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Abstract

Purpose

Volume indices and left ventricular ejection fraction (LVEF) are routinely used to assess car-
diac function. Ventricular strain values may provide additional diagnostic information, but
their reproducibility is unclear. This study therefore compares the repeatability and repro-
ducibility of volumes, volume fraction, and regional ventricular strains, derived from cardio-
vascular magnetic resonance (CMR) imaging, across three software packages and
between readers.

Methods

Seven readers analysed 16 short-axis CMR stacks of a porcine heart. Endocardial contours
were manually drawn using OsiriX and Simpleware ScanlP and repeated in both softwares.
The images were also contoured automatically in Circle CV142. Endocardial global, apical,
mid-ventricular, and basal circumferential strains, as well as end-diastolic and end-systolic
volume and LVEF were compared.

Results

Bland-Altman analysis found systematic biases in contour length between software pack-
ages. Compared to OsiriX, contour lengths were shorter in both ScanlIP (-1.9 cm) and
CVI42 (-0.6 cm), causing statistically significant differences in end-diastolic and end-systolic
volumes, and apical circumferential strain (all p<0.006). No differences were found for mid-
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ventricular, basal or global strains, or left ventricular ejection fraction (all p<0.007). All CV142
results lay within the ranges of the OsiriX results. Intra-software differences were found to
be lower than inter-software differences.

Conclusion

OsiriX and CV142 gave consistent results for all strain and volume metrics, with no statistical
differences found between OsiriX and ScanlP for mid-ventricular, global or basal strains, or
left ventricular ejection fraction. However, volumes were influenced by the choice of contour-
ing software, suggesting care should be taken when comparing volumes across different
software.

Introduction

Accurate and reproducible quantification of cardiovascular properties is imperative for correct
identification and management of many cardiovascular diseases. Prognosis post myocardial
infarction is partially based on measurements of end-diastolic and end-systolic volumes, or left
ventricular ejection fraction (LVEEF), as these reflect adverse remodelling of the left ventricle
[1-4]. Non-invasive measurement techniques using many imaging modalities have become
popular in monitoring disease progression. Cardiovascular magnetic resonance (CMR), for
example, provides high spatial resolution, has a high reproducibility, especially for images
taken in the short-axis [5, 6], and is now widely used for quantification of clinical measure-
ments by both clinical and research institutions.

CMR images can be used as non-invasive diagnostic tools to assess LVEF and, more
recently, ventricular strains. Ventricular strains quantify ventricular deformation and are
dependent on the change in endocardial or epicardial lengths throughout the cardiac cycle.
They have been shown to be sensitive markers for myocardial dysfunction [5, 7, 8]. Strain can
be measured from imaging data such as CMR, usually using off-line post-processing software
packages. Most strain methods, like LVEF, depend on the placement of endocardial or epicar-
dial contours, thus accurate and repeatable contouring is needed for precise results. There are
three factors affecting the precision of strain acquisition: the repeatability of imaging/image
quality, the choice of software used for image processing and contouring, and the reader con-
firming or altering the resultant contours [9, 10]. Poor image quality, especially in short-axis
images, can be minimised by use of CMR imaging as opposed to echocardiography [6]. Choice
of software and individual reader bias have been shown to produce differences in contouring,
which in turn lead to differences in left ventricular volumes [9, 11]. Inconsistencies in strains,
nevertheless, have not been robustly investigated; as strains are derived from the same endo-
cardial/epicardial border data used for the calculation of LVEF, it is possible that there will also
be inconsistencies in strain values too.

A large range of commercial software packages have become available over the last decade,
many with in-built image analysis tools, which can operate on an automatic, semi-automatic,
or manual basis. Through machine learning and greyscale thresholding techniques, vendors
have been able to incorporate automatic and semi-automatic contouring of the left ventricle
into software packages, with accurate results which need minimal manual alterations [12]. Cal-
culation of strain should be simple if contour lengths are known and can be done relatively
simply with numerical analysis software, however many advanced software packages have in-
built strain calculation. This calculation may rely on placement of landmarks such as right
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ventricular insertion points to the left ventricle, increasing the need for human input. More-
over, these are typically ‘black box’ systems using closed-source, proprietary algorithms for
image segmentation and/or strain calculation, which increases the uncertainty of the strain
calculation.

A cross-centre study for CMR centres showed that there can be large variations in both
endocardial and epicardial contouring even amongst expert readers [11], confirming that
delineation of the left ventricular myocardium from the blood pool and epicardium is highly
dependent on the reader, even when using images of superior quality such as steady-state free
procession CMR images [9]. This potentially results in differences in final clinical metrics. It
has even been noted that until now, there has been inconsistency and poor repeatability in
strain calculations with few validated values for circumferential strain especially, and no uni-
versal absolute values for healthy or different pathological strains [13-15], which have limited
translation into clinical decision making and standard practice guidelines [16].

This study aimed to investigate the variability introduced to clinical metrics by different
readers and different pieces of software when using CMR images. The clinical metrics under
investigation were end-diastolic volume (EDV), end-systolic volume (ESV), LVEF, global cir-
cumferential strain (GCS), and three regional circumferential strains; apical, mid-ventricular,
and basal.

Methods
Data acquisition

Cine CMR images from one porcine specimen (age = 7 months) suffering from induced heart
failure with dilated cardiomyopathy were selected. This data collection, and analysis presented
here, was part of a study demonstrating a closed-chest porcine model of myocardial infarction
and reperfusion, assessed by serial imaging and biomarker measurements, and proteomics tis-
sue analysis [17]. Those animal procedures were undertaken at the University of Bristol Trans-
lational Biomedical Research Centre in accordance with the United Kingdom Animal
(Scientific Procedures) Act, 1986 (under PPL 7008975) granted by the Home Office after for-
mal review and approval by the University of Bristol Animal Welfare and Ethics Review Body
(AWERB). Specimens were induced to general anaesthesia by a professional veterinary anaes-
thetist, using an IV infusion of Propofol at 1.0 mg/kg boluses, with anaesthesia maintained
with Isoflurane in oxygen with the vaporiser set at 2%. Finally, while still under anaesthesia
and full monitoring, animals underwent median sternotomy to expose the heart with euthana-
sia involving intracoronary injection of cold (0-4°C) cardioplegic solution.

CMR images were acquired in both short- and long-axes slices, using a CMR image scanner
(Siemen Healthcare Limited, Magnetom 3T PRISMA, Erlangen Germany) with a spatial reso-
lution of pixels of 1.6 mm x 1.6 mm. Temporal resolution was 30 frames per cycle. FISP func-
tional cinematic images were acquired in the three long axis planes (2-,3- and 4- chamber
orientation) of the left ventricle and in a contiguous stack of short axis slices from base (at the
level of the mitral valve) to the apex. The acquisition parameters are as follows: slice thickness
8mm, base resolution 208, phase resolution 80%, TE 1.39 ms, TR 46.5 ms, flip angle 450, band-
width 1335 Hz/Pixel, calculated phases (temporal resolution) 30, data segments per R-R 15.
For short-axis images the slice thickness was 8 mm with a 2 mm gap, which is similar to that
used in other studies [17-19]. The short-axis view series covered the left ventricle from the
apex to the base using 11 slices, nine of which were chosen for contouring in this study. Data
were taken from one specimen, at one time point from a larger study [20], and the data were
from the 30-day experimental time point, as the image quality was considered to be superior
with no image artefacts.
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Image analysis

Seven readers from one institution (University of Bath, Bath, UK) independently analysed the
data set on four separate occasions, twice on each of two software packages (OsiriX and Sca-
nIP) with at least one interval passing between each occasion. The whole workflow is shown as
a schematic in Fig 1.

OsiriX (Pixmeo, Geneva, Switzerland) is a DICOM viewer commonly used in clinical set-
tings. The user places a number of markers along the border of interest with the software then
interpolating a spline curve between these points to generate the contour (Fig 2A). The length
and internal area of this contour are given automatically in cm and cm” respectively. In OsiriX,
typically one cine CMR image slice is viewed through all frames, showing the user the same
location at different points in the cardiac cycle as references to guide their contouring.

Simpleware ScanIP (Synopsys, Inc., Mountain View California, USA, Version 7) is a 3D
image segmentation and processing software commonly used in biomedical engineering, and
which has a comprehensive environment capable of handling and complying with DICOM
standards. Segmentation/contouring is based on thresholding the greyscale values of the
DICOM images, and individual pixels can be inserted or removed using a ‘paint’ tool (Fig 2B).
There is no inbuilt tool to measure curved lengths and perimeters, so images were binarised
and exported for analysis in MATLAB (Release 2017b, The MathWorks, Inc., Natick, Massa-
chusetts, United States). The convex hull of this segmented region of interest was found and
the total perimeter length of the convex hull calculated. In ScanIP all slices at one point in the
cardiac cycle can be viewed in order to provide a 3D representation, but neighbouring slices
are presented as references to guide the user’s contouring.

Most readers had prior knowledge of at least one of the pieces of software or were otherwise
trained on the software prior to the study taking place. Two users had prior knowledge of
delineating LV contours and a training session on this process was provided to the other users
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Fig 1. Schematic representation of workflow from imaging through to strain analysis. 16 short-axis cardiac MRI stacks were used from one specimen. Endocardial
contours were traced in three software packages ScanIP, OsiriX, and Circle CVI42. Short-axis slices were grouped into three regions apex, mid-ventricle, and base, and
regional circumferential strains were calculated as the average over slices in the region. Global circumferential strain, end-diastolic and end-systolic volumes, and left
ventricular ejection fraction were also calculated.

https://doi.org/10.1371/journal.pone.0242908.g001
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Fig 2. Visual comparison of contouring approaches in ScanIP and Osirix. A. Contour representation in ScanIP. Pixels within the endocardium are selected (based on
thresholding or manual selection), to be exported in a binary image format. B. Contour representation in OsiriX. Contours markers are placed at points around the
endocardium, and a spline curve is interpolated between these points.

https://doi.org/10.1371/journal.pone.0242908.9002

prior to testing. However, four of the users did have prior knowledge of the ScanIP software
(one for LV contouring) and one user prior knowledge with OsiriX again for LV contouring.
The experienced reader was equally experienced in both software packages. All contours were
placed manually in both OsiriX and ScanIP, following the SCMR guidelines of standardised
image interpretations and post-processing of DICOM CMR images [21], with both papillary
muscles and trabeculae included in the blood pool. All readers received training in the software
new to them and in the SCMR contouring guidelines from one expert reader before undertak-
ing the study; however, all readers performed their analyses in isolation, with no further
influence.

Sixteen consecutive short axis CMR frames from the original 30 were chosen for endocar-
dial contouring, with the first frame occurring just before end-diastole (ED) and the last frame
just after end-systole (ES). Readers contoured all 9 slices from the 16 timeframes provided to
them, covering the majority of the LV, from base to apex. All contours were assessed by an
experienced reader to ensure they followed the SCMR guidelines of the experiment and were
otherwise clinically acceptable.

Once all contours were drawn, the data were extracted from OsiriX and ScanIP and pro-
cessed using an automated MATLAB script. Volumes for each frame were calculated for both
OsiriX and ScanIP. OsiriX automatically calculates the area enclosed by a contour for each
slice and frame. These areas were multiplied by the sum of the image slice thickness (8 mm)
and gap (|2 mm), i.e. 10 mm, and summed across the LV to give the total LV volume. This is
the composite midpoint integration method described by O’Dell et al. [22] and was found in
that study to be sufficiently accurate for clinical use when used with between six to twelve
image slices.
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For ScanIP the MATLAB function convhull returned the area within the convex hull
derived for each contour. These areas were similarly summed for each slice and frame, and
then multiplied by 10 mm to find the volumes at each time-point. For the calculation of clini-
cal metrics, ED was defined as the time with maximum LV volume, and ES was defined as the
time with minimum LV volume. From these volumes, LVEF was calculated.

Endocardial circumferential strain was also calculated using the perimeter length data for
every slice and frame for both OsiriX and ScanlIP. Strain, €,, was defined using the clinical
standard, in Eq 1:

€& = (1)

where L, is the endocardial perimeter reference length at ED, and L, is the endocardial perim-
eter length at time # for a given cine slice. These short axis image slices were then grouped into
three vertical regions in the LV, apex, mid-ventricle, and base, with each region containing
three slices. The means of the circumferential strains in each region were then calculated to
give: apical circumferential strain (ACS), mid-ventricular circumferential strain (MCS), basal
circumferential strain (BCS) [6]. GCS was also calculated as the mean of the circumferential
strains from all nine slices.

CVI42 (Release 5.11.2, Circle Cardiovascular Imaging Inc., Calgary, Canada), which has an
in-built automatic contouring function, was also tested on the same CMR images. Contouring
was performed once using the software’s automated algorithm and these contours were then
used to calculate endocardial strain as before. CVI42 has the functionality to calculate clinical
indices such as LVEF from these contours, and although it can also calculate myocardial strain,
the strain definition it uses is quite different to that defined here and thus would not form a
suitable comparison. Using CVI42’s automatic contouring of the endocardium in this way
does however still provide an ‘automated method’ for computing the strain metrics of ACS,
MCS, BCS, and GCS for comparison with that derived from OsiriX and ScanIP. Perimeter
lengths, areas, volumes, and strains were determined as before, with all measurements and
post-processing undertaken by one experienced reader. The results from this CVI42-based
method were then directly compared to those from OsiriX and ScanIP.

Statistical analysis

Data are presented as means, standard deviations, and 95% confidence intervals for each soft-
ware package and repetition. Mean differences and standard deviations between the four
groups are also presented.

Statistical analyses were run on all variables of interest: ACS, MCS, BCS, GCS, EDV, ESV,
and LVEF. Paired t-tests were used to compare means, either between ScanIP and OsiriX or
between reader contouring repetitions. T-tests pairing OsiriX repetition one with OsiriX repeti-
tion two, and pairing ScanIP repetition one with ScanIP repetition two were performed to assess
within-software variability. T-tests pairing OsiriX repetition one with ScanIP repetition one,
and OsiriX repetition two with ScanIP repetition two were performed to assess inter-software
package differences. A p-value of 0.05 was the desired level of statistical significance, however,
as several parameters were being assessed, Bonferroni corrections were performed to decrease
the likelihood of type I errors [17], yielding a significant p-value < 0.007. As CVI42 gave only
one data point for each clinical index it could not be included in these statistical analyses, and
therefore only the contour length data was compared using Bland-Altman analysis.

Bland-Altman analysis was performed to evaluate the variation and bias in the endocardial
perimeter length measurements across all the readers, with limits of agreement defined at 95%.
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The Bland-Altman analysis data points were split into test repetitions when comparing ScanIP
to OsiriX (test 1 and test 2). As CVI42 had only one test repetition, the assumption was made
that CVI42 could be considered 100% repeatable in the delineation of the endocardial con-
tours, as they were generated automatically. As such, the CVI42 data was treated as both the
first and second test repetitions for comparison with the first and second test repetitions in
ScanIP and OsiriX. All statistical analyses were performed using Stata (StataCorp. 2019. Stata
Statistical Software: Release 16. College Station, TX: StataCorp LLC.) and MATLAB.

Results
Visual assessment of contouring

After visual assessment of all contours from all readers by one expert reader, no unacceptable
contours were found in ScanIP or OsiriX. It was also noted qualitatively that the locations of
large disagreement between readers were most noticeable at the apex. CVI42 performed well
for the porcine data, although it is not currently validated for use in animal models. Manual
alteration of these automatically derived contours was performed when required, mainly in
the apex. It was also found that CVI42 had not accurately identified the time points corre-
sponding to ES and ED from the images, so these were judged by one expert reader.

Mean and standard deviation of attempts

Means of each variable, for each group, (OsiriX test 1 and 2, and ScanlIP test 1 and 2) and their
standard deviations are presented in Table 1. Comparison of the means for a particular vari-
able across the four groups provides a comparison between each software and each attempt.
Similar means are found for across the four groups for MCS, BCS, GCS and LVEF, however
slightly larger variations are observed for ACS, and much larger variation for EDV and ESV.
This analysis is made more precise in the next section and Table 2.

The magnitude of the standard deviation of a variable relative to the corresponding mean
for a particular software and attempt gives an indication of the reproducibility of that variable
between users. For instance, the reproducibility between users for the strain variables MCS,
BCS, and GCS was good, with the standard deviations (SD) for these three variables being less
than 10.4% of the mean value for all groups (Table 1). The reproducibility for the volume met-
rics was also good, with all SDs being less than 10.6% of the mean value for the groups. How-
ever, for the strain variable ACS the reproducibility was lower, with the SD being a maximum
of 34% of the mean value across the groups.

Paired group statistics

Paired means, and mean differences between the four groups and their standard deviations,
are presented in Table 2. Standard deviations of the paired differences were on average higher
for the differences between the two software packages, rather than between reader test repeti-
tions on the same software. The repeatability between OsiriX tests 1 and 2, and ScanlP tests 1
and 2 were good for all variables with all mean difference SDs being less than 10% of the mean
values, apart from ACS, where the mean differences SDs were 46% for OsiriX, and 22% for
ScanIP. The repeatability between a given attempt between software packages (inter-software)
was lower than the intra-software repeatability, with all mean difference SDs being less than
16% of the mean values, apart from ACS, where the mean differences SDs were less than 32%
of the mean values.

The results for all variables from the CVI42-based method lay within the same ranges for
the equivalent variables when calculated using OsiriX (Figs 3A-3D & 4A-4C). For the relative
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Table 1. Means, standard deviations, standard deviation as a percentage of the mean, and 95% confidence intervals for all variables in each software package for
both repetitions.

Variable Test Mean SD SD as a % of mean Lower 95% CI Upper 95% CI
ACS (%) OsT1 -11.9 4.1 34.5 -15.7 -8.2
OsT2 -10.5 2.2 21.0 -12.6 -8.5
ScT1 -15.9 3.1 19.5 -18.8 -13.1
ScT2 -13.5 2.2 16.3 -15.4 -11.4
MCS (%) OsT1 -19.7 1.1 5.6 -20.8 -18.7
OsT2 -18.8 1.3 6.9 -20.0 -17.6
ScT1 -21.1 1.7 8.1 -22.6 -19.5
ScT2 -20.6 1.0 4.9 -21.6 -19.7
BCS (%) OsT1 -30.1 0.9 3.0 -30.9 -29.3
OsT2 -29.5 1.52 5.1 -30.9 -28.1
ScT1 -30.5 2.6 8.5 -32.9 -28.0
ScT2 -29.8 3.1 10.4 -32.7 -27.0
GCS (%) OsT1 -20.0 1.4 7 -21.3 -18.8
OsT2 -19.7 1.0 5.1 -20.6 -18.7
ScT1 -20.9 1.8 8.6 -22.6 -19.2
ScT2 -20.3 1.8 8.9 -22.0 -18.7
EDV (mL) OsT1 160.1 8.0 5.0 152.7 167.4
OsT2 158.7 9.9 6.2 149.5 167.8
ScT1 123.8 7.8 6.3 116.6 131.0
ScT2 122.8 7.5 6.1 115.9 129.8
ESV (mL) OsT1 98.1 8.1 8.3 90.6 105.6
OsT2 97.6 9.5 9.7 88.9 106.4
ScT1 74.8 7.9 10.6 67.5 82.1
ScT2 76.0 6.9 9.1 69.6 82.4
LVEF (%) OsT1 38.9 2.3 59 36.8 41.0
OsT2 38.6 2.6 6.7 36.2 41.0
ScT1 39.6 33 8.3 36.5 42.6
ScT2 38.1 2.5 6.6 359 40.4

OsT1 = OsiriX test 1, OST2 = OsiriX test 2, ScT1 = ScanlIP test 1, ScT2 = ScanlIP test 2, ACS = apical circumferential strain, MCS = mid-ventricular circumferential
strian, BCS = basal circumferential strain, GCS = global circumferential strain, EDV = end-diastolic volume, ESV = end-systolic volume, LVEF = left ventricular ejection

fraction.

https://doi.org/10.1371/journal.pone.0242908.t001

metrics (strains and LVEF), the CVI42 data was generally within the ranges for both ScanIP
and OsiriX (Figs 3A-3D & 4C). For the absolute volume metrics, EDV and ESV, the CVI42
data was only in the ranges for the OsiriX tests (Fig 4A and 4B).

Investigation of the paired t-tests showed that EDV had highly statistically significant differ-
ences between the two software packages for both sets of repetitions (both p<0.0004, Table 2).
The ESV measurement also showed statistically significant differences between OsiriX and
ScanlIP for both repetitions (both p<0.006, Table 2). For ACS, the paired t-tests indicated that
there was evidence of a mean difference between software packages for repetition 2 only
(Table 2).

Bland-Altman analysis of systematic differences

Bland-Altman analysis of the contour length measurements showed that there was a systematic
difference in the lengths between all three pieces of software (Fig 5A-5C). For ScanIP vs OsiriX
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Table 2. The paired mean data across the users of the paired repetitions and software.

Variable OsiriX: Test 1 vs Test 2 ScanIP: Test 1 vs Test 2
Mean of Mean SD of mean SD as a % of P Mean of Mean SD of mean SDasa%of | P
attempts Difference difference mean attempts Difference difference mean
ACS (%) -11.2 -1.4 52 46.4 0.51 -14.7 -2.5 3.2 21.8 0.08
MCS (%) -19.25 -0.9 1.9 9.8 0.23 -20.85 -0.5 1.0 4.8 0.24
BCS (%) -29.8 -0.6 1.6 5.4 0.38 -30.15 -0.7 2.6 8.6 0.51
GCS (%) -19.85 -0.3 1.4 7.1 0.57 -20.6 -0.6 1.1 5.3 0.22
EDV 159.4 1.4 5.8 3.6 0.54 123.3 0.9 3.4 2.8 0.50
(mL)
ESV 97.85 0.5 5.8 5.9 0.83 75.4 -1.2 4.2 5.6 0.47
(mL)
LVEF (%) 38.75 0.3 1.9 4.9 0.70 38.85 1.4 2.1 5.4 0.13
Test 1: OsiriX vs ScanIP Test 2: OsiriX vs ScanIP
ACS (%) -13.9 4 4.5 32.4 0.06 -12 2.9 1.3 10.8 .
MCS (%) -20.4 1.3 2.2 10.8 0.15 -19.7 1.8 1.7 8.6 0.03
BCS (%) -30.3 0.4 3.2 10.6 0.75 -29.65 0.3 2.5 8.4 0.78
GCS (%) -20.45 0.9 2.0 9.7 0.30 -20 0.6 2.0 10.0 0.44
EDV 141.95 36.3 8.2 5.8 140.75 35.8 13.3 9.4 .
(mL)
ESV 86.45 233 10.7 12.4 86.8 21.6 13.8 15.9 .
(mL)
LVEF (%) 39.25 -0.7 4.6 11.7 0.69 38.35 0.4 44 11.5 0.80

Mean paired differences between groups, and the standard devations of the the mean paired differences, and the standard deviation as a percentage of the mean are also
shown. P-values are from the two sets of paired t-tests are also presented, and are highlighted in red where there are changes significant to the Bonferroni corrected
value of p<0.007.

https://doi.org/10.1371/journal.pone.0242908.t002

and ScanIP vs CVI42, trends were seen; as the mean increased, the magnitude of the difference
increased. There was a mean bias of -1.9 cm towards ScanIP when compared to OsiriX. There
was a mean bias of +0.6 cm towards OsiriX when compared to CVI42. There was a mean bias
of -1.3 cm towards ScanIP when compared to CVI42. This indicates that perimeter lengths
were estimated to be longer than OsiriX, when using ScanIP, and slightly shorter than OsiriX
when using CVI42.

Discussion

This study aimed to investigate variability in MRI-derived LV metrics measured using differ-
ent software packages and by different readers. The main findings are firstly that all metrics
apart from ACS were reproducible, and all repeatable within a given software. ESV and EDV
were more affected by choice of software package rather than by intra-software variability,
indicating they can be influenced by choice of software package.

Statistically significant differences in absolute metrics EDV and ESV did not result in signif-
icant differences for relative metrics (strains and LVEF). Systematic errors present in the abso-
lute metrics were ‘cancelled out’ in the relative metrics making them repeatable across
software packages. This occurred as, on average, if a user had higher EDV values they also had
larger ESV values, and the same was true for smaller ESV and EDV values for a given user.
When calculating LVEF ((EDV-ESV)/EDV), the stroke volume (EDV-ESV) remained approx-
imately consistent, whether ‘over’ or ‘underestimating’ the volumes. In this manner, the

PLOS ONE | https://doi.org/10.1371/journal.pone.0242908 December 15, 2020 9/16


https://doi.org/10.1371/journal.pone.0242908.t002
https://doi.org/10.1371/journal.pone.0242908

PLOS ONE

Repeatability and reproducibilty of ventricular circumferential strains compared to volume indices in MRI

8

10 F

A2t

Strain (%)

-16

o

O @

000O0

Apical Circumferential Strain

OsiriX T1 OsiriX T2 Scanlp T1 Scanlp T2 CVI42

Basal Circumferential Strain

35

O O ®A®

o

OO0 @O

OsiriX T1 OsiriX T2 Scan

Ip T1 Scan

IpT2 CVi42

-17

-18

Mid-Ventricular Circumferential Strain

- o .
o o)
L o ]
(o] o
(o)
' 8 o _
8 o o
OsiriIX T1 OsiriIX T2 Scan;p T Scan;p 12 CVII42
Global Circumferential Strain
(o]
o]
8 o
L o o i
o
& ® _
e} i

OsiriX T1 OsiriX T2 Scanlp T1 Scanlp T2 CVI42

Fig 3. Boxplots of peak data for the four circumferential strain variables investigated. a) apical circumferential strain, b) mid-

ventricular circumferential strain, c) basal circumferential strain, d) global circumferential strain. The circles represent data from

individual readers. T1 and T2 are the first and second repetition of contouring in a given software. Equivalent data from CVI42 is shown
in the fifth column.

https://doi.org/10.1371/journal.pone.0242908.9003

relative metrics LVEF (and also the strains) were more repeatable as the systematic ‘over’ or

‘underestimation’ was cancelled out.

This effect was particularly strong for the global metrics GCS and LVEF, in which differ-
ences for individual contours cancelled out over the whole ventricle. For MCS and BCS no sta-
tistically significant differences were found at either the software or attempt level, suggesting
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https://doi.org/10.1371/journal.pone.0242908.9004

there was no bias in the mean values. For ACS, a difference between OsiriX test two and Sca-
nIP test two was found (p = 0.001, Table 2). Standard deviations for group means, and for
group mean differences, were higher for ACS than for other strain metrics. However, no statis-
tical differences were found in the other paired t-tests for ACS, suggesting a lack of bias.

As mentioned earlier, variability in contour placement was most pronounced at the apex in
all three software packages; this variability at the apex has also been shown in another study
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Fig 5. Bland-Altman analyses of differences in endocardial contour lengths measured in ScanIP, OsiriX, and CVI42.
Results from test 1 and test 2 from ScanIP and OsiriX are shown. The CVI42 data was assumed to be 100% repeatable, and
thus the same data was used for both tests 1 and 2, as previously described.

https://doi.org/10.1371/journal.pone.0242908.g005

[11]. The endocardial border at the apex may have been particularly difficult for CVI42 to cap-
ture, as the shape of the porcine LV is slightly different to that of humans [23, 24], the trabecu-
lations are rougher [23], and the software was trained only for use on human data. Apical
contouring in general could be improved with additional training of the readers, however, as
shown in Suinesiaputra et al. [11] contour placement is to a certain extent subjective in nature,
even between expert readers. It was noted by one user (User 7) who had not used either ScanIP
or OsiriX before this study, that the ScanIP GUI was harder to use for contouring than the
OsiriX GUL However, the paired differences in clinical metrics did not show that this user per-
formed any worse than other users on either software package.

Small mean differences between most groups for most variables (apart from ACS), together
with the relatively small standard deviation of the mean differences in comparison to the
paired groups means showed that intra-software repeatability was higher than inter-software
repeatability (Table 2) which is consistent with other studies of this nature [10, 18]. The CVI42
method found all metrics to be in the same ranges as those found by OsiriX tests 1 and 2. The
main data used to calculate these metrics were contour lengths, which were shown, by the
Bland-Altman analysis, to be repeatable across these two software packages, with a small mean
difference of 0.6 cm (Fig 5B). Both packages use a spline curve to represent the contour, and
the OsiriX reader-averaged contour length was 0.6 cm longer than those found by the auto-
mated CVI42. Thus, the strain and volume calculation techniques yielded consistent results
between the modified CVI42 and OsiriX software packages.

Clearly certain results were affected by the software package, most noticeably with Bland-
Altman analysis showing there were systematic differences between contour lengths measured
in ScanIP and OsiriX, with a mean bias of -1.9 cm to ScanIP (Fig 5A), and contour length dif-
ferences between ScanIP and CVI42, with a mean bias of -1.3 cm to ScanIP (Fig 5C). The bias
in decreased contour length could be due to how the images from ScanIP were generated and
analysed. The binarised images outputted from ScanIP were pixelated and calculating the con-
vex hull of the points likely led to an underestimation in length. The trends seen in both the
ScanlP vs OsiriX plot (Fig 5A) and ScanlIP vs CVI42 plot (Fig 5C), indicated that the bias
between methods changed over the range of values, i.e. the variability of differences was larger
when the value being measured was larger. This issue did not arise between OsiriX and CVI42,
suggesting that ScanIP may have greater variability associated with its measurements.
Although this could indicate the mean difference between measurements from the two soft-
ware packages varies with the underlying value being measured, such a trend can also be
caused simply by the measurement error variances for the two packages differing [25]. These
results also suggest that contour length was not as repeatable between ScanIP and OsiriX, and
ScanIP and CVI42, as between OsiriX and CVI42, due to the larger mean biases seen when
making comparisons to ScanIP.

EDV and ESV are used as absolute measures, as well as measures of temporal change, to
guide pharmacotherapy, device implantation, and surgical intervention [19]. Large differences
in volumes could therefore have important clinical implications. Typically, errors in volume of
up to 8% are expected clinically [22]. It has been shown by Miller et al. (2012), that using the
same EDV and ESV contouring and slice volume summing technique as presented here, both
EDV and ESV were overestimated, leading to an underestimation in LVEF. This led to 25% of
their cohort being assigned to different LVEF severity categories, when compared to data
resulting from contouring defined in a more detailed manner (precise delineation of
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trabeculae, and non-inclusion of papillary muscles in LV cavity volume). In this study, the per-
centage errors (based on standard deviations) in EDV were found to be a maximum of 6.3%,
and for ESV a maximum of 10.6%. Larger errors are expected in ESV due to the technical chal-
lenge of tracing the compacted myocardium [19]. These results suggest that the LVEFs may be
overestimated, leading to clinical decisions based purely on volumetric measures being incor-
rect or misclassified. In this study, relative metrics such as strains and LVEF showed better
overall reproducibility and repeatability and were ultimately more robust as metrics. However,
similarly to volume estimation techniques, repeatability is reduced when using different soft-
ware packages to calculate strains, as inconsistencies arise due to differing algorithms [10, 19].

It is also possible that the context in which the images were viewed, contributed to differ-
ences in manual contour placement. In OsiriX, the same cine-slice was seen through 16 points
in the cardiac cycle, whereas in ScanIP all slices from one time-point were seen in sequence. It
has been noted elsewhere that the context of an image, either viewing one slice through time
(2D), or considering 3D methods segmenting multiple slices a volume, changes the resultant
perception of the contour whether contouring is done manually or automatically [26].

There are limitations to this study. Only one porcine left ventricle was investigated, however
the total number of image stacks (16) and individual images (144) that were analysed is com-
parable to other studies [9, 11]. As these image stacks were taken throughout the cardiac cycle
the variation between individual images is high, thereby providing a robust test case for the
users. Finally, this particular specimen was suffering from heart failure and reproducibility in
strain has been shown to be greater for human patients with heart failure rather than healthy
volunteers [18, 27]. Investigation of the repeatability of this metric on other specimens and for
other pathologies would therefore be valuable.

The sample of readers (n = 7) was small, however, this is comparable to the number of read-
ers in similar studies [9, 11] and all p-values have had Bonferroni corrections applied, reducing
the likelihood of false positives. Finally, CVI42 is not currently validated for use in animals;
however, the automatically generated contours were all visually checked and in practice found
to be clinically acceptable and only required correction at the apex, which is known to be a dif-
ficult region to contour in humans [11].

Conclusion

This study investigated the repeatability of ventricular circumferential contours, and their
derived volume and strain metrics, for a porcine heart failure model. Two software packages
were used by seven readers and on two separate occasions, and a further automated software
was also tested on one occasion. No statistically significant difference in circumferential strain
measurements (BSC, MCS and GCS), or relative volume (LVEF), were found (all p>0.007),
despite systematic biases in contour length between the software packages OsiriX and ScanIP.
However, these biases did result in differences in EDV and ESV values between software pack-
ages. Differences between software packages were also found for ACS due to the difficulties in
capturing the shape of the apex. Intra-software differences for variables were found to be lower
than inter-software differences. These results will benefit future studies that use contouring
methods and volume & strain metrics derived from these contours, by providing associated
error estimates, guidance to improve repeatability, and aiding comparison of results with
other studies.

Acknowledgments

The authors would like to acknowledge the Translational Biomedical Research Centre for per-
forming the original imaging data collection.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242908 December 15, 2020 14/16


https://doi.org/10.1371/journal.pone.0242908

PLOS ONE

Repeatability and reproducibilty of ventricular circumferential strains compared to volume indices in MRI

Author Contributions

Conceptualization: Doyin S. Mansell, Harinderjit S. Gill, Katharine H. Fraser, Andrew N.
Cookson.

Data curation: Doyin S. Mansell, Andrew N. Cookson.

Formal analysis: Doyin S. Mansell, Jonathan W. Bartlett, Harinderjit S. Gill, Katharine H. Fra-
ser, Andrew N. Cookson.

Funding acquisition: Doyin S. Mansell, Raimondo Ascione, Harinderjit S. Gill, Andrew N.
Cookson.

Investigation: Doyin S. Mansell, Evelyn G. Frank, Nathaniel S. Kelly, Bruno Agostinho-Her-
nandez, James Fletcher, Vito D. Bruno, Eva Sammut, Amedeo Chiribiri, Thomas Johnson,
Raimondo Ascione, Katharine H. Fraser, Andrew N. Cookson.

Supervision: Harinderjit S. Gill, Katharine H. Fraser, Andrew N. Cookson.
Visualization: Doyin S. Mansell.
Writing - original draft: Doyin S. Mansell, Katharine H. Fraser, Andrew N. Cookson.

Writing - review & editing: Doyin S. Mansell, Evelyn G. Frank, Nathaniel S. Kelly, Bruno
Agostinho-Hernandez, James Fletcher, Vito D. Bruno, Eva Sammut, Amedeo Chiribiri,
Thomas Johnson, Raimondo Ascione, Jonathan W. Bartlett, Harinderjit S. Gill, Katharine
H. Fraser, Andrew N. Cookson.

References

1. GavaraJ,, et al., “Prognostic Value of Strain by Tissue Tracking Cardiac Magnetic Resonance After ST-
Segment Elevation Myocardial Infarction,” JACC Cardiovasc. Imaging, 2017. https://doi.org/10.1016/j.
jcmg.2017.09.017 PMID: 29248649

2. Sutton S. J. and Sharpe N., “Clinical Cardiology: New Frontiers Left Ventricular Remodeling After Myo-
cardial Infarction Pathophysiology and Therapy,” Circulation, vol. 101, pp. 2981-2988, 2000. https://
doi.org/10.1161/01.cir.101.25.2981 PMID: 10869273

3. Gaudron P, Eilles C., Kugler |., and Ertl G., “Progressive Left Ventricular Dysfunction and Remodeling
After Myocardial Infarction Potential Mechanisms and Early Predictors,” Circulation, vol. 87, no. 3, pp.
775-763, 1993. hitps://doi.org/10.1161/01.cir.87.3.755 PMID: 8443896

4. Jennings RB G. C., “Structural changes in myocardium during acute ischemia.,” Circ. Res., vol. 34, pp.
156-168, 1974. PMID: 4607107

5. Voigtd. U, etal., “Strain-rate imaging during dobutamine stress echocardiography provides objective
evidence of inducible ischemia,” Circulation, vol. 107, no. 16, pp. 2120-2126, 2003. https://doi.org/10.
1161/01.CIR.0000065249.69988.AA PMID: 12682001

6. Pedrizzetti G., Claus P., Kilner P. J., and Nagel E., “Principles of cardiovascular magnetic resonance
feature tracking and echocardiographic speckle tracking for informed clinical use,” J. Cardiovasc.
Magn. Reson., vol. 18, no. 1, p. 51, 2016. https://doi.org/10.1186/s12968-016-0269-7 PMID: 27561421

7. Koos R, etal., “Layer-specific strain-encoded MRI for the evaluation of left ventricular function and
infarct transmurality in patients with chronic coronary artery disease,” Int. J. Cardiol., vol. 166, no. 1, pp.
85-89, 2013. https://doi.org/10.1016/j.ijcard.2011.10.004 PMID: 22071039

8. Altiok E., et al., “Layer-specific analysis of myocardial deformation for assessment of infarct transmural-
ity: comparison of strain-encoded cardiovascular magnetic resonance with 2D speckle tracking echo-
cardiography,” Eur. Hear. J.—Cardiovasc. Imaging, vol. 14, no. 6, pp. 570-578, 2013. https://doi.org/
10.1093/ehjci/jes229 PMID: 23148082

9. Karamitsos T. D., Hudsmith L. E., Selvanayagam J. B., Neubauer S., and Francis J. M., “Operator
Induced Variability in Left Ventricular Measurements with Cardiovascular Magnetic Resonance is
Improved After Training,” J. Cardiovasc. Magn. Reson., vol. 9, pp. 777-783, 2007. https://doi.org/10.
1080/10976640701545073 PMID: 17891615

PLOS ONE | https://doi.org/10.1371/journal.pone.0242908 December 15, 2020 15/16


https://doi.org/10.1016/j.jcmg.2017.09.017
https://doi.org/10.1016/j.jcmg.2017.09.017
http://www.ncbi.nlm.nih.gov/pubmed/29248649
https://doi.org/10.1161/01.cir.101.25.2981
https://doi.org/10.1161/01.cir.101.25.2981
http://www.ncbi.nlm.nih.gov/pubmed/10869273
https://doi.org/10.1161/01.cir.87.3.755
http://www.ncbi.nlm.nih.gov/pubmed/8443896
http://www.ncbi.nlm.nih.gov/pubmed/4607107
https://doi.org/10.1161/01.CIR.0000065249.69988.AA
https://doi.org/10.1161/01.CIR.0000065249.69988.AA
http://www.ncbi.nlm.nih.gov/pubmed/12682001
https://doi.org/10.1186/s12968-016-0269-7
http://www.ncbi.nlm.nih.gov/pubmed/27561421
https://doi.org/10.1016/j.ijcard.2011.10.004
http://www.ncbi.nlm.nih.gov/pubmed/22071039
https://doi.org/10.1093/ehjci/jes229
https://doi.org/10.1093/ehjci/jes229
http://www.ncbi.nlm.nih.gov/pubmed/23148082
https://doi.org/10.1080/10976640701545073
https://doi.org/10.1080/10976640701545073
http://www.ncbi.nlm.nih.gov/pubmed/17891615
https://doi.org/10.1371/journal.pone.0242908

PLOS ONE

Repeatability and reproducibilty of ventricular circumferential strains compared to volume indices in MRI

10.

1.

12

13.

14.

15.

16.

17.
18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Dobrovie M., et al., “Inter-vendor reproducibility and accuracy of segmental left ventricular strain mea-
surements using CMR feature tracking,” Eur. Radiol., pp. 1-12, Jul. 2019. https://doi.org/10.1007/
s00330-019-06315-4 PMID: 31297633

Suinesiaputra A., et al., “Quantification of LV function and mass by cardiovascular magnetic resonance:
multi-center variability and consensus contours.,” J. Cardiovasc. Magn. Reson., vol. 17, no. 1, p. 63,
Jul. 2015. https://doi.org/10.1186/s12968-015-0170-9 PMID: 26215273

Bai W., et al., “Automated cardiovascular magnetic resonance image analysis with fully convolutional
networks.,” J. Cardiovasc. Magn. Reson., vol. 20, no. 1, p. 65, Sep. 2018. https://doi.org/10.1186/
$12968-018-0471-x PMID: 30217194

Rademakers F. and Nagel E., “Is Global Longitudinal Strain a Superior Parameter for Predicting Out-
come After Myocardial Infarction?,” JACC Cardiovasc. Imaging, p. 2469, 2017.

Smiseth O. A., Torp H., Opdahl A., Haugaa K. H., and Urheim S., “Myocardial strain imaging: how useful
is it in clinical decision making?,” Eur. Heart J., vol. 37, no. 15, pp. 1196—207, 2016. https://doi.org/10.
1093/eurheartj/ehv529 PMID: 26508168

Ersbgll M., et al., “Prediction of All-Cause Mortality and Heart Failure Admissions From Global Left Ven-
tricular Longitudinal Strain in Patients With Acute Myocardial Infarction and Preserved Left Ventricular
Ejection Fraction,” J. Am. Coll. Cardiol., vol. 61, no. 23, pp. 2365-2373, 2013. https://doi.org/10.1016/j.
jacc.2013.02.061 PMID: 23563128

Schuster A., et al., “Cardiovascular magnetic resonance feature-tracking assessment of myocardial
mechanics: Intervendor agreement and considerations regarding reproducibility.,” Clin. Radiol., vol. 70,
no. 9, pp. 989-98, 2015. https://doi.org/10.1016/j.crad.2015.05.006 PMID: 26139384

Altman D. G., Practical Statistics For Medical Research. London: Chapman & Hall, 1991.

Gertz R. J., et al., “Inter-vendor reproducibility of left and right ventricular cardiovascular magnetic reso-
nance myocardial feature-tracking,” PLoS One, vol. 13, no. 3, p. €0193746, Mar. 2018. https://doi.org/
10.1371/journal.pone.0193746 PMID: 29538467

Miller C. A, et al., “Quantification of left ventricular indices from SSFP cine imaging: Impact of real-
world variability in analysis methodology and utility of geometric modeling,” J. Magn. Reson. Imaging,
vol. 37, no. 5, pp. 1213-1222, May 2013. https://doi.org/10.1002/jmri.23892 PMID: 23124767

Mansell D. S., et al., “Regional changes in myocardial strain predict ventricular remodelling after myo-
cardial infarction in a large animal model,” Under review, Nature Scientific Reports, October 2020.

Schulz-Menger J., et al., “Standardized image interpretation and post processing in cardiovascular
magnetic resonance: Society for Cardiovascular Magnetic Resonance (SCMR) Board of Trustees Task
Force on Standardized Post Processing,” J. Cardiovasc. Magn. Reson., vol. 15, no. 1, p. 35, May 2013.

O’Dell W. G., “Accuracy of Left Ventricular Cavity Volume and Ejection Fraction for Conventional Esti-
mation Methods and 3D Surface Fitting.,” J. Am. Heart Assoc., vol. 8, no. 6, p. €009124, 2019. https://
doi.org/10.1161/JAHA.118.009124 PMID: 30866698

Hill A. J. and laizzo P. A., Comparative Cardiac Anatomy. In: laizzo P.A. (eds) Handbook of Cardiac
Anatomy, Physiology, and Devices. Totowa, NJ.: Humana Press Inc., 2005.

Crick S. J., Sheppard M. N., Ho S. Y., Gebstein L., and Anderson R. H., “Anatomy of the pig heart: com-
parisons with normal human cardiac structure,” J. Anat, vol. 193, pp. 105—119, 1998. https://doi.org/10.
1046/j.1469-7580.1998.19310105.x PMID: 9758141

Bartlett J. W. and Frost C., “Reliability, repeatability and reproducibility: Analysis of measurement errors
in continuous variables,” Ultrasound in Obstetrics and Gynecology, vol. 31, no. 4. John Wiley & Sons,
Ltd, pp. 466-475, 01-Apr-2008. https://doi.org/10.1002/uog.5256 PMID: 18306169

Zheng Q., Delingette H., Duchateau N., and Ayache N., “3D Consistent & Robust Segmentation of Car-
diac Images by Deep Learning with Spatial Propagation,” IEEE Trans. Med. Imaging, vol. 37, no. 9, pp.
2137-2148, Sep. 2018. https://doi.org/10.1109/TMI.2018.2820742 PMID: 29994087

Cheng S., et al., “Reproducibility of speckle-tracking-based strain measures of left ventricular function
in a community-based study,” J. Am. Soc. Echocardiogr., vol. 26, no. 11,2013.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242908 December 15, 2020 16/16


https://doi.org/10.1007/s00330-019-06315-4
https://doi.org/10.1007/s00330-019-06315-4
http://www.ncbi.nlm.nih.gov/pubmed/31297633
https://doi.org/10.1186/s12968-015-0170-9
http://www.ncbi.nlm.nih.gov/pubmed/26215273
https://doi.org/10.1186/s12968-018-0471-x
https://doi.org/10.1186/s12968-018-0471-x
http://www.ncbi.nlm.nih.gov/pubmed/30217194
https://doi.org/10.1093/eurheartj/ehv529
https://doi.org/10.1093/eurheartj/ehv529
http://www.ncbi.nlm.nih.gov/pubmed/26508168
https://doi.org/10.1016/j.jacc.2013.02.061
https://doi.org/10.1016/j.jacc.2013.02.061
http://www.ncbi.nlm.nih.gov/pubmed/23563128
https://doi.org/10.1016/j.crad.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26139384
https://doi.org/10.1371/journal.pone.0193746
https://doi.org/10.1371/journal.pone.0193746
http://www.ncbi.nlm.nih.gov/pubmed/29538467
https://doi.org/10.1002/jmri.23892
http://www.ncbi.nlm.nih.gov/pubmed/23124767
https://doi.org/10.1161/JAHA.118.009124
https://doi.org/10.1161/JAHA.118.009124
http://www.ncbi.nlm.nih.gov/pubmed/30866698
https://doi.org/10.1046/j.1469-7580.1998.19310105.x
https://doi.org/10.1046/j.1469-7580.1998.19310105.x
http://www.ncbi.nlm.nih.gov/pubmed/9758141
https://doi.org/10.1002/uog.5256
http://www.ncbi.nlm.nih.gov/pubmed/18306169
https://doi.org/10.1109/TMI.2018.2820742
http://www.ncbi.nlm.nih.gov/pubmed/29994087
https://doi.org/10.1371/journal.pone.0242908

