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Featured Application: In this pilot study, we quantify the contribution of the late gadolinium
enhancement (LGE) cardiac magnetic resonance (CMR) image analysis steps to the overall vari-
ability of the image analysis process in patients with myocarditis. Within the study protocol, we
took an original approach and developed solutions to address this important but underexplored
issue. We trust that our research represents a first step toward reducing the overall variability of
the LGE-CMR image analysis process, which is important to improve the diagnosis and prognosis
of myocarditis patients.

Abstract: Background: Myocardial damage in myocarditis is assessed through late gadolinium
enhancement (LGE) cardiac magnetic resonance (CMR). Variability in quantifying myocarditis extent
results from imprecise image segmentation and inconclusive data on quantification method selection.
To improve analysis precision, segmentation steps are systematically ranked based on their inherent
risks of error. Additionally, data on two distinct quantification methods are presented. Methods:
Using newly developed software, four experts analyzed five LGE-CMR left ventricular (LV) short-
axis (SAx) images of myocarditis patients in three sessions. Regions of interest (ROIs) (myocardial
(ROImyoc), reference (ROIref), and exclusion region (ROIexcl)) were identified and used to calculate
LGE extent with 3σ (intensity above three standard deviations (σ) in reference) and the full width at
half maximum (FWHM) method (intensity above 50% of maximum signal in reference). The reference
LGE extent was calculated and the influence of the ROIs on LGE extent variability was determined.
Interobserver and intraobserver variability were evaluated as 1-intraclass correlation coefficient (ICC).
Results: LGE extent variability was 6.2 ± 0.6% for 3σ and 4.0 ± 0.6% for FWHM. The contributions
of ROImyoc, ROIref, and ROIexcl were 1.5 ± 0.2%, 2.7 ± 0.4%, and 2 ± 0.3%, respectively, for 3σ, and
1.1 ± 0.1%, 1.6 ± 0.4%, and 1.3 ± 0.3%, respectively, for FWHM. LGE extent was lower in FWHM.
Interobserver variability was 0.56 for 3σ and 0.43 for FWHM. The intraobserver variability was higher
for the 3σ method in all four observers. Conclusion: ROIref selection contributed most to LGE extent
variability. FWHM yielded lower LGE extent and lower inter- and intraobserver variability. Due to
low statistical significance, the findings are only partially confirmed.

Keywords: myocarditis; cardiac magnetic resonance; variability; full width at half maximum; thresh-
olding methods; segmentation

1. Introduction

Myocarditis is the inflammation of myocardial tissue [1]. Myocarditis can affect the
heart diffusely or focally, affecting different segments of the left ventricle (LV). Its clinical
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signs and symptoms are diverse, which makes diagnosis challenging [2]. Myocarditis
is underdiagnosed due to the low sensitivity of cardiac biomarkers, ECG, and imaging
modalities [3]. Myocarditis can only be confirmed by endomyocardial biopsy, which is
seldom performed due to its invasive nature [4]. Echocardiography is non-specific for
myocarditis and can show decreased LV function, thickened walls due to edema, segmental
wall motion abnormalities, thrombus, and associated pericardial effusion. The golden
non-invasive imaging standard for establishing a myocarditis diagnosis is cardiovascu-
lar magnetic resonance (CMR). This allows tissue characterization and the detection of
focal myocardial involvement [5]. Meanwhile, late gadolinium enhancement (LGE) is an
important parameter of myocardial injury, detecting expanded extracellular space due to
myocyte necrosis, fibrosis, or edema [6]. Tracking LGE over time also helps guide treatment
decisions [7].

Because myocarditis primarily affects the subepicardial or mid-LV areas [8], clinical
experts determine the extent and regional distribution of myocardial damage by analyzing
short-axis (SAx) LGE-CMR images (slices) of the LV (Figure 1), which cover the heart from
base to apex.
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Figure 1. The left ventricle (LV) model and the orientation of short-axis late gadolinium enhancement
(LGE) cardiac magnetic resonance (CMR) images (slices).

They use clinical experience and LGE image characteristics associated with myocarditis
to identify bright regions that correspond to increased LGE accumulation [9], thus reflecting
myocardial damage. During the image analysis, they segment the heart by identifying
various regions of interest (ROIs) that depict pathological and normal myocardium. Then,
by using the ROIs, they calculate the location and the extent of LGE by using mathematical
quantification methods that distinguish between normal and pathological myocardium
based on signal intensity (SI) differences between pixels belonging to each of them [6,10].

The segmentation requires high levels of attention during ROI definition and this work
is highly repetitive, repeated for up to 10 slices per ventricle, which altogether may increase
errors. Furthermore, it is known that there is intraobserver and interobserver variation in
the results of image analysis [6,10,11]. The variability originates in the subjective delineation
of the ROIs. Because different ROIs may make different contributions to overall variability,
it is of use to the specialist to know which delineation of ROIs creates the most error in the
results. Thus, this study ranks all ROI delineation steps in terms of their contribution to
overall LGE extent variability.

In addition, inconclusive data on the preferred mathematical quantification method
prevent standardization of the procedure. Clinical experts mostly use thresholding-based
methods or the full width at half maximum (FWHM) method [6,10,11]. While thresholding
methods use an SI threshold defined by standard deviations (σ) above a reference region se-
lected in normal or dark myocardium [6], the FWHM method uses a threshold of above 50%
of maximal SI within the reference region defined in pathological (bright) myocardium [10].
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Existing evidence indicates that the FWHM method may be most appropriate for eval-
uating myocardial scarring in myocarditis patients, given its high prognostic value and
low inter- and intraobserver variability [6,10–12]. However, as thresholding methods are
frequently used in practice, we decided to enhance our study by performing analysis using
both the FWHM and the 3σ method. The latter has previously shown good reproducibility
in quantifying myocardial scars of different etiologies [10] and is significantly associated
with major adverse cardiovascular events (MACEs) in myocarditis patients [6]. We be-
lieve that comparing these two methods in terms of their impact on LGE extent and their
inter- and intraobserver variability adds depth to our analysis and helps in clarifying the
preferred method.

2. Materials and Methods

We analyzed five selected LGE-CMR LV SAx images of different patients with diag-
nosed myocarditis (Table 1). A cardiologist reviewed the clinical data, cardiac biomarkers,
and ECGs at baseline to confirm the clinical diagnosis of myocarditis. This study was
conducted following ethics commission requirements for the retrospective analysis of
anonymized clinical images.

Table 1. Characteristics of the study population.

Sample (n = 5)

Male/female 5/0

Age (mean ± standard error) (y) 30 ± 5

BMI (mean ± standard error) (kg/m2) 29 ± 2

Mean LGE extent (mean ± standard error) (%) 24 ± 5

Maximum troponin (mean ± standard error) (ng/L) 18,564 ± 5000

Four different clinical specialists analyzed each of our images in three repetitions
carried out at 10-day intervals. The team of specialists was composed of two cardiologists
and two radiologists with an average of 10 years of experience. They were not made aware
of other specialists’ measurements or the clinical data in totality.

Different cardiac disorders are characterized by different LGE patterns visible on LGE-
CMR images. In myocarditis, gadolinium (Gd) typically distributes in the subepicardial or
mid-myocardial region, forming a characteristic patchy pattern [8]. Thus, our first criterion
for selecting the five images that were analyzed was that the LGE pattern was indicative of
myocarditis. Furthermore, we only analyzed images belonging to mid-ventricular regions
because they are least affected by partial volume effects [8].

2.1. Imaging Protocol

CMR was performed at the Ljubljana University Medical Center using a 3 Tesla (T)
scanner (Siemens TrioTim scanner, Siemens Healthineers, Forcheim, Germany). Before
imaging, 0.1 mmol/kg of Gadovist, a gadolinium-based contrast agent, was administered
intravenously to patients. Phase-sensitive inversion recovery imaging (PSIR) [9,13] was
used to provide good contrast between normal myocardial tissue and myocarditis-affected
tissue while also providing fast imaging. Images were T1-weighted (T1w), with typical
imaging parameters of repetition time (TR) 700–800 ms, echo time (TE) 1.5–1.6 ms, delay
time (TD) 500–650 ms, matrix size 256 × 256, flip angle (FA) 20◦, and in-plane resolution
1.4 × 1.4 mm2. The inversion time (TI) was optimized to null the normal myocardium
signal, with its typical 250 to 350 ms values. For each patient, images were acquired on 10
to 12 SAx planes so that the LV was covered by slices from the base to apex. The typical
slice thickness was 8 mm, with a spacing of 8 to 10 mm between slices.
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2.2. Image Segmentation Steps

In each image, three ROIs were delineated manually by using the open-source image
analysis tool 3D Slicer (RRID: SCR_005619), version 4.11.20210226 [14]. We applied the
same segmentation order as used in the clinical procedure. First, the myocardium region
(ROImyoc) was delineated, then reference regions (ROIref) were found, and finally, the
exclusion regions (ROIexcl) were determined. ROImyoc is defined by the epicardial and
endocardial borders of the LV and thus forms a myocardial ring. Because the selection of
ROImyoc is independent of the mathematical quantification method used, it was delineated
only once per analysis and used for both mathematical quantification methods; that is,
ROImyoc3σ = ROImyocFWHM = ROImyoc. Next, as the selection of ROIref depends on the math-
ematical quantification method used [6,10,11], two different ROIrefs were selected: ROIref3σ,
representing an area of healthy or dark myocardium; and ROIrefFWHM, representing an
area of pathological or bright myocardium (Figure 2).
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Figure 2. Clinical specialists manually segmented the LGE-CMR images into regions of interest
(ROIs): myocardial region, or ROImyoc; reference region, or ROIref; and pathology-free region,
or ROIexcl. ROIs were then used in the pathology extent calculation with the 3σ method (left)
(pathology threshold set to three standard deviations (σ) in reference), and with the full width at half
maximum (FWHM) method (right) (pathology threshold set to 50% of maximum signal in reference).
The selection of ROImyoc is independent of the mathematical quantification method used; that is,
ROImyoc3σ = ROImyocFWHM = ROImyoc.

After delineating ROImyoc and ROIref, the specialists used a preliminary calculation of
pathological regions in the image to delineate ROIexcl, which eliminates potential artifacts
such as blood pools from further LGE extent calculations. Because the result of quantifi-
cation differs when using different mathematical quantification methods (Figure 2), they
delineated two ROIexcl regions: ROIexcl3σ and ROIexclFWHM. In the calculations of LGE
extent, the ROIexcl regions were treated as healthy regions.

2.3. LGE Quantification

After ROI delineation was concluded, the image and the corresponding ROIs were
exported to MATLAB (RRID:SCR_001622), version R2021a, as an 8-bit grayscale image and
binary mask, respectively. Through pixel-to-pixel multiplication, we obtained ROI matrices
in which the elements differed from zero only within the ROIs (Figure 3).

We calculated the LGE extent for the 3σ and FWHM methods separately using the
ROI matrices. In both methods, we found pixels associated with myocarditis pathology
according to a corresponding mathematical condition, and then we calculated the LGE
extent as their percent share of the total ROImyoc area, for which the area was quantified
with an exact number of pixels included. In the 3σ method, we found pixels brighter
than three σ above the mean value of pixel brightness within ROIref3σ. In the FWHM
method, we found pathological pixels brighter than 50% of maximal pixel brightness
within ROIrefFWHM.
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We performed all calculations with our custom-made program in MATLAB (RRID:
SCR_001622). Together with the open-source program 3D Slicer (RRID: SCR_005619), it
forms a functional unit as an alternative to commercial LGE-CMR image analysis software.
To calibrate this, we compared MATLAB (RRID: SCR_001622)-provided results of LGE
extent with the results provided by the trial version of the commercially available software
Circle cvi42, version 5.10, Circle Cardiovascular Imaging Inc. (Calgary, AB, Canada).
During the segmentation process, we ensured that the ROIs were delineated similarly when
using different tools. The results differed by less than 1%.

2.4. LGE Extent Reference and Variability

LGE extents (LGE3σ,k,i,e and LGEFWHM,k,i,e) were calculated for each slice (k), rep-
etition (i), and specialist (e), separately for both mathematical quantification methods.
LGE3σ,k,i,e was calculated by using ROImyoc,k,i,e, ROIref3σ,k,i,e, and ROIexcl3σ,k,i,e, and
LGEFWHM,k,i,e was calculated by using ROImyoc,k,i,e, ROIrefFWHM,k,i,e, and ROIexclFWHM,k,i,e.

One of the goals of the study was to evaluate the contribution of a single ROI de-
lineation imprecision to the LGE extent, which required keeping the other two ROIs
unchanged. To achieve this, we determined a reference LGE extent value as the average
of all possible combinations and then compared it with the LGE extent influenced by
individual ROIs.

To construct the reference LGE extent, we combined the results of three repetitions
of the same specialists (e) for the same slice (k). For example, ROImyoc of the first repeti-
tion (ROImyoc,k,1,e) was combined with all three repetitions of ROIref3σ,k,1–3,e and all three
repetitions of ROIexcl3σ,k,1–3,e, which gave us 9 LGE3σ,k,1,e values, and 27 altogether for all
three repetitions of ROImyoc3σ,k,1–3,e itself. The same was reiterated for the remaining two
ROIs, giving us 81 LGE extent values per specialist per slice and separately for the 3σ and
FWHM methods.

The reference LGE extent was calculated as the average of 81 values obtained per
specialist, per slice, and per quantification method. Then, a variable LGE extent for
a given ROI, repetition, slice, and specialist was calculated as the average of the nine
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values obtained previously; for example, nine LGE extents assigned to ROImyoc3σ,k,1,e were
averaged to obtain LGEmyoc3σ,k,1,e.

The LGE3σ extent variability for ROImyoc3σ, ROIref3σ, and ROIexcl3σ was calculated as
the mean absolute deviation between LGEmyoc3σ,k,1–3,e, LGEref3σ,k,1–3,e, and LGEexcl3σ,k,1–3,e
and the corresponding reference values. Finally, we calculated the total LGE extent vari-
ability for each ROI by averaging the variability results across all observers and slices.
We calculated the corresponding standard errors by using the general formula for the
propagation of uncertainties [15].

2.5. Inter- and Intraobserver Variability

The statistical degree of agreement between observers, or interobserver variability,
and within the same observer, or intraobserver variability, was evaluated as a 1-intraclass
correlation coefficient (ICC) [10]. ICC evaluates the degree of agreement between the
measurements from the same group, in our case LGE extents. Its values range from 0 to 1,
with 1 implying complete agreement between measurements [16].

We used two different ICC models for calculations. The two-way random-effect
single-score ICC model was used to calculate interobserver variability, and a two-way
mixed-effect single-score model [16–19], which removes variations between observers from
the calculation, was used to calculate intraobserver variability. We calculated the ICC
values following the procedure described by Koo and Li [16] and reported them with
their corresponding 95% confidence intervals (CIs), the lower and upper boundaries of
which we calculated using the relations described by Bonett [16]. All ICC calculations were
performed in Microsoft Excel.

2.6. Statistical Analysis

Data normality was evaluated using the Shapiro–Wilk test [20]. When comparing vari-
ability, LGE extents, and ICC coefficients, the statistical significance of observed differences
was evaluated using a paired t-test [21], with the significance level set at 0.05.

3. Results

The contributions of ROImyoc, ROIref, and ROIexcl were 1.5 ± 0.2%, 2.7 ± 0.4%, and
2 ± 0.3%, respectively, for 3σ, and 1.1 ± 0.1%, 1.6 ± 0.4%, and 1.3 ± 0.3%, respectively,
for FWHM (Figure 4). We found that the selection of ROIref was the largest source of
variability in both quantification methods because it presented the highest average LGE
extent variability, as shown in Figure 4. However, only the difference between ROIref3σ and
ROImyoc3σ was statistically significant. Furthermore, the average LGE extent variability was
smaller when using the FWHM method compared to the 3σ method; however, statistical
significance was found only in ROImyoc and ROIexcl but not in ROIref (Figure 4).

The summation of the variabilities of the three ROIs studied resulted in a total vari-
ability equal to 6.2 ± 0.6% in the case of the 3σ quantification method and 4.0 ± 0.6% in
the case of the FWHM method. We obtained similar values (6 ± 2% and 3.6 ± 0.8% for
the 3σ and FWHM methods, respectively) when variability was evaluated directly from
the measurements. The FWHM quantification method generally yielded lower LGE extent
values. In three out of five slices, we found that the LGE extent quantified with FWHM
was significantly lower than when quantified with the 3σ method (Figure 5).

The interobserver variability was higher in the 3σ method, 0.56 (0.15–0.86), compared
to the FWHM method, 0.43 (0.13–0.75). The intraobserver variability was higher in the
3σ method for all four observers (Observer 1: 0.60 (0.41–1) for 3σ and 0.22 (0.13–0.70) for
FWHM; Observer 2: 0.22 (0.13–0.70) for 3σ and 0.20 (0.12–0.66) for FWHM; Observer 3:
0.34 (0.21–0.89) for 3σ and 0.20 (0.12–0.65) for FWHM; Observer 4: 0.49 (0.32–1) for 3σ and
0.07 (0.04–0.28) for FWHM, see Figure 6). However, the 95% CIs for the 3σ and FWHM
methods overlapped for all but the fourth observer, and so the statistical significance of the
difference was not confirmed.
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4. Discussion

Our results suggest that the selection of ROIref contributes most to the LGE extent
variability when using both the 3σ and FWHM quantification methods, but we cannot
conclusively confirm this because of low statistical significance.

We furthermore compared the results provided by each of these two methods and
found that FWHM yielded lower LGE extent values, which we also confirmed based on
lower average LGE extent variability; however, again due to low statistical significance it is
difficult to conclusively confirm the observation.

Specifically, our results demonstrate that the selection of ROIref3σ presents a signifi-
cantly greater source of variability than the selection of ROImyoc3σ (Figure 4). This finding
may be explained by the fact that the ROIref3σ regions are selected based on the observer’s
interpretation, with the only formal requirement being that they be located somewhere
within the normal myocardium, which appears dark in the image. The ROImyoc, on the
other hand, is defined by the anatomy and thus is less influenced by the observer’s inter-
pretation. Therefore, clinical experts should be especially careful when selecting a reference
region when using the 3σ method.

The clinical interpretation of the influence of variability magnitude on diagnostics and
treatment is not straightforward. The results of studies examining the relationship between
the quantitative value of the LGE extent and adverse events are unclear [2]. However, a
study conducted by Ngo et al. [22] reported that a 10% increase in FWHM-evaluated LGE
extent corresponds to a 79% increased risk of MACE. In this context, our findings show
that the variability of both methods is within a clinically acceptable range. The general
expectation in radiology is that variability should not exceed the 10% limit, and ideally, it
should be lower than 5%. Considering this interpretation, our results show that the mean
value of the 3σ method’s variability exceeds the 5% limit, whereas the mean value of the
FWHM method’s variability falls within the predicted limit.

Our observation of the lower LGE extent generated by the FWHM method is consis-
tent with previously published studies conducted on myocarditis patients [6], as well as
those conducted on patients with cardiomyopathy (CMP) [10] and myocardial infarction
(MI) [10,12]. In addition, one study [6] showed that the lower LGE extent calculated with
the FWHM method offers a better prognostic association with lower MACE in myocardi-
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tis patients, suggesting that FWHM values may correlate better with realistic myocar-
dial damage, which is crucial for making informed decisions on patient treatment plans
and interventions.

Furthermore, our finding that the FWHM method in myocarditis patients yields
lower inter- and intraobserver variability is again consistent with the results published
in a previous study [6]. However, in our case, the 95% CIs of the 1-ICC value for the 3σ
and FWHM methods mostly overlapped. As a result, the statistical significance of the
differences observed remains to be elucidated.

We used the reference LGE extent method to determine LGE extent variability, which
is an alternative to finding the graphical average of each of the ROIs delineated. A problem
arose with the graphical average approach when we tried to determine the graphical aver-
age of ROIref and ROIexcl. Because these two ROIs can be delineated anywhere within the
LV boundaries, their interpretation is highly dependent on the observer. As a result, we
found the determination of their graphical average to be a complicated, if not impossible,
task. Therefore, we opted for the approach with varying ROIs across all possible combina-
tions. Good agreement between the summation of LGE extent variability components and
the variability obtained directly from experimental results again ensures the relevance of
our method using reference LGE.

Commercial software for LGE-CMR image analysis is expensive and often unavailable
in clinical practice. Due to the prognostic and diagnostic value of the LGE of LGE-CMR
images, widely available open-source tools may be useful not only in research but also in
clinical work. In this study, we developed a new quantitative tool for LGE-CMR image
analysis. The tool developed allowed our team of specialists to conduct LGE-CMR image
analysis without relying on commercial software. It also allowed us to determine the
variability of each ROI separately by applying a procedure described in the Methods
section, which we believe would not be possible with commercial software.

We are aware that manual delineation of ROIs is a time-consuming process (up to
15 min per slice), which limits the clinical applicability of quantitative CMR. Previously,
automated contour detection algorithms that significantly reduce analysis time were de-
veloped [8,22–24]. While these may help to overcome the subjective variations associated
with manual image processing in the future, so far the differences between automatic and
manual ROI detection can still be relatively large [23], especially for low-quality images
or images affected by significant artifacts [24]. Therefore, artificial intelligence (AI)-based
segmentation approaches are still under development and need to be further improved and
tested before they can be widely used in clinical practice. In our opinion, this highlights the
importance of improving routinely used manual contouring.

Although our results may be robust, we believe that they represent an important
step toward improving the efficiency of quantitative CMR analyses and will lead to poten-
tially more accurate clinical assessments of myocarditis. Taking into account that ROIref
contributes most to the LGE extent variability when using both the 3σ and FWHM quan-
tification methods, its use may reduce specialists’ time and effort required for the manual
delineation of ROI areas, which may result in a more efficient and standardized manual
contouring process in the future. In addition, the alignment of FWHM-related lower LGE
extent and lower inter- and intraobserver variability with existing research highlights the
consistency and potential clinical relevance of this method in the assessment of myocarditis.

5. Limitations and Future Perspectives

Due to the fact that data analysis with our experimental tool takes a considerable
amount of time, and because of the volume of daily clinical work, it is difficult to con-
vince a specialist to devote additional time and effort to performing image analysis for
research purposes. While we were happy that we managed to obtain annotations from four
experienced clinicians, we had to limit the number of images analyzed and perform the
LGE quantification on a single preselected SAx slice for each patient, in contrast to larger
studies [6,10,11]. The consequences are the low statistical significance of the statistical tests
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arising from the low number of images analyzed and a lack of insight into the pathology
distribution at the whole-heart level.

Unfortunately, the follow-up data for our patients were not available. Therefore, we
could not evaluate which quantification method would have provided the best information
on the clinical outcome. Further research should determine the precise relationship between
LGE extent and adverse events. Doing so would likely improve risk stratification and
clinical decision-making.

Our images were all acquired by using the same field strength of 3T, the same imaging
sequence, and the same amount of contrast agent per patient (0.1 mmol/kg). Because all
these factors can affect the signal-to-noise (SNR) ratio and contrast of the images [9,10,25],
future research should be conducted using different field strengths or imaging sequences
(e.g., balanced steady-state free precession (bSSFP) [26]).

6. Conclusions

To the best of our knowledge, this is the first study to quantify the contribution of the
LGE-CMR image analysis steps to overall variability in patients with myocarditis. LGE is
an important indicator of the extent of myocarditis lesions, which can regress over time.

According to the findings of our pilot study, specialists should expect a larger influence
of ROIref selection on the variability of LGE extent quantification and an overall lower LGE
extent when using the FWHM method. However, further large-scale studies are needed
to confirm our findings and reduce the overall variability of the image analysis process.
Doing so would likely increase the efficiency of quantitative CMR analyses and lead to a
more accurate clinical assessment of myocarditis.
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