonstrates moderate agreement with echocardio-
graphy. The semi-automated method can provide quantitative mitral annular velocity measurements directly
from conventional cine images, thereby providing additional clinically relevant information. The accuracy of
this method in patients with diastolic dysfunction remains to be determined.
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1. Background

Assessment of left ventricular diastolic dysfunction has diagnostic
and prognostic value in patients with heart failure [1,2]. Although
echocardiography is most commonly used for the non-invasive assess-
ment of diastolic function [3,4], cardiac magnetic resonance (CMR) has
an emerging role [3,5,6]. In addition to providing unique measures
such as myocardial fibrosis [7,8], and edema [9–11], CMR can also
provide the traditional parameters used to evaluate diastolic function
without the limitations of acoustic windows that beset echocardio-
graphy [3–6,12–14]. Amongst the various diastolic parameters that can
be measured by CMR, myocardial tissue velocity at the mitral annulus is
especially important as it helps differentiate patients with normal
versus stage 2 diastolic filling pattern, differentiate constrictive from
restrictive cardiomyopathy, and allows the estimation of left ventricular
filling pressures [4,12,14–16].

Studies using phase contrast CMR (PC-CMR) have been performed
to measure myocardial tissue velocities at the mitral annulus, but only
modest correlation with Doppler echocardiography has been shown
[5,17]. Practically, this technique has several limitations including low
temporal resolution [17], variability in the tissue velocity values de-
pending on the location of measurement [5], susceptibility to back-
ground phase offset errors [17–19], and the need for significant manual
interaction with the data [5]. Myocardial deformation parameters have
been successfully extracted from steady state free precession (SSFP)
cine images using CMR feature tracking algorithms [13,20,21], and
myocardial tissue excursion at the mitral annulus has been measured
using SSFP cine images by automatically detecting and tracking the
mitral valve insertion points [22–24]. Such use of SSFP images to track
myocardial displacement at the mitral valve insertions has the potential
to overcome the previously described limitations associated with PC-
CMR techniques. However, tissue velocities at the mitral annulus de-
rived from CMR feature tracking have not been validated against tissue
Doppler echocardiography. The objective of this study was to assess the
accuracy and reproducibility of deriving tissue velocity at the mitral
annulus from high temporal resolution SSFP cine images using Doppler
echocardiography as the reference standard in healthy volunteers.

2. Methods

2.1. Study population

Healthy volunteers were recruited using local advertisements. All
volunteers gave informed consent to undergo CMR and echocardio-
graphy exams within a few hours on the same day. Absence of cardi-
ovascular disease or risk factors was confirmed by history at the time of
enrollment. Volunteers with CMR contraindications were excluded.
This study was approved by the hospital research ethics board.

2.2. CMR image acquisition and analysis

Retrospectively and prospectively gated breath-held cine SSFP
images in the four-chamber view were acquired on a 3.0 Tesla scanner
(Siemens, Tim Trio) using a 32-channel phased-array coil. Two ECG
gating methods, prospective triggering and retrospective gating, were
used and compared. Prospective triggering provides more precise
timing of data acquisition with respect to the R wave, but the resulting
images do not cover the entire cardiac cycle, missing late diastole.
Retrospectively gated acquisition ensures that the entire cardiac cycle is
covered, however temporal interpolation is employed in the re-
construction process. Images were planned with the medial and lateral
mitral annulus included and the left ventricular outflow tract excluded.
Common scan parameters used for both the prospectively triggered and
retrospectively gated cine acquisitions were as follows: TR/TE=2.5/
1.1 ms, 108× 192 matrix, and parallel imaging (GRAPPA) acceleration
factor of 3. The flip angle was set to the maximum allowed by SAR

limits and averaged 62° for retrospective and 47° for prospective trig-
gering. An average field-of-view of 283mm×377mm resulted in
spatial resolution of 2.0× 2.6mm with an 8mm slice thickness. For the
prospectively gated acquisition, segmented k-space data (6 lines per
segment) with true temporal resolution of 15.42ms were acquired over
a 12 heartbeat breath hold to reconstruct cardiac phases (frames)
spanning approximately 1.5 heart beats; this modification to acquire
data beyond one cardiac cycle was done to ensure that end diastole was
imaged, which is not normally the case for prospectively triggered ac-
quisitions. For the retrospectively gated acquisition, data were acquired
with a true temporal resolution of 17ms, and 60 frames were re-
constructed regardless of heart rate; at an average RR interval of
937ms, this resulted in an average reconstructed temporal resolution of
15.45ms. A summary of acquisition parameters for prospective and
retrospective cine imaging is presented on Table 1.

In addition, a through-plane PC-CMR scan was run at the level of the
mitral valve tips (set-up in diastole) parallel to the mitral annulus to
measure early (E) diastolic mitral inflow velocity. Acquisition para-
meters were: TR/TE=4.5/1.9 ms, 10mm slice, 100×192 matrix,
GRAPPA acceleration rate= 3, VENC=150 cm/s, true temporal re-
solution 36ms. A region of interest at the site of diastolic inflow was
manually placed on one frame and propagated through all frames to
measure the peak E velocity. The accuracy of propagation was verified
on each frame and modified if necessary. All measurements were made
by a reader blinded to the echocardiography data.

2.3. CMR annular velocity measurement

The mitral annular medial and lateral peak diastolic velocities were
measured by semi-automated tracking of anatomical landmarks using
both the retrospectively and prospectively gated datasets by a reader
blinded to all other data. Time/velocity curves were generated and
visually compared by the reader to the respective tracking results on the
images (Fig. 1); manual adjustments to tracking points were made if
errors in the automated tracking were visually detected. The tracking
algorithm estimated the peak apex-to-base medial and lateral annular
velocities using the acquired cine SSFP data in a semi-automated
manner using the following steps: (i) the automatic detection of mitral
valve insertion points [25], (ii) tracking of this position over the entire
cardiac cycle using deformable registration [25], (iii) B-Spline inter-
polation of landmark positions for smooth time-velocity curves, and (iv)
a manual correction by the user in cases of suboptimal automated
tracking. Although components of the algorithm were previously de-
scribed in detail elsewhere [22,25–27], the final complete algorithm
demonstrated here is novel.

2.4. Landmark detection

The first step in the algorithm involved the detection of relevant
anatomical landmarks. Landmark detection was used to automatically
detect the mitral leaflet annular insertion points and the apex of the left
ventricle. The algorithm employs a unified approach to anchoring
components. This is a method of confirming that certain landmarks
belong together as an anatomical group. These anchoring components

Table 1
Imaging parameters for prospective and retrospective cine SSFP imaging.

Imaging parameters Prospective cine Retrospective cine

Repetition time (TR) 2.5ms 2.5ms
Echo time (TE) 1.1ms 1.1ms
Flip angle 62° 47°
Slice thickness 8mm 8mm
Spatial resolution 2.0× 2.6mm 2.0× 2.6mm
True temporal resolution 15.42ms 17ms
Acceleration factor (GRAPPA) 3 3
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are then converted into parameterized bounding box representations
that fit into an object detection framework. Such representation embeds
not only individual anchoring components but also their context that
contains rich information to distinguish the anchoring components
from its background and other anatomical structures. We applied a
learning-based method to train the detectors using expert, manual an-
notations in order to handle complex appearance and heterogeneous
characteristics of anatomical features in medical images, as the complex
prior knowledge is implicitly encoded. Learning based object detection
approaches have been demonstrated successfully in other medical
imaging applications [27,28].

The fully automated landmark detection approach can be flexibly
applied to a wide range of anatomical structures. For example, our
framework has been applied to detect the LV basal mitral valve plane
and LV apex in long-axis images, as shown in Fig. 1, as well as RV
insertion points to the LV, and RV lateral annulus (a point where the RV
outer boundary changes directions significantly within the image) in
short-axis images. We validated our approach on 8304 long-axis
images, containing 4-, 3-, and 2-chamber views, using a 4-fold cross-
validation scheme [26]. In each of these images, the base plane (two
annulus anchors) and the apex of the LV were manually annotated by
experts and used as the reference standard for evaluation. The overall
performance of the mitral annulus anchor points on all the images was
5.1 ± 6.8mm (mean ± SD) with a median of 3.7 mm proving to be
robust and accurate for the purposes of tracking the mitral valve an-
nulus velocities. However, post detection the frame to frame registra-
tion accuracy is sub-pixel, i.e.< 2mm on this data [25].

2.5. Tracking in time series data using deformable registration

In order to track the detected mitral annulus points, we employ a
symmetric and inverse-consistent deformable registration technique
[25] to register all images of the given time series. This allows us to
automatically propagate the annulus anchor locations throughout the
time series following the tissue motion. Deformable image registration
between two images is performed as follows. Consider two images de-
scribed by the square-integrable functions f1 :ℝn↦ℝ and f2 :ℝn↦ℝ.
Deformable image registration searches for a function Φ12 :Ω→Ω that
transforms each location x in Ω (Ω is a bounded region of ℝn,n= 2,3)
using a displacement field u :Ω→ℝn such that both images are accu-
rately aligned: Φ12(x)=x+u(x). This function is searched in a set of
admissible functions such that it minimizes an energy functional � , and
the minimizing function Φ presents the solution of the deformable re-
gistration problem:

 = f fΦ arg min ( , ; Φ )1 2 12J (1)

where J depends on the two images f1, f2 and Φ12 describing the
transformation from f1 to f2. The deforming function Φ12 can be

retrieved by descending the gradient of J using an iterative scheme of
composing incremental updates of the deformation:

= ∘ + ∇ ⋆+ τ GΦ Φ (id · )u σ12,k 1 12,k J (2)

with τ controlling the step size along the gradient, and Gσ denoting a
Gaussian filter. Step size parameter τ describes a trade-off between
speed and accuracy.

We then use the theory of multi-objective optimization to leverage
an interleaved optimization scheme subject to constraints of symmetry
and inverse-consistency of the estimated image alignment. In this op-
timization scheme the gradient of a symmetric energy functional is
descended by alternating the registration direction after each iteration.
At the same time, inverse consistency is enforced through updating the
inverse direction. The numerical implementation of this scheme can be
done efficiently and the resulting algorithm requires little extra time
per iteration when compared to a highly optimized, one-directional
method. The proposed method has been found to provide accurate
image registration while requiring significantly less time to be com-
puted than state-of-the-art symmetric registration methods.

Annular tracking was performed using the local cross-correlation
(LCC) because it has been proven to be a robust and accurate similarity
measure for mono-modal image registration. The LCC for 2d images, i.e.
f∈ℝ2,is defined as:
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where f1 and f2 are the mean values of the neighborhood nb around
location (i, j)∈ℝ2 in both images, and Nnb determines the number of
elements in that neighborhood. The symmetric formulation of LCC can
be written as:

= +f f f f f f( , , Φ) ( , , Φ ) ( , , Φ )1 2 1 2 12 2 1 21J J J (4)
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Using an interleaved optimization scheme, we are able to find a
deformation field Φ that fulfills the symmetric constraint of Eq. (4) (see
reference [25] for details on the optimization). This deformation field
presents an accurate and consistent solution between two images.

In order to track the changing location of an anatomical feature
such as the mitral annulus throughout a cardiac cycle, we register the
available cine time series images using the algorithm described [25]. To
achieve this registration, we pick a keyframe, e.g., the first frame in the
series that typically represents the end-diastolic phase (ED), to which

Fig. 1. Example of CMR and echocardiographic images and mitral annular velocity curves in one volunteer. The semi-automated annular tracking method is
illustrated in panel A with the mitral annular lateral and medial velocities for 1.5 cardiac cycles in panel B. The lateral annular tissue velocities (Panel C) by
echocardiography are shown. Mean lateral e′ velocities are 11.6 cm/s (echo) and 11.9 cm/s (CMR prospectively triggered), while the a′ velocities were 5.8 cm/s
(echo) and 4.9 cm/s (CMR). (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

P. Thavendiranathan et al. Magnetic Resonance Imaging 55 (2019) 72–80

74



all other phases are connected by the deformation field. The registra-
tion, however, is performed on consecutive images or phases, and the
consecutive deformation fields are then concatenated with all previous
phases in order to link the deformation field to the keyframe. Fig. 2
illustrates the consecutive registration scheme on a series of mid-ven-
tricular cardiac MRI images.

The automatically detected and tracked mitral annulus and apex
landmarks are further smoothed using B-Spline interpolation in order to
suppress variations in spatial location over time that are due to image
noise. An example time/velocity curve that is produced by the auto-
mated tracking algorithm is shown in Fig. 1b.

A further optimization of the consecutive registration scheme can be
employed when the image series represents a complete cardiac cycle, as
it typically does in retrospectively gated cine acquisitions. In this case,
the first and last frame of the series can be considered to be adjacent in
time, and the registration algorithm can be started in two directions
simultaneously, i.e., for frames 0, 1,…, N/2-1, and for frames 0, N-1, N-
2, …, N/2. While both series share keyframe 0, they are otherwise
treated as independent of each other. There are two advantages in this
optimization: (i) when using a multi-core computer system, the regis-
tration of the two series can be performed in parallel, and (ii) potential
error accumulation propagates only through half the series and can be
minimized by registering the end points of each series; i.e., images N/
2–1 and N/2 where N is the number of images or phases in the time
series.

The automated mechanism of tracking mitral valve insertion points
on cine MR images (Fig. 1a) throughout the cardiac cycle was combined
with a user interface designed to support manual correction of the
automated results in a standalone program running on an independent
computer workstation. DICOM images were exported from the MRI
system and read directly into this program for analysis.

2.6. Deriving peak velocities

The automatically generated velocities for each temporal frame in
the cine sequence were plotted against time and the medial and lateral
annular early (e′) and late (a′) diastolic peak tissue velocities were
identified as the highest velocity at the time of early relaxation and
atrial contraction, respectively. Fig. 1a shows the detection of the mitral
valve insertion points at the medial and lateral annulus, and Fig. 1b
depicts the velocity/time curve as a result of the tracking for medial
(blue) and lateral (red) annular points. Fig. 3 shows the tracking results
for three different data sets through selected images of the acquired
time series. The figure shows how the algorithm is capable of dealing
with varying image qualities and information to achieve visually ac-
curate tracking performance.

In the same cohort of 25 subjects, mitral inflow velocities and tissue
velocities were extracted from PC-CMR images and cine SSFP images,
as well as Tissue Doppler Imaging (TDI) echocardiography. The data
were acquired on the same day for each subject and all image proces-
sing and data analysis was performed retrospectively. Mitral inflow
velocities E and A, and e′, a′ velocities for medial and lateral wall
motion were measured in order to compare lateral, medial, and com-
bined e′, a′ and E/e′ between the two modalities.

2.7. Echocardiography acquisition and analysis – reference standard

All echocardiography studies were performed by an experienced
sonographer using a GE system (Vivid 7) with a 4MHz 2-D transducer
(GE Healthcare, Milwaukee, Wisconsin). Echocardiography data were
acquired on the same day as the CMR study for each subject. Mitral
inflow velocities were measured from the apical 4-chamber view using
a 2–5mm pulsed wave Doppler sample volume placed at the tip of the
mitral valves as per guidelines [4]. Similarly, from apical views the
mitral annular medial and lateral tissue velocities were measured using
tissue Doppler imaging and a 2mm pulsed wave Doppler sample vo-
lume. Acquisition settings were optimized to obtain the highest tem-
poral resolution (> 70Hz) and minimization of pulsed wave spectral
broadening. All mitral inflow and tissue Doppler velocities were mea-
sured and averaged across 3 consecutive heart beats. All measurements
were performed by an experienced dedicated research echocardio-
graphy technologist in a core lab setting blinded to all CMR data.

2.8. Reproducibility

In 10 subjects, the inter-observer variability of the algorithm for
measurement of medial and lateral annular velocities was assessed by
two readers blinded to each other's results. The intra-observer varia-
bility was also assessed by one reader by re-measuring the velocities in
10 patients 4months later, blinded to their previous measurements.

2.9. Statistical analysis

Continuous data with normal distribution are expressed as
mean ± standard deviation, and non-normally distributed data as
median and interquartile range. All annular and mitral inflow velocity
measurements were normally distributed as determined using the
Kolmogorov-Smirnov test and visual inspection of the data using
normal plots. The presence of outliers was determined using the Outlier
Labeling Rule [29]. Paired t-test was used to test difference between
measurements. Since 3 comparisons were made for some analyses, a
p < 0.0167 was considered statistically significant. Agreement be-
tween methods was examined using Bland-Altman analysis and Lin's
Concordance Correlation Coefficient (CCC) and intra-class correlation
(ICC). Inter- and intra-observer variability was assessed using ICC and
coefficient of variation (COV). All statistical analysis was done using
MedCalc (11.4.2.0, Mariakerke, Belgium) and SPSS (19.0.0, IBM Cor-
poration, Chicago, IL).

3. Results

3.1. Volunteer demographics and feasibility

A total of 25 volunteers (12 male, 13 female) were included with a
mean ± standard deviation (mean ± SD) age of 34 ± 14 years, range
18–65 years. Measurement of e′ and a′ velocities using both pro-
spectively and retrospectively gated cine CMR images and the auto-
mated algorithm was feasible in all subjects for both the medial and
lateral annulus. In all cases at least one manual correction step was
performed on the tracked landmarks to correct for algorithm

Fig. 2. An illustration of the consecutive de-
formable registration scheme for registering
cardiac MR time series data. Images f_1, …, f_N
are registered pair-wise with its temporal
neighbor resulting in registration Reg_2, …,
Reg_N whose outcomes are deformation fields
Phi_ij for images f_i and f_j. Deformation field
Phi_ij will be used to initialize the registration
procedure Reg_j+ 1 through warping image
f_j + 1 yielding image f′_j + 1.
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instabilities due to image noise, acquisition length (e.g.> 1 cardiac
cycle in prospectively triggered acquisitions), and signal variations
caused by blood-flow that “distracted” the deformable registration al-
gorithm. The approximate time necessary to automatically track the
annulus and obtain velocities was< 1min, however, if manual ad-
justment was necessary processing time can increase by up to 10min.
The measurement of mitral inflow E velocity by CMR and echocardio-
graphy and annular velocities by echocardiography was feasible in all
volunteers.

3.2. Annular velocity measurements

The mean ± SD measurements of mitral annular medial and lateral
velocities for the prospective and retrospective acquisitions are sum-
marized in Table 2. There was no statistically significant difference in
medial and lateral e′ velocities obtained using either prospectively or
retrospectively gated cine CMR data in comparison to

echocardiography (Table 2). However, the a′ velocities were under-
estimated by both CMR techniques in comparison to echocardiography
for both the medial and lateral annuli. The CCC/ICCs for comparisons of
prospectively gated CMR acquisition with echocardiography for the
medial and lateral e′ velocities were 0.65 (95% CI 0.38–0.82)/0.65
(95% CI 0.36–0.83) and 0.76 (95% CI 0.54–0.89)/0.77 (95% CI
0.55–0.89), respectively, while for a′ velocities they were 0.27 (95% CI
0.09–0.45)/0.03 (95% CI −0.36–0.41) and 0.51 (95%: 0.25–0.71)/
0.46 (95% CI: 0.10–0.72). For comparison, the CCC/ICCs of retro-
spectively gated CMR acquisition with echocardiography, were 0.60
(95% CI 0.28–0.80)/0.61 (95% CI: 0.30–0.81) and 0.75 (95% CI
0.51–0.88)/0.75 (95% CI: 0.53–0.88) for medial and lateral e′ velo-
cities, and 0.31 (95% CI 0.08–0.50)/0.14 (95% CI: −0.25–0.50) and
0.39 (95%: 0.05–0.64)/0.36 (95% CI −0.03–0.65) for medial and lat-
eral a′ velocities. When prospective and retrospective gated acquisitions
were compared to each other there was no statistically significant dif-
ference between the lateral velocity measurements, but there was a
significant difference in the medial annular velocities. Bland Altman
comparisons for the various annular velocities are presented in Fig. 4.
There was minimal systematic bias for the medial and lateral annular e′
velocities, however, the a′ velocities were underestimated by CMR. The
relationship between age and annular velocities are illustrated in Fig. 5
for the retrospectively gated CMR acquisition. An identical trend was
seen for prospectively gated cine CMR (data not shown).

3.3. Mitral inflow E velocity and filling pressure estimation

The mean ± SD mitral inflow E velocities are summarized in
Table 2. There was no significant difference in this measurement be-
tween PC-CMR and echocardiography (p=0.66). The CCC/ICC for
comparison of mitral inflow E velocities between echocardiography and
CMR was 0.73 (95% CI 0.48–0.87)/0.73 (95% CI: 0.48–0.87).

The E/e′ ratio for medial and lateral annulus for the prospective and
retrospective acquisitions and echocardiography are summarized in
Table 2. There were no significant differences in these measurements
between the two techniques with respective p values ranging from
0.08–0.64. There were no significant differences between the two CMR
techniques for E/e′ ratio for the lateral annulus, however E/e′ calcu-
lated using the medial annulus velocity was significantly higher with

Fig. 3. Examples of CMR long-axis images and velocity curves in three different volunteers showing the annulus velocities that result from semi-automatic tracking of
mitral valve insertion points.

Table 2
Comparison of annular velocities between echocardiography and semi-auto-
mated annular tracking using prospectively and retrospectively gated CMR
data.

CMR
prospectively
gated

CMR
retrospectively
gated

Echocardiography

Medial annulus
e′ (cm/s)

9.3 ± 3.1† 10.7 ± 3.0 10.5 ± 2.9

Medial annulus
a′ (cm/s)

4.3 ± 1.9⁎ 4.5 ± 2.6⁎ 7.2 ± 2.0

Lateral annulus
e′ (cm/s)

13.4 ± 3.7 14.0 ± 3.7 13.8 ± 3.7

Lateral annulus
a′ (cm/s)

5.3 ± 2.3⁎ 5.7 ± 2.6⁎ 7.1 ± 2.5

E/e′ ratio medial 7.9 ± 2.7† 6.6 ± 1.7 6.9 ± 2.1
E/e′ ratio lateral 5.3 ± 1.6 5.0 ± 1.3 5.2 ± 1.4
Mitral inflow E

velocity
(cm/s)

68 ± 18 67 ± 15

⁎ p < 0.0167 in comparison to echocardiography, †p < 0.05 between the
two CMR methods.
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the prospectively triggered acquisition. The CCC/ICCs for the E/e′ ratio
between echocardiography and prospectively triggered cine CMR for
the medial and lateral annulus were 0.33 (95% CI −0.02–0.61)/0.32
(95% CI: −0.07–0.63) and 0.56 (95% CI: 0.23–0.78)/0.57 (95% CI:
0.24–0.79), respectively; the CCC/ICCs for the same comparisons be-
tween echocardiography and retrospectively gated cine CMR were 0.19
(95% CI −0.20–0.53)/0.20 (95% CI: −0.19–0.55) and 0.51 (95% CI
0.15–0.75)/0.52 (95% CI:0.17–0.75), respectively.

3.4. Observer variability

Mitral medial and lateral early annular (e′) velocities presented

better inter-observer agreement for both prospectively and retro-
spectively gated CMR acquisitions (ICC≥ 0.80, COV 4.7–11.4%), when
compared with late (a′) diastolic velocities (ICC≥ 0.38, COV
22.8–23.8%), as summarized in Table 3. The intra-observer agreement
of early (e′) diastolic velocities was again significantly higher
(ICC≥ 0.86, COV 4.8–13.4%) than late (a′) diastolic velocities
(ICC≥ 0.44, COV 8.7–17.8%).

4. Discussion

This study illustrates the use of a semi-automated method to mea-
sure mitral annular velocities using high temporal resolution CMR 4-

Fig. 4. Bland-Altman comparison of CMR and echocardiography measurements of annular velocities. There was minimal bias between the methods for comparison of
e′ velocities, however there was a larger bias for the a′ velocities.

Fig. 5. Relationship between age and annular velocities for the retrospectively triggered CMR acquisition. The correlation for the lateral e′ velocity with age was
−0.55, with medial e′ it was −0.47.
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chamber cine images. The measured annular velocities showed mod-
erate agreement with those obtained by Doppler echocardiography,
which was used as the reference standard. The velocities were also in
keeping with previous findings that in normal subjects the lateral an-
nular velocities are higher than the medial, and that annular velocities
decrease with age [30]. Furthermore, there was moderate agreement
between the CMR measurement of E/e′ and echocardiography specifi-
cally in the lateral annulus. The annular measurements had good inter-
and intra-observer reproducibility specifically for the measurement of
early diastolic velocities.

4.1. Current methods and limitations

Heart failure is one of the leading forms of heart disease in the
United States [31] with up to 40–50% of the patients having normal
systolic function with diastolic dysfunction being the primary cause of
the symptoms [1,32]. Furthermore, diastolic function assessment has
important prognostic value both in patients with systolic and diastolic
heart failure [33,34]. Although echocardiography has been the pre-
dominant method used for the non-invasive assessment of diastolic
function and LV filling pressures, CMR has an important role as an
adjunctive test when TTE data cannot be obtained due to poor acoustic
windows, or when CMR is prescribed for the assessment of LV systolic
function or myocardial viability. A comprehensive assessment of dia-
stolic function is feasible by CMR using PC-CMR sequences to measure
mitral inflow and annular velocities and pulmonary vein flow velocities
[35]. However, PC-CMR has limitations when used for tissue velocity
measurements due to the strong dependence on the site of measurement
[5], annular plane through-plane motion, and phase offset errors.
Furthermore, studies based on PC-CMR acquisitions have required
manual positioning of the region of interest on each phase of the cardiac
cycle, making this measurement time consuming and subjective. As a
consequence, the use of CMR in clinical evaluation of diastolic function
has remained limited.

4.2. Novel method for measuring annular velocities

The use of high temporal resolution cine CMR to measure mitral
annular velocities by semi-automated annular detection and tracking is
a novel method for the determination of annular velocities. The level of
automation improves the workflow and inter-observer variability of the
obtained measurements. The ability to visualize the translation of the
annulus from the cine images provides an opportunity to verify the
adequacy of the tracking algorithm and make adjustments as needed.
With the completely automated algorithm, the annular detection,
tracking, and velocity measurements are obtained in< 1min on stan-
dard PC hardware. When manual adjustments to annular tracking are
made, this can take up to 10min. Furthermore, the high temporal re-
solution that is obtainable using cine CMR compared to traditional PC-
CMR sequences ensures that the peak tissue velocities are more likely to
be accurately captured. Also, concerns about phase offset errors which
continue to plague PC-CMR acquisitions are avoided with this method
[18,19].

The agreement between this new method and Doppler echocardio-
graphy for annular velocity measurements is consistent with the mod-
erate correlation demonstrated previously by Paelinck et al. using PC-
CMR acquisition in comparison to echocardiography (Pearson's
r=0.49) [5]. This correlation of 0.49 in their study was the best value
amongst multiple measurements obtained at several locations around
the mitral annulus. Other studies have also illustrated only modest
agreement with echocardiography [17]. This may reflect the funda-
mental differences in the measurement of tissue velocities by the two
modalities, and the angle dependence of the velocity measurements
with echocardiography. Also, the agreement in E/e′ ratio in this study is
similar to Paelinck et al.'s results where the r values were 0.59 and 0.38
for the medial and lateral annular measurements respectively. They did,
however, report a higher correlation for the best annular measurement
obtained from the posterior inter-ventricular septum; a location which
was not available for measurement in our 4-chamber images. Other
studies [35,36] have reported higher correlations for the annular ve-
locities and E/e′ ratio likely reflecting the inclusion of normal and ab-
normal subjects in the same analysis (hence increasing the distribution
of the data on the x-axis), and the use of long axis PC-CMR acquisitions
with in-plane velocity encoding. The latter is also subject to limitations
by the need to make adjustments to the site of tracking through each
phase of the cardiac cycle due to translation of the mitral annulus.

There was relatively poor agreement in the a′ velocities obtained
with CMR versus echocardiography in this study. This may illustrate the
need for even higher temporal resolution than that obtained with the
cine sequences used in this study. However, previous work with this
semi-automated algorithm has illustrated that the amount of noise in
the measurement increases as the temporal resolution increases [22].
Despite this, the measure of a′ velocity has limited clinical utility and
has not been recommended in guidelines for the assessment of diastolic
class or filling pressures [4].

This study also uniquely demonstrates the use of both retro-
spectively gated and prospectively triggered cine acquisitions with the
semi-automated algorithm. The agreement with echocardiography was
similar with either method, however the absolute velocity measure-
ments were slightly higher with the retrospective compared to the
prospectively triggered scans despite the fact that temporal interpola-
tion is inherently used in the reconstruction. Furthermore, images
spanning the entire cardiac cycle including late diastole are more effi-
ciently acquired with retrospective acquisitions.

4.3. Other novel methods to measure diastolic function

There has also been a growing interest in the use of myocardial
strain imaging to measure LV diastolic function and left atrial function
[37]. Myocardial tagging or feature tracking algorithms can be used on
cine SSFP images to measure LV diastolic strain. Also the feature
tracking algorithms allow measurement of left atrial strain and strain-
rate providing an assessment of left atrial reservoir, conduit, and
booster pump function [38]. Left atrial function changes appear to be
associated with diastolic dysfunction and correlate with exercise tol-
erance [39]. The temporal changes in LA function in relationship to

Table 3
Inter- and intraobserver agreement.

Interobserver Intraobserver

Prospective Retrospective Prospective Retrospective

ICC (95% CI) COV (%) ICC (95% CI) COV ICC (95% CI) COV ICC (95% CI) COV

Lateral e′ 0.96 (0.84–0.99) 4.7% 0.86 (0.52–0.96) 10.4% 0.97 (0.88–0.99) 4.0% 0.98 (0.90–0.99) 4.8%
Lateral a′ 0.75 (0.31–0.93) 23.8% 0.67 (0.07–0.90) 15.0% 0.86 (0.56–0.96) 12.7% 0.95 (0.72–0.99) 8.7%
Medial e′ 0.80 (0.33–0.95) 11.1% 0.88 (0.60–0.97) 10.8% 0.92 (0.73–0.98) 6.6% 0.86 (0.53–0.96) 13.4%
Medial a′ 0.39 (−0.15–0.79) 22.8% 0.38 (−0.36–0.80) 16.8% 0.71 (0.21–0.92) 13.2% 0.44 (−0.24–0.83) 17.8%
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diastolic strain parameters remains to be determined. It is likely that
mitral inflow and annular measurements as proposed by our algorithm
and LV and LA strain analysis will play complementary roles in the
assessment of diastolic function.

4.4. Limitations

The study had a small sample size and investigated only healthy
volunteers; however, our sample size was not significantly different
from previous studies on this topic [5]. The focus on healthy volunteers
is a reflection of the fact that this is the first study assessing the accu-
racy and reproducibility of this method in the clinical setting with a
reference standard. Future studies should focus on differentiating
grades of diastolic dysfunction in patients and correlation of filling
pressures with invasive angiography. The level of manual adjustment
required with the tracking algorithm was probably mostly due to the
artifacts caused by field inhomogeneity and blood flow that are com-
monly encountered with SSFP cine imaging at 3.0 T. The artificial
image features created by these artifacts sometimes caused the tracking
algorithm to lose its identification of the annulus. Therefore at present
the potential need for manual adjustment and the associated time re-
quirement (~10min) may impact clinical application. However, the
level of automation and tracking performance will be improved in the
future, especially at lower field strength where these artifacts are less
significant. Although the comparison between CMR and echocardio-
graphy using CCC and ICC only showed modest correlation, the level of
agreement was consistent with previous studies [5,17] and likely re-
flects the fundamentally different techniques used to measure the an-
nular velocities and the inclusion of healthy volunteers only. The au-
tomated tracking algorithm has some intrinsic limitations including the
inability to track through plane motion and the application to only 2-
dimensional data. Regardless, similar approaches with echocardio-
graphy to measure diastolic function have been shown to have tre-
mendous prognostic value. Finally, this is a novel algorithm that would
require clinical validation and experience before clinical application,
however, the semi-automated methodology makes it adaptable to
clinical practice.

4.5. Conclusions

This study illustrates the use of high temporal resolution cine CMR
acquisition coupled with an efficient semi-automated mitral annular
tracking method to measure mitral annular velocities. These measure-
ments can be used in conjunction with other CMR measurements of
diastolic function to determine diastolic class. Specifically, the e′ ve-
locity can be combined with the early mitral inflow E velocity to esti-
mate the E/e′ ratio as a marker of LV filling pressure. With this new
algorithm an agreement with echocardiographic measurement was best
achieved using the lateral annular velocities. Although there was only
moderate agreement in the annular velocity and E/e′ ratio between
CMR and echocardiography, the level of agreement was consistent with
previous studies using PC-CMR, and this semi-automated method
should have workflow advantages that will support the use of CMR for
the assessment of diastolic function. Ultimately, the accuracy of this
method in patients with various degrees of diastolic dysfunction must
be investigated.
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