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Evaluation of the efect of myocardial segmentation errors
on myocardial blood flow estimates from DCE-MRI
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Abstract. Quantitative analysis of cardiac dynamic contrast enhédincagnetic resonance
imaging (DCE-MRI) perfusion datasets is dependent on thawithg (manually or
automatically) of myocardial contours. The required aacyiof these contours for myocardial
blood flow (MBF) estimation is not well understood. This stunvestigates the relationship
between myocardial contour errors and MBF errors. Myoedrcbntours were manually
drawn on DCE-MRI perfusion datasets of healthy volunteeraged in systole. Systematic
and random contour errors were simulated using spline suavel the resulting errors in
MBF were calculated. The degree of contour error was alstuated by two recognized
segmentation metrics. We derived contour error toleraimcesms of the maximum deviation
(MD) a contour could deviate radially from the ‘true’ contaxpressed as a fraction of each
volunteer’s mean myocardial width (MW). Significant MBF @is were avoided by setting
tolerances ofMD < 0.4MW, when considering the whole myocardiuMD < 0.3MW,
when considering 6 radial segments, ad®d < 0.2MW for further subdivision into endo
and epicardial regions, with the exception of the anteradepgion, which required greater
accuracy. None of the considered segmentation metricelated with MBF error, thus both
segmentation metrics and MBF errors should be used to éeatoatouring algorithms.

Keywords Quantitative Myocardial Perfusion, Myocardial Localioai, Segmentation,
Evaluation
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1. Introduction

Myocardial perfusion may be assessed by using dynamic asingenhanced magnetic
resonance imaging (DCE-MRI), in which injected gadoliniwmontrast agent is imaged
passing through the heart in a dynamic image sequence. DREidvpotentially superior
to other currently available diagnostic imaging techngjfer the assessment of myocardial
perfusion due to its relative safety, compared to coronggradisease assessment by X-ray
angiography, and its high spatial resolution, compareduidear medicine, which enables
sub-endocardial perfusion defects to be visualized (Wagha. 2003). However, DCE-MRI
perfusion studies are currently only routinely assesseditgtively, thus the benefits of the
imaging modality are not fully utilized.

Myocardial blood flow (MBF) may be quantified by carrying oecdnvolution analysis
of signal intensity vs. time curves taken from regions oéiast (ROI)s describing the left
ventricular blood pool and myocardium (Jerosch-HeroldleR@04). To obtain the curves
these ROIs must be drawn for each frame in the DCE-MRI seMeswal contour drawing is
time consuming and is a significant factor hindering the piaoece of quantitative perfusion
into clinical practice (Jerosch-Herold et al. 2004). Umdi@nding the level of accuracy
required in the drawing of these contours is a key step inesdilng this problem. How
much a given error is likely toféect MBF measurements will dictate how carefully, and
thus how quickly, a human contour drawer can perform theik.taSuch insights are also
important in the evaluation of automated segmentationrilgns which tend to be evaluated
with a wide range of segmentation error metrics makingfidilt to cross compare algorithm
performance (e.g. (Stegmann et al. 2005), (Adluru et al6pQ@antarelli et al. 2003)). The
focus of such algorithms tends to be on accuracy of segmentat the myocardial region
of interest in high quality datasets, with poorer qualityages being discarded as outliers
(Santarelli et al. 2003). However poor quality images afecal reality and these algorithms
may be aiming to achieve an unnecessary level of segmemtaticuracy. Given the wide
variety of sources of error in MBF estimates it may be the ¢haesacrificing segmentation
accuracy in order to maintain robustness to poor imagetywaili have an insignificant@ect
on MBF estimates.

The purpose of this study was to investigate the relatignbbtween geometrical error
in myocardial segmentation and error in MBF. This relatlopsvill provide a basis on which
to decide acceptable error limits for myocardial contouttsether manually or automatically
generated. It is also important for understanding whethtraated segmentation algorithms
evaluated in terms of segmentation metrics, e.g. (Stegrabain 2005), can be meaningfully
compared with algorithms evaluated using MBF error, e.gl@fu et al. 2006), and may be
instructive in deciding how best to evaluate such algorgtmthe future.



2. Method

2.1. Datasets

Seventeen healthy volunteers (9 male, 8 females, mean ageaB4d age range 24-48 years)
with no history of heart disease, diabetes, hyperlipidaemnichronic illness were recruited
into the study. All volunteers had normal blood pressuressimowed normal left ventricular
mass as assessed by planimetry in short axis left venttiat $mages. Informed consent
was taken from all volunteers in accordance with a studygoatapproved by the regional
ethics committee. All volunteers were instructed to reffabm cdfeine for 24 hours prior to
the examination.

2.2. Imaging

Myocardial perfusion DCE-MRI scans were performed on a Mbible body MRI system
(Philips Medical Intera systems, Best, the Netherlandgjunteers were positioned supine
with a flexible five element cardiac phased array receivdiptaced on their chest. Perfusion
imaging was carried out with an intravenous injection of tcast (Magnevist, Schering,
Berlin, Germany) at a dose of 0.05mma Gd-DTPA at a rate of 5rd followed by a 20ml
saline flush via an automated infusion pump (Medrad SpeSwlaris, Medrad, Indianola,
PA, USA). Wolunteers were initially imaged under stress,ichhwas pharmaceutically
induced by an intravenous infusion of adenosine over 4 ragwat 14Qg/min/kg. A
rest scan was acquired approximately 15 minutes later. \Midricular short axis DCE-
MRI series were acquired at mid-systole and mid-diastoléare imaging sequence used
has been previously described (Radjenovic et al. 2010). iheges were acquired
with a saturation recovery prepared single-shot gradiehb eoulse sequence, TH/«,
2.7mg1.0mg15°, partial Fourier= 0.67 (with missing data synthesized from acquired data
using the conjugate symmetry of k-space), with two-fold SIEN(incorporating Constant
LEvel AppeaRance (CLEAR: Philips Medical Systems, Besg Netherlands) method for
surface coil inhomogeneity correction) giving a total stiotation of 130ms, slice thickness
10mm, preparation pulse delay to the zeroth line of k-sp&db0Oms. The mean FOV was
332mm x 284mm (range: 296m x 245mm to 410nm x 338nm). The mean scan pixel size
was 227mm x 1.95mm (range: 208mm x 1.70mm to 2.64mm x 2.35mm). All images were
reconstructed to a 2%@56 matrix size giving a mean reconstructed pixel size inrtrege of
1.30mmx 1.12mm (range: 113mmx 0.96mmto 1.60mmx 1.32mm). Each dynamic image was
obtained after an ECG triggering timed to image the hearyatode or diastole. Volunteers
were instructed to hold their breath at end expiration, tirreecoincide with the arrival of
contrast into the heart, for as long as they were capabletemdtb resort to gentle breathing
thereafter. This breath-holding strategy minimizes motiiring the first pass of contrast
agent through the myocardium, which is the data used for M&ation in this study.



2.3. Contours

2.3.1. Manual Contouring Endocardial and epicardial contours were manually drawarby
expert user for every frame of each of the mid-systole cafdi@e-MRI dynamic series using
dedicated cardiac image analysis software (Mass 5.0, Mediden University, Leiden, The
Netherlands). A further contour was drawn within the lefbtresular blood pool, avoiding
the papillary muscles (see figlire 3). In a given dynamic sehie image exhibiting maximum
contrast between the myocardium and surrounding tissuesiged to draw endocardial and
epicardial contours and a region in the left ventricularddlgool, avoiding the papillary
muscles. These contours were then copied to the full timesand manually translated to
compensate for breathing motion.

To ascertain whether our simulated contour errors weresgnitative of human contour
errors a subset of 11 patients were contoured a second tirtieelsame manual contourer to
assess intra-observer variability. A second contourer@satoured the dataset to assess inter-
observer variability. To measure the error between eactooorand the reference contour
the geometric centre of gravity of the two circular contowese aligned and the Euclidean
distance between each point on the reference contour antetirest point on the contour
being investigated was calculated. The distribution oséherrors was then compared to
the diference between the reference contour and the random canrtous simulated in this
paper using the Kolmogorov-Smirfidest (Massey 1951), which tests whether two samples
have been drawn from the same underlying continuous populaThe intefintra observer
variability data was analyzed considering stress and reseado and epi contours separately
and then finally analyzed considering all cases together.

The myocardium was divided into 6 circumferentially eqstdint partitions according to
the model proposed by the American Heart Association (AHZOrQueira et al. 2002) for the
mid ventricular slice. The regions were then further diddecumferentially into endocardial
and epicardial compartments resulting in a total of 12 pants as illustrated in figufe 1b.

2.3.2. Random Contour Errors Contour errors were generated by introducing random radial
deviations into the manual contour. The manual contour wasesented as a circular spline
by automatically placing equally spaced knot points aldmg defined contour. The knot
points of the spline wereftset by a random displacement allowed to range betwadD,
where MD is the maximum deviation , being the maximum distathe contour may deviate
from the ‘true’ contour. MD was expressed as a fraction ofittean myocardial width (MW)

so that the degree of contour error was normalized to thedditee heart. A new contour
was then generated from thesfset knot values to represent the erroneous curve. Figure
[1d shows an example of a generated erroneous contouviith= 0.1MW. We chose to
use ten knot points to represent the contour to maintainletieally smooth, approximately
circular contour. Each randomly generated setftdai values was applied to contours at all
time points in all patients. This process was repeated d¥a@ieBations of the randomfiset
value generation. The process was repeated ugibg= 0.1MW, 0.2MW, 0.3MW, 0.4AMW

and 05MW. T-tests and F-tests between the ‘true’ and erroneous gpmkatasets were
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Figure 1:(Left) Example of generated contour errors. The thin linevehthe manual contour and
the bold line shows the generated erroneous contour gederdath a maximum deviation (MD) of
0.1MW. (Right) Schematic showing the partitioning of the myodar&Ol.
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performed to test for significant flerences in the means and variances of the distributions
respectively.

2.3.3. Systematic Contour Errors Systematic under- and overestimates of the myocardial
region of interest were generated by setting the MD to a emstiset value over all the
knot points. For each frame of the cardiac DCE-MRI perfusiataset the myocardial
contours were modified by systematic MD values ranging fre@5MW to +0.5MW.
Differences were calculated, at rest and stress, between the B#fated from modified
and unmodified contours and theffdrence in the means of the resulting distributions was
assessed using a statistical t-test.

2.4. Segmentation metrics

We evaluated our segmentation errors with two geometrimsegation metrics, Hausdor
distance (HD) (Beauchemin 1998), based on the distancesbketthe two contours and Dice’s
similarity codticient (DSC) (Dice 1945), (Yasfficet al. 1977), based on the overlapping areas
of the two contours and in terms of error in myocardial blooavif{MBF).

2.5. Quantitation of MBF

The MBF was quantified from the left ventricular blood pootlanyocardial tissue signal
intensity vs. time curves using a Fermi constrained dedotiem method (Jerosch-Herold
et al. 1998), summarized as follows. The amount of tracer stationary, linear system,



represented by the tissue curyg,(t), can be related to the tracer concentration at the inlet,
the arterial input function (AIF), represented by the blgmbl curvec,(t), convolved with
the impulse response functién- R(t):

qmyo(t) =F- R(t) ® Cb(t) (1)

R(t) is the residue function, which represents the fractiorratdr that remains in the
myocardium at timd and F is the rate of flow. At time zerdR(t) will be one therefore
F-R(t) = F, thus by establishing - R(t) we can obtain an estimate for the flow. Deconvolution
of equation[l is an ill-posed problem but an estimate For R(t) can be obtained by
constraining the deconvolution operation by modeling theulse response function with
a Fermi function:

1+ exp(-<
S = ) 2)
(1 + exp(—T‘”))

w and 7 are the parameters of the model and do not have a direct pbywsial
interpretation. Using a least squares fitting approach #rarpeters of equatidd 2 can be
optimized to fit the observed data and establish a best dstifoathe impulse response
function and thus the flow.

2.6. Saturation Correction

For contrast agent (CA) doses of 0.05mrkgIMRI signal intensity does not vary linearly
with concentration. Signal intensity begins to saturatkiglher CA concentrations causing
a blunting of the AIF peak and a subsequent over estimate of.M® used the method

described by (Larsson et al. 1996) and validated by (Frandén et al. 1996), (Fritz-Hansen
et al. 2008) to convert signal intensity to concentratidreréby correcting for this signal

saturation. The fundamental assumption (Rohrer et al. P@0hat change in longitudinal

relaxation ratél; due to a given concentratia(t) of contrast agent at timtecan be related as

follows:

1 1
(Tl(t) - TO(O)) = ey ©)

whereT,(0) is the relaxation time without the CA,(t) is the relaxation time with the
CA andr, is the CA relaxivity. Thus the concentratia(t) of CA at timet can be expressed
as:
ARy (t)
r

ot) = (4)

where ARy (t) = (%(t) — %(0)) Signal intensity and; are related by the MR signal

equation for the saturation recovery prepared single-ghaxdient echo pulse sequence as

follows :

1-av!
l1-a

S=Vv. [(1 —ePPRyg1 1 p (5)




(Equatior[b is adapted from (Larsson et al. 1996) where ieisvdd for the inversion
recovery turbo-FLASH sequence. The modification for saimmarecovery is trivial.) PD
is the pre-pulse delay between the saturation pulse andetiteat line of k-spacen is the
number of applied pulses of flip angleto the central line of k-space = cos(a)e TRR,
b=1-e ™R, ¥is a calibration constant dependent on receiver gain, prdemsity and
a. (Larsson et al. 1996) used a pre-contrBstmeasurement to calculaté from equation
Bl W is then assumed to be constant throughout out the dynamigsition thusT; values
for images post-contrast agent arrival can be calculateu fquatioi 5 which can then be
used to calculated CA concentration from equation 4. Anyital solution to equationl 5 for
R, is not possible so it is solved using humerical methods. nimplementation a single-
variable nonlinear zero finding algorithm was used, (fzarMaltlab7 R2009b) (Brent 1973).
We used an assuméd from a weighted average of published blobdmeasurements as
opposed to a bespoke, patient specifianeasurement to calculafé By assuming that the
calculated calibration constafiftwas the same in the blood and the myocardium the signal to
concentration conversion process described was alscedgplthe myocardial signal intensity
vs. time curve as well. Figuié 2 illustrates theets of this correction method on a typical
AlF at stress.

=
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Concentration [MM]
=

0.5
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Figure 2: Example arterial input function (AIF) concentration vsmé curves showing original
(dashed line) and saturation corrected (solid line) atsstre NOTE: As signal intensity and
concentration are not linearly related it is not strictlyspibble to show both curves on the same axis.
Figure[2 was generated by fitting the tail of the Sl curve tociwecentration curve.

2.7. Data preparation

Both myocardial and AIF curves were interpolated using @iése Hermitian interpolation
(Fritsch & Carlson 1980) to increase the apparent tempesdlution and to ensure equal



temporal spacing between all points. To correct for the tdeay between the onset of
contrast in the AIF and the myocardium the Fermi constragtezbnvolution operation was
performed iteratively over a range of time increment steyabkthe time step yielding the best
x? fit to the data was used. Baseline correction by subtracfitileomean pre-contrast signal
intensity was necessary for the resting curves due to retf@adolinium in the blood from
the stress study. The conversion to concentration stepreatiically generates zero mean
baselines in the stress dataset. The bolus arrival time Wwtsned using the piecewise
continuous regression model of (Cheong & et al. 2003), wiitsha combination of two
straight lines to the curve. All data points prior to the iteag bolus arrival time were then
classed as pre-contrast signal. Data was limited to thegass of the CA through the heart,
which was identified as the first valley in the AIF after the Ctezed the LV. This was
automatically detected by identifying the downslope of fingt peak in the blood curve by
finding the minimum of the first dierential of the smoothed blood curve. The end of the
first-pass was then taken as the next point where tfierdntiated curve crossed the the line
x=0.

2.8. Implementation

The above method was implemented in MATLAB (The Mathworkstidk, MA), using
an assumed blood; value of 143%ns, which was derived from an average (weighted
for study population) of the measurements published incidaet al. 2001)(Klein et al.
2004)(Messroghli et al. 2004)(Sharma et al. 2006). The exsiwn from signal intensity
to concentration was successful iryB volunteers with one case failing becausénoalue
could be found to solve the signal equation. This voluntess excluded from the study.

3. Results

Using the manual contours the mean $tandard deviation) MBF at rest was24 +
0.35ml/g/min and at stress was4B + 0.67ml/g/min. The mean myocardial width (MW)
was 58 voxels (range: 3 voxels to 8 voxels) and ®mm (range: 2mmto 103mm).

3.1. Segmentation Metrics

Table[1 shows Pearson’s correlation scores between MBF antd maximum deviation
(MD), Dice’s similarity codficient (DSC) and Hausdfir distance (HD) for endo and
epicardial modification at rest and stress considered atghgrand as one data set. None
of the segmentation metrics correlated with MBF error witl tmost significant correlation
atr = -0.32.

3.2. Systematic Contour Errors

Figure[4 shows the spread of MBF errors for each MD for the emi epicardium at
rest and stress over the entire myocardium. Positive MDeglkorrespond to contours
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Figure 3: (Left) A single frame of a cardiac perfusion sequence shgwiranual contouring. The

left ventricular cavity is filled with Gd-DTPA and appearsght against the surrounding myocardium.
(Right) A schematic representation of the systematic agrgorors (right) illustrating the directions of

the positive and negative errors.

Table 1:Table of the Pearson’s correlation r-value between MBF¢mt/g/min] and
each of the three segmentation error metrics: Maximum DievigMD) expressed as

a fraction of the mean myocardial width (MW), Dice’s simitgrcoefficient (DSC)
[no units] and Hausddi distance (HD) [mm]. Results are shown considering errors
in resfstress and endocontgepicontour separately and finally over all data.

Contour Error MD DSC HD[mm]

Rest Endocardium 0.03 0.03 0.02
Rest Epicardium -0.14 0.15 -0.17
Stress Endocardium 0.07 -0.10 0.04
Stress Epicardium -0.22 0.26 -0.32
Rest and Stress, Endo- and Epi-contour -0.08 0.17 -0.13

modified circumferentially outwards (moving away from tlentre of the myocardial circle)
and negative contours correspond to contours modifiedroifenentially inwards, (see figure
[3). Errors in MBF were calculated as thdfdrence between the MBF estimated with the
modified contours and the MBF estimated with the manual eaostdStudent’s t-test between
the modified and unmodified MBF error populations yielded sgmificant p-values for all
MD values.

Figurel® shows the mean MBF errors for the 6 separate mya@taeiments. Individual
t-tests for each segment showed no significatfitecence in mean MBF except for the
inferoseptal segment, where a resting epicardial MD.BMW gave { = 0.05) and a stress
endocardial MD of-0.5MW gave f = 0.02).
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Figure 4: Mean MBF errors vs. MD (expressed as a fraction of the meancargaal width) for
systematic contour errors in the rest endocardial contoyr [€ft) rest epicardial contour (top right),
stress endocardial contour (bottom left) and stress epaarontour (bottom right). Error bars show
the standard deviations.

Figure[6 shows the corresponding analysis when the endaocardnd epicardium
were considered separately. When the epicardial contomoidified only signal from the
epicardium is incorporated in the analysis. When the endicadacontour is modified only the
endocardial tissue is considered. The t-test for sub-nrgtmlasegments showed generally
more statistically significant results than for transmwagments. Significant lierences
were seen in the endocardial inferospetal segmentior= —0.5MW at rest p < 0.05) and
stress p < 0.03), the epicardial inferoseptal segment at stres$AbDr= 0.5MW (p = 0.01)
andMD = 0.4MW (p = 0.04), the epicardial inferior segment at rest fidD = 0.5MW
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Figure 5: Mean MBF error vs. MD (expressed as a fraction of the mean argial width) for
systematic contour errors in the rest endocardial contoyr IEft) rest epicardial contour (top right),
stress endocardial contour (bottom left) and stress efiadarontour (bottom right).

(p = 0.03), the epicardial anterior segment /dD = 0.5MW at rest p = 0.04) and stress
(p = 0.03) and in the epicardial inferior segment fdD = 0.5MW at rest = 0.02) and
stress p = 0.02).

3.3. Random Contour Errors

3.3.1. Mean Myocardium FigurelT shows theftect of the random contour errors on MBFs
estimated over the entire myocardium. Each box-plot regmtssMBF errors incurred using
contours whose random deviations were limited to the givéhdv the x-axis. The central
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Figure 6: Segmental mean MBF errors divided into endocardial andaegiial segments vs. MD

(expressed as a fraction of the mean myocardial width) fetesgatic contour errors in the rest
endocardial contour (top left) rest epicardial contoup (tght), stress endocardial contour (bottom
left) and stress epicardial contour (bottom right).

line, box and whiskers correspond to the median, interdeaainge and 95% percentile range
respectively. F-tests and t-test forffédrences in variance and mean MBF error between
manual and modified contours were non-significgmt{( 0.05) in all cases except a MD

of 0.5MW in the resting epicardium (t-tesp = 0.03). At stress an MD of BMW in the
myocardium approached statistical significance (t-tpst:0.07).



REST: MBF error vs. endocardial contour error REST: MBF error vs. epicardial contour error
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Figure 7:Box plots of MBF errors vs. MD (expressed as a fraction of teammyocardial width)

in the rest endocardial contour (top left) rest epicardaitour (top right), stress endocardial contour
(bottom left) and stress epicardial contour (bottom rightjnes, box edges and whiskers of each
box plot correspond to the median, inter-quartile range @b% percentile range of MBF errors
respectively. The dashed black lines depicbne standard deviation of the MBF values obtained
with the manual contours.

3.3.2. Sggmental Myocardium The dfects of random contour errors on MBF in the 6
separate myocardial segments showed similar trends tcefiiuwith the spread of MBF
errors increasing with MD. Statistically significant resudre shown in tablée 2.

3.3.3. Endo and Epicardium Considering the endocardium and epicardium as two separate
regions showed similar trends with a more dramatic increetfe spread of MBF values with



Table 2: Table of statistically significant MBF errors generated Agdom contour
errors considering the six myocardial segments. MD comedg to the maximum
deviation at which MBF errors became significant. Cases abignificant p < 0.05)
differences were not observed are not shown.

Segment Regbtress EndiEpi MD[MW] Test p-value
Anterior (LAD) Stress Endo 0.5 F-test .G
Anterior (LAD) Stress Epi 0.5 t-test .04
Anterolateral [LCX] N.S.
Inferolateral [LCX]  Stress Endo 0.5 F-test< 0.01
Inferior [RCA] Rest Endo 0.5 F-test .06
Inferior [RCA] Rest Epi 0.4 t-test .04
Inferior [RCA] Stress Epi 0.5 t-test .02
Inferoseptal [RCA]  Stress Epi 0.5 t-test .0Q
Anteroseptal [LAD] Rest Epi 0.5 t-test .2
Anteroseptal [LAD] Rest Epi 0.2 F-test< 0.01

increasing MD. All statistically significant ffierences in mean (t-test) and variance (F-test)
of MBF errors are reported in tatlé 3.

3.4. Inter and intra observer variability

Figure[8a shows the distribution of contour errors betwémnrhanually drawn contours
of the first and second observers (inter-observer) and tsigilition of random contour
errors between the simulated and manual contours for eachkdilnogorov-Smirnd tests
between each simulated distribution and the inter-obseliggribution yielded the following
p-values: GAIMW(p = 0.01), 2MW(p = 0.08), Q3MW(p = 0.08), 04MW(p = 0.38)
and O5MW(p = 0.93). Figurel8b shows the corresponding distribution for ribeeated
manually drawn contours (intra-observer). Kolmogorovi®ott tests between the simulated
distributions and the intra-observer distribution yieldbae following p-values: AMW(p =
0.03), 02MW(p = 0.19), 3MW(p = 0.19), 04MW(p = 0.67) and BGMW(p = 0.93).
Figure[8 includes contour errors from stress and rest and and epi contours all together.
Separate analyses of each of these four cases was carriegietding non significant
(p < 0.05) Kolmogorov-Smirnf tests in all cases.

4. Discussion

Using the manual contours the mean $tandard deviation) MBF at rest was24 +
0.35ml/g/min and at stress was48B + 0.67ml/g/min, which is consistent with other studies
measuring MBF in healthy volunteers ((Pack et al. 2008yp&lh-Herold et al. 1999)).

4.1. Segmentation Metrics

None of the segmentation metrics considered correlated MBF error for the random
contour error simulation. In the light of the results frometeystematic contour error



Table 3: Table of statistically significant MBF errors generated Agdom contour
errors considering the endocardium and epicardium segpardD corresponds to the
maximum deviation at which MBF errors became significantseg3avhere significant
(p < 0.05) differences were not observed are not shown.

Segment Regbtress EndiEpi MD[MW] Test p-value
Anterior (LAD) Stress Epi 0.5 t-test <0.01
Anterior (LAD) Rest Epi 0.4 F-test .02
Anterior (LAD) Stress Endo 0.4 F-test .02
Anterior (LAD) Rest Endo 0.5 F-test .@3
Anterolateral [LCX] Rest Endo 0.4 F-test .02
Anterolateral [LCX] Stress Epi 0.4 F-test .0a
Inferolateral [LCX] Rest Endo 0.3 t-test .4
Inferolateral [LCX] Rest Endo 0.3 F-test .0%
Inferolateral [LCX]  Stress Endo 0.4 F-test< 0.01
Inferior [RCA] Stress Epi 0.4 t-test .02
Inferior [RCA] Rest Endo 0.5 t-test .01
Inferior [RCA] Rest Epi 0.5 t-test .05
Inferior [RCA] Stress Endo 0.5 t-test @
Inferior [RCA] Stress Endo 0.3 F-test .02
Inferior [RCA] Rest Endo 0.5 F-test < 0.01
Inferoseptal [RCA]  Stress Endo 0.3 t-test .0D
Inferoseptal [RCA]  Stress Endo 0.4 F-test .00
Anteroseptal [LAD] Rest Epi 0.2 t-test @
Anteroseptal [LAD] Stress Endo 0.5 t-test .0Q
Anteroseptal [LAD] Rest Epi 0.1 F-test .@L
Anteroseptal [LAD] Stress Endo 0.3 F-test .00
Mean Rest Epi 0.5 t-test .@3
Mean Stress Endo 0.5 t-test .08
Mean Stress Endo 0.4 F-test .00
Mean Rest Endo 0.5 F-test .00

simulations this result is not surprising. A given contounemeasured by DSC or HD may
correspond to a movement of either the endocardial or epadarontour into any of a variety
of surrounding tissues with conflictingfects on MBF. The conclusion is that neither MBF
error or segmentation alone is an adequate measure of carmrou as there are too many
conflicting factors fecting the relationship between these two measures. Thuentbur
errors are random in nature then analysis in terms of MBR enay only show an increase in
the variance of the MBF errors, with insignificant changetheamean MBF. This could lead
to misleading claims about the accuracy of an automateditigua If the algorithm produces
contour errors of a systematic nature then measures of MBIf Bray be correlated with
segmentation error, as described in figure 4. However tledaganships are not linear and it
is unlikely that an algorithm would induce systematic esras uniformly as those simulated
here. Therefore contouring algorithms for DCE-MRI myocakrgerfusion should ideally be
evaluated by both geometric segmentation metrics andnmstef MBF.
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Figure 8:Distribution of inter (a) and intra (b) observer contouioesr(thick lines). The corresponding
distributions of contour errors between manual and siredl@iontours at each MD setting are also
shown (thin lines)

4.2. Systematic Contour Errors

The application of systematic contour errors to the datsseseful for understanding how
MBF errors vary depending on which contour (endocontpicontour) has moved and which
direction it has moved in. They also serve to simulate syatentonservative or generous
contouring. A given contourer may be overly concerned wittiding non-myocardial voxels
or conversely including all myocardial voxels thereby nmakihis type of systematic error. It
is conceivable that such global contours could occur witlo@ated contouring algorithms
as well. For example active contour based methods with deatistopping functions may
generate consistent global over or underestimates in theagg and an active appearance
model driven method such as (Stegmann et al. 2005) will beoaservative as the manual
data set on which it is trained.

4.2.1. Mean Myocardium Systematic trends in MBF error were seen as the contours were
modified. These trends can be explained in the light of preshoobserved physiological flow
properties of the myocardium. Animal studies have meastiregresence of a transmural
MBF gradient across the resting myocardium favoring theeaddium, which was no longer
observed under stress conditions (Ball & Bache 1975), @&riManohar 1983). If these
properties remain true in the human myocardium then the@génfigure 4 can be explained
as follows:

Variation of endocardial contour at rest. The MBF error becomes more positive for
negative contour errors as the endocardial contour encesagn the voxels within the left
ventricular blood pool. There is rapid signal enhancemanthe left ventricular cavity



thus these voxels, erroneously incorporated into the medaregion, will lead to MBF
overestimation (i.e. positive MBF errors). For positiventmr errors the higher MBF
endocardial voxels become excluded thus the relative flogs gtown and the MBF error
becomes negative.

Variation of epicardial contour at rest. For negative contour errors the MBF error
becomes more positive as the relatively low MBF epicard@iels are excluded from the
myocardial region. Positive contour errors will incorperaon-myocardial voxels of zero
signal enhancement into the region thus reducing MBF anslicgunegative MBF errors.

Variation of endocardial contour at stress. As at rest the negative contour errors increase
the MBF error. At MD values above0.2MW this dfect is not apparent, which may be due
to conservative contouring by the manual contourer. Theeedlear increase in MBF error
with positive endocontour errors which implies a transrhumgocardial gradient at stress
with the epicardium more highly perfused than the endocandiAs the endocardial contour
encroaches on the myocardium the low MBF voxels in the endaga are excluded, thus
increasing the MBF error.

Variation of the epicardial contour at rest. As at rest positive contour errors reduce MBF
error. There is also a reduction in MBF error with negativatoar error which is further
evidence for a transmural flow gradient at stress causingtivegMBF errors as the higher
flow voxels in the epicardium are excluded.

Whereas the presence of a resting transmural gradient éptect there is conflicting
evidence for the presence of a transmural flow gradient esstr(Lee et al. 2004) observed
no such gradient in healthy myocardial tissue at stresqGhuistian et al. 2004) observed a
transmural (eptendo) gradient at stress that was statistically signifieandid (Radjenovic
et al. 2010) in systole. However, thi&ect may in part be due to measurement errors inherent
in the acquisition or analysis. A possible explanation rhigghthe inclusion of endocardial
dark rim artefacts in the myocardial region of interest,athcould null the endocardial MBF
values thereby generating the observed gradient.

Considering the whole myocardial region systematic canetors of up to half the
mean myocardial width did not yield statistically signifit@rrors in MBF, figuré#.

4.2.2. Segmental Myocardium A measurement of the global MBF is of limited use in
investigating coronary artery disease, which inducesliea flow defects. The American
Heart Association (AHA) model (Cerqueira et al. 2002) penmis the mid-myocardial slice
into 6 circumferentially equidistant partitions that aresaciated with specific coronary
arteries enabling the link between the perfusion imagisglteind the required intervention.
The transmural variation in MBF between endocardial andaggdial tissue has also been
shown to be related to arterial stenosis, (Lee et al. 20Bdjefore it is important to consider
the dfect of contour errors on these patrtitions. For these reamam®yocardial regions were
also divided into the 12 partitions illustrated in figlrée 1b.

In general the 6 segment curves followed the same genenalstiees those for the whole
myocardium with some notable exceptions. At rest positpieadial contour errors for the
anteroseptal segment yielded positive MBF errors, opgosie general trend of negative



errors. This is due to inclusion of blood voxels in the riglentricle directly adjacent to
this myocardial segment, which exhibit rapid signal enleament.. The #ect is much less
apparent on the corresponding stress plot because thveeadfiect of the right ventricular
voxels is reduced with respect to the higher genuine myaaawBF at stress. At stress the
contour errors pushing the contours inside the myocardiwen (iegative epicontour errors
and positive endocontour errors) appearffed the anterior segments more profoundly than
the remaining segments. There is no reason to expect a strtnagsmural gradient in the
anterior myocardium so this observation is unexplainedeimeral the ects explained above
in terms of transmural gradients for the mean myocardial deg¢ obscured, either by errors in
the measurement process, which is to be expected due tor@iRein the smaller segments,
or by genuine heterogeneity of MBF gradients around the marghom. Segmental analysis
of systematic errors, figuté 5, showed non-significant MBBrerexcept for the inferoseptal
segment where a resting epicardial MD o3®W gave { = 0.05) and a stress endocardial
MD of —0.5MW gave p = 0.02), thus a tolerance level dfiD = 0.4MW would avoid
significant errors in MBF.

4.2.3. Endo and epicardium When the endocardial and epicardial layers were considered
separately significant errors in more segmentsl&t = +0.5MW were seen. This is due to
the greater percentagéect of a given voxel fiset on the ROI. A tolerance &iD = 0.3MW

is required to avoid all significant MBF errors with the mossseptible region being the
epicardial inferior segment at rest which exhibits sigafitMBF errors aMD = 0.4MW
(p=0.04).

These results suggest that, even in the unlikely event ostesatic error ecting the
entire contour, errors limited to an MD of 0.3 times the meayooardial width will not
incur a statistically significant MBF error. Generally tlaedest MBF errors were seen when
the contours passed outside of the myocardium, either ejiedig or endocardially, thus
conservative contouring is preferable to generous coimgdor healthy volunteers. Where
possible, segmentation algorithms should err on the sigeaging the endocardial contour
within the myocardium, however, in ischaemic patients witbendocardial abnormalities the
placement of the subendocardial contour may be more dritiea these results suggest for
diagnosing ischaemia.

4.3. Random Contour Errors

4.3.1. Mean Myocardium The box-plots in figuré]7 illustrate how the spread of MBF esro
increases as the maximum allowed voxg&tet increases. For a random contour error applied
to a linear MBF error space one would expect the median MBBr do remain at zero
independent of the size of the contour error. However figlikudtrates the fact that the
MBF error space is not linear. For this reason as the maxinandam error increases the
median MBF error deviates from zero in figure 7. However cont&rrors up to a MD of
0.4MW did not cause a statistical shift in mean MBF. The increaspmead of MBF values
with contour error is expected but F-tests did not show thibé significant even at 0.5 of



the mean myocardial width. The 95% confidence interval forfM#rors did not exceed the
one standard deviation line of ‘true’ MBFs up kD = 0.5MW. This shows that the contour
errors simulated did not induce a statistically significaminge in the distribution of MBFs
implying that the variance induced in MBF estimates from sinnulated contour errors is
not significant compared to the natural variance of MBF wittiie healthy population. A
statistically significant #ect was seen foMD = 0.5MW in the resting epicardium (t-test:
p = 0.03). This is predominantly caused by théeet of the epicardial contour bleeding into
the right ventricular blood pool as is clarified by the segtakanalysis. These results suggest
that a safety tolerance &iD = 0.4MW would be acceptable for the anlaysis of MBF in the
whole myocardium.

4.3.2. Segmental Myocardium Segmental analysis of the myocardium yielded similar tseend
in the spread of MBF errors to figuré 7 with the spread in MBBeincreasing more severely
with MD than in the mean myocardium due to the more profouiecéa given contour error
has on smaller ROIs. In general statistically significantivrors can be avoided by setting
a tolerance oMD < 0.3MW, (table[2). The exception is the anteroseptal segment faghwh
statistically significant changes in the variance of the MiBfer distributions were seen for the
resting epicardium foMD = 0.2MW (F-test: p < 0.01). Bleeding of the epicardial contour
into the right ventricular blood pool will incorporate vdgewith rapid signal enhancement
(due to fast flowing blood in the right ventricle) into the noaodial ROI incurring severe
changes in estimated MBF. At stress the genuinely higher MBs$cures thefiect of the
right ventricular voxels and a significanffect is not observed. These results suggest that a
safety tolerance oMD = 0.3MW would be acceptable for segmental analysis of MBF in
the healthy myocardium, excluding anteroseptal segmettieofesting epicardium, which
requires an accuracy 6D = 0.1MW

4.3.3. Endo and epicardium Considering the endo and epicardium as separate regions the
spread of MBF error increases more rapidly again with ireirepMD due to the further
decreasing ROI size. A tolerance BfD < 0.2MW is now required to avoid significant
MBF errors, excepting the anteroseptal segment which sge$icant dfects even aMD =
0.1MW in the resting epicardium (F-tept= 0.01). Considering the mean endocardium and
mean epicardium a tolerance @D < 0.3MW is suficient to avoid significant MBF errors.

4.4. Inter and intra observer variability

We required our contour errors to be random, in the absendsm@filedge of any more

systematic form of error population, whilst maintaining ma®th circular form, in that

one would not expect a manual contourer to deliberately rgé@esharp corners or high
frequency oscillations in the contour. To assess whethesiowlated contour errors were
representative of the errors that manual contourers malewgared our error distributions
with inter- and intra-observer contour error distribusorFigure§ 8a and 8b show that the
distributions of contour errors that we simulated are @amtb inter- and intra-observer



variabilities, with the best visual match being betweenaGd®&W & 0.5MW MD simulations

for inter-observer variability and between the@W and 03MW MD simulations for intra-
observer variability. Kolmogorov-Smirfictests confirm this observation showing that there
is insuficient evidence to reject the null hypothesis that the jimta-observer contour errors
were drawn from the same underlying distribution as the kted contour errors for all
maximum deviation values except ttD = 0.1MW case. Analysis of the separate stress,
rest, endo- and epi-contours did not yield evidence to #tisrconclusion.

It is evident from figuré 8 that the inter-observer variatiorcontour errors was much
broader than the intra-observer variation. This is an eigoe@sult. The bimodal shape of the
inter-observer contour error distribution is due to onenef@bservers being consistently more
conservative in their contouring. This was evident whereth@o- and epi-contour cases were
considered separately, yielding normal distributionsaftour errors with positive means for
the epi-contour errors and negative means for the endauapatrors.

4.5. Units of Contour Error

The data in this study is expressed in terms of the maximunatien (MD) that a contour is
allowed to deviate from its ‘true’ value. This is the most miegful measure of contour error
available as we have shown that recognized segmentatioicen@d not correlate with MBF
error and it encapsulates clearly the concept behind odogwphy of simulating contour
errors and can be directly interpreted as a maximum allasvabhtour error limit for any
contouring algorithm. Expressing MD in terms of voxels wibbk inadequate because voxel
size changes from MRI acquisition to acquisition. But coting results into absolute spatial
measuresnim or mn¥) is not appropriate either as any cohort of cardiac MR imagiis
contain a range of heart sizes, thus a given absolute coatoarwill have a more profound
effect on a smaller heart than on a large one. Therefore our mesasticontour error are
expressed as a fraction of the mean myocardial width (MW)hef $pecific heart being
considered. Expressing contours this way ensures thatesm giontour error has the same
effect across the entire dataset in terms of its relative getwngtange to the myocardial
contour with respect to the myocardium.

4.6. Limitations

This study has been carried out on healthy volunteers onlye ificlusion of ischaemic
patients, whose MBF is compromised, would incorporate darording factor into the data.
We have recommended contour error limits under which hgdiiBF estimates do not
significantly vary. The ffect of such errors on ischaemic patients has not been igassti
and the tolerances required there maedi

MBF varies between systole and diastole (Radjenovic et @02 To exclude this
complicating factor from the study only systolic images evemalyzed. The systolic
myocardium is thicker and thus easier to contour thus progid more trustworthy contour
reference standard. The contour accuracy required foyzngl diastolic data, where the
myocardial wall is thinner, may be higher thus our conclasibould strictly only be applied



to systolic data. However, our contour errors are expressed fraction of the mean
myocardial width (MW) and therefore might feasibly be apglito diastolic data if the
distribution of myocardial widths around the myocardiatamference is similar in diastole
and systole.

Our manual contouring only allowed for rigid translatiomsthe motion-correction,
which is consistent with clinical practice at our institati  The inherent assumption is
that there is no rotational or in-plane motion of the hearjolwv may not be true during
breathing motion. However, as breathing motion has beemmzad over the first-pass by the
adopted breath-holding strategy the errors induced dudeg@ssumption should be minimal.
The alternative approach of manually contouring each imaglee dynamic series is much
more time consuming and isfticult in low contrast images, where the myocardium and
surrounding tissues can be indistinguishable. There igasan therefore to suppose that our
method incurs worse errors than a method incorporatingagependent contour for each time
step.

We have simulated contour errors by allowing random vametievenly around the
contour and we have shown that these simulations generatg@lardistribution of contour
errors to inter- and intra-observer variability distrilauts. It may be the case that contour
errors are more likely over certain regions (e.g. whereetlaee more poorly defined edges)
than others thus an even distribution of random contourstishe best simulation. However,
in this case our simulations will overestimate the MBF esrdue to a given MD and so our
suggested tolerance levels can be treated as a consefaitwrhich may yield lower, but
not higher, errors in MBF than reported here.

Our implementation of the method proposed by (Larsson €t%l6) to convert signal
intensities to concentrations has two important limitasioFirstly this method was originally
validated for an inversion recovery sequence (Fritz-Hanse al. 1996), (Fritz-Hansen
et al. 2008). Although the adaptation of the method to a a#tur recovery sequence
is mathematically simple the method has not been separeddilyated for this sequence.
Secondly the use of an assumidfor blood may introduce errors in to the MBF estimation
process. To verify the robustness of this approach to efrothe assumed; value we
estimated MBF values from a subset of 10 volunteers whosakigtensity vs. time curves
had been converted to concentrations using a range of adstimelues. The assumed
T, values were chosen to cover the 95% confidence interval of ightesl average of
native cardiac blood’; measured by (Flacke et al. 2001), (Klein et al. 2004), (Megsl
et al. 2004), (Sharma et al. 2006). Over this range of assuipednedian MBFs over all
patients did not fall outside of the interquartile range oBR& corrected with the ‘true’
assumed bloodi;,. The spread of MBF values estimated with this ‘true’ MBF wasyparable
with the literature (Pack et al. 2008), (Fritz-Hansen e2@08). This result showed that errors
in MBF due to assumed blood are less pronounced than the inherent inter-patient v@miat
in MBF thus MBF estimates are relatively robust to errors ssuamed blood’; (Biglands
et al. 2010).



5. Conclusion

Myocardial contour errors have been simulated for estonatf MBF. The relationships
between segmentation error and MBF error has been desauite@xplained in terms of
cardiac physiology in healthy volunteers. The segmemntatdaluation metrics considered
are not correlated with random MBF errors thus neither meaguly evaluates whether
the contours are fit for purpose. Thus contouring algoritiorsDCE-MRI myocardial
perfusion should ideally be evaluated by both geometriowggation metrics and in terms of
MBF error. Comparison of segmentation algorithms evatliatith segmentation evaluation
metrics with those evaluated with MBF error is not possibiéess the segmentation errors
are systematic in nature.

For healthy volunteers imaged at systole with the scan patemsiused in this study
a significant deviation from the range of true MBF values caraboided if contour errors
are randomly distributed with a maximum deviation (MD) offlW, when considering
the whole myocardium, .BMW, when considering 6 radial segments as prescribed by the
AHA (Cerqueira et al. 2002), and.ZMW if the myocardium is further subdivided into
endo and epicardium. The exception is the anteroseptadmraghich requiredk 0.1MW
for the AHA model and< 0.1MW for endo and epicardial segments. In general more
significant MBF errors were observed when the myocardiataxas passed outside, rather
than inside, the myocardium suggesting that conservatingoar drawing (remaining within
the myocardium) will generate smaller errors than genecomsouring. However it should
be noted that our evaluation was carried out on healthy ve&rs only, and conservative
contouring could exclude important sub-myocardial def@cischaemic patients.
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