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Abstract

BACKGROUND
Radiomics can assess prognostic factors in several types of tumors, but consi-
dering its prognostic ability in pancreatic cancer has been lacking.

AIM
To evaluate the performance of two different radiomics software in assessing
survival outcomes in pancreatic cancer patients.

METHODS

We retrospectively reviewed pretreatment contrast-enhanced dual-energy com-
puted tomography images from 48 patients with biopsy-confirmed pancreatic
ductal adenocarcinoma who later underwent neoadjuvant chemoradiation and
surgery. Tumors were segmented using TexRad software for 2-dimensional (2D)
analysis and MIM software for 3D analysis, followed by radiomic feature extra-
ction. Cox proportional hazard modeling correlated texture features with overall
survival (OS) and progression-free survival (PFS). Cox regression was used to
detect differences in OS related to pretreatment tumor size and residual tumor
following treatment. The Wilcoxon test was used to show the relationship bet-
ween tumor volume and the percent of residual tumor. Kaplan-Meier analysis
was used to compare survival in patients with different tumor densities in Houns-
field units for both 2D and 3D analysis.
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RESULTS

3D analysis showed that higher mean tumor density [hazard ratio (HR) = 0.971, P = 0.041)] and higher median
tumor density (HR = 0.970, P = 0.037) correlated with better OS. 2D analysis showed that higher mean tumor
density (HR = 0.963, P = 0.014) and higher mean positive pixels (HR = 0.962, P = 0.014) correlated with better OS;
higher skewness (HR = 3.067, P = 0.008) and higher kurtosis (HR = 1.176, P = 0.029) correlated with worse OS.
Higher entropy correlated with better PFS (HR = 0.056, P = 0.036). Models determined that patients with increased
tumor size greater than 1.35 cm were likely to have a higher percentage of residual tumors of over 10%.

CONCLUSION

Several radiomics features can be used as prognostic tools for pancreatic cancer. However, results vary between 2D
and 3D analyses. Mean tumor density was the only variable that could reliably predict OS, irrespective of the ana-
lysis used.

Key Words: Radiomics; Pancreas; Cancer; Segmentation

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The use of radiomics to assess pancreatic cancer has been limited. This retrospective study evaluated the
performance of 2-dimensional (2D) and 3D radiomic software in determining survival outcomes of pancreatic cancer
patients. The mean tumor density was the only variable to reliably predict overall survival (OS) irrespective of the type of
analysis. Mean tumor density may be able to differentiate survival and potentially may be help in treatment planning
irrespective of the texture analysis software used. Higher skewness [hazard ratio (HR) = 3.067, P = 0.008] and higher
kurtosis (HR = 1.176, P = 0.029) correlated with worse OS based on 2D analysis.

Citation: Saleh M, Virarkar M, Mahmoud HS, Wong VK, Gonzalez Baerga CI, Parikh M, Elsherif SB, Bhosale PR. Radiomics
analysis with three-dimensional and two-dimensional segmentation to predict survival outcomes in pancreatic cancer. World J Radiol
2023; 15(11): 304-314

URL: https://www.wjgnet.com/1949-8470/full/v15/i11/304.htm

DOI: https://dx.doi.org/10.4329/wjr.v15.i11.304

INTRODUCTION

Pancreatic cancer is an aggressive malignancy causing 7%-8% of cancer-related deaths in the United States[1]. The 5-year
overall survival (OS) rate is currently less than 5% despite aggressive multimodality treatment approaches, which mainly
include neoadjuvant chemoradiation followed by surgery[2,3]. Up to 60% of patients experience recurrence following
definitive therapy[3-5]. Pretreatment stratification of patients based on risk of recurrence and mortality may help de-
termine the aggressiveness of the treatment plan and guide optimal management.

Several risk factors may affect pancreatic cancer prognosis and OS, such as vascular invasion, lymph node metastasis,
tumor stage, and tumor differentiation[6]. Although some prognostic factors may be evaluated by conventional imaging,
several others require invasive histologic assessment, which is expensive, carries the risk of complications such as
infections or bleeding, and may not provide a complete evaluation of the tumor owing to sampling variability.

There is increasing interest in radiomics because it converts qualitative and subjective imaging data into quantitative
and objective data through complex algorithms to provide information that a radiologist cannot extract with the naked
eye. Several studies have demonstrated that radiomics can noninvasively assess tumor grade, lymph node metastasis,
and other prognostic factors for multiple types of tumors[7-9]. However, only a few studies have evaluated the use of
radiomics for assessing prognosis for pancreatic tumors[10-13]. Additionally, texture analysis values extracted via
artificial intelligence programs are software-dependent and may vary among software programs due to differing
algorithms and processing. For example, MIM performs a 3-dimensional (3D) volumetric analysis, whereas TexRad
performs a cross-sectional 2D analysis of only a single slice.

Given this discrepancy, the primary objective of the current study was to determine whether pancreatic tumor texture
features can reliably be used as prognostic indicators to provide reproducible results independent of the artificial
intelligence software or type of analysis used.

MATERIALS AND METHODS

Patients
This retrospective single-center study was reviewed and approved by the Institutional Review Board in compliance with
HIPAA guidelines. Institutional records between January 2012 and November 2020 were accessed. Our inclusion criteria
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included patients undergoing a baseline (pretreatment) contrast-enhanced dual-energy computed tomography (CT)
study of the primary pancreatic tumor before chemoradiation and subsequent surgery. Patients who did not have: (1)
Baseline pretreatment CT study data; (2) Histologic confirmation of a primary tumor of the pancreas; and/or (3) Visible
tumors on the CT study were excluded from the analysis. Forty-eight patients met the inclusion criteria. An under-
graduate research student searched the patients” medical records for date of birth, date of first CT study, date of diag-
nosis, date of last follow-up, date of surgery, histological tumor size, tumor histologic characteristics, and histologic
differentiation, presence of adenopathy, both before and after treatment, type of neoadjuvant therapy received,
recurrence state, date of recurrence, vital status, and date of death, if applicable. Tumor responses were based on a
comparative evaluation of pre- and post-treatment scans and were evaluated by the Response Evaluation Criteria in Solid
Tumors criteria.

CT protocol and image acquisition

All patients underwent the pretreatment abdominal contrast-enhanced dual-energy CT study via a 64-detector row
Discovery CT750 HD CT scanner (Gemstone Spectral Imaging, GE Healthcare, Milwaukee, WI) with a multiphasic
pancreatic protocol with rapid switching. Images were acquired intravenously after injecting 125-150 mL of Omnipaque
350 (Mallinckrodt, St Louis, MO) at a rate of 4-5 mL/s. Bolus tracking was used. When a 100-Hounsfield unit (HU)
increase was detected at the origin of the celiac axis, images were obtained with a diagnostic scan delay of 20 s, from the
level of the hemidiaphragm to the iliac crest, using a rapid switching dual-energy technique (80 kVp and 140 kVp). The
scan duration was 5 s for the abdomen. The late arterial / pancreatic parenchymal phase was obtained approximately 40-
45 s after the start of contrast injection, and an additional 20-s delay scan using a 120-kVp conventional non-dual-energy
imaging technique, resulting in a portal venous phase, was obtained approximately 65-70 s after the start of contrast
injection. Images in the pancreatic parenchymal and portal venous phases were reconstructed at 2.5-mm slice thickness.
The scan parameters were as follows: Tube current 125-600 ms, tube voltage 120 kVp, pitch 0.98:1, slice thickness 0.6-5
mm, revolution time 0.8 s, table feed speed 39.375 mm/rotation, and field of view 440 mm.

Radiomics workflow

Our study included two separate segmentation programs: MIM software version 6.9.4 (MIM Software Inc) and TexRad
Research version 3.9 (Cambridge Computed Imaging LTD). Both radiomics workflows started with tumor segmentation
on the treatment-naive imaging studies, followed by feature extraction. The tumors were segmented by a research fellow
in the abdominal radiology department under the supervision of an oncologic radiologist with ten years of experience.

3D segmentation: The portal venous phase was used for segmentation. The tumors were contoured on MIM software
using the 3D brush on the axial, coronal, and sagittal planes (Figure 1) by an abdominal radiologist with ten years of
clinical experience. A research fellow assisted in extracting the texture features on MIM and saved them on an encrypted
server. Seventeen texture features [integral total value (HU x Ml), kurtosis, maximum HU, mean HU, maximum mean
HU ratio, median HU, median minimum HU ratio, minimum HU, minimum mean HU ratio, skewness, sphere value
(cm), standard deviation, standard deviation mean HU ratio, total HU, volume, voxel count, and entropy], all belonging
to first-order statistics, were extracted via an algorithm developed by MIM Software Inc for the texture analysis of CT
scans (Table 1).

2D segmentation: The images evaluated in 2D segmentation were also derived from the portal venous phase uploaded to
the commercially available TexRad research software. 2D segmentation was performed using the polygon region of
interest tool. The slice with the greatest tumor diameter was used, and textural radiomic features were extracted automat-
ically from the images within the region of interest. A total of 6 texture features (entropy, kurtosis, mean HU, mean
positive pixels, skewness, and standard deviation) were extracted. Because TexRad software applies spatial scale filters
and MIM'’s algorithm does not, only values without using a spatial scale filter were considered to compare the two soft-
ware programs.

Statistical analyses

For 2D and 3D analysis, the correlation between tumor size and percentage of residual tumor based on histological
evaluation was assessed using simple linear regression. The Wilcoxon test was used to show the relationship between
tumor volume and the percent of residual tumor. The Youden index was used to determine the optimal cutoff for
predicting residual tumors based on tumor size. Also, a receiver operating characteristic curve was generated to predict
the performance of tumor size in estimating residual tumors.

Simple logistic regression was used to correlate the texture features with post-treatment adenopathy. A Cox propor-
tional hazards model was used to fit univariate models identifying associations between texture features and OS and
progression-free survival (PFS). Cox regression was used to detect any significant association between OS and the per-
centage of residual tumor following treatment or tumor size.

For 2D and 3D analysis, recursive partitioning analysis was carried out using the R package “rpart” to identify a cutoff
that can predict OS by mean HU value. All tests were two-sided, and P < 0.05 was considered statistically significant.
Statistical analysis was done using SAS version 9.4 (SAS Institute, Cary, NC). The Kaplan-Meier analysis was used to
compare survival in patients with different tumor densities in HU for both 2D and 3D analysis.
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Table 1 Radiomic features extracted from segmentation programs

MIM Software Inc (3D segmentation) Cambridge Computed Imaging LTD (2D segmentation)
Integral total value Entropy

Kurtosis Kurtosis

Maximum HU Mean HU

Mean HU Mean positive pixels

Maximum mean HU ratio Skewness

Median HU Standard deviation

Median minimum HU ratio
Minimum HU

Minimum mean HU ratio
Skewness

Sphere value

Standard deviation

Standard deviation mean HU ratio
Total HU

Volume

Voxel count

Entropy

HU: Hounsfield units; 2D: Two-dimensional; 3D: Three-dimensional.

- -

* DOI: 10.4329/wjr.v15.i11.304 Copyright ©The Author(s) 2023.

Figure 1 Example of contouring using the 3-dimensional brush on MIM software in the different planes. A: Axial; B: Sagittal; C: Coronal.

RESULTS

The patients” mean * SD age was 61.2 + 12.8 years, with a median age of 61.9. Patient ages ranged from 18.6 years to 88.9
years. Linear regression showed that histologic tumor size was correlated with residual tumor [correlation coefficient =
0.51, 95% confidence interval (CI): 0.26-0.70, Figure 2]. Using a cutoff of 1.35 cm, based on histologic tumor size, our
models showed that patients with a tumor size greater than 1.35 cm are at risk of having more than 10% residual tumor
(sensitivity = 0.64, specificity = 0.94, accuracy = 0.85, P = 0.015; Figures 3 and 4).

3D analysis

Linear regression showed that histologic tumor size was correlated with residual tumor (correlation coefficient = 0.51,
95%CI: 0.26-0.70, Figure 2). Using a cutoff of 1.35 cm, based on histologic tumor size, our models showed that patients
with a tumor size greater than 1.35 cm are at risk of having more than 10% residual tumor (sensitivity = 0.64, specificity =
0.94, accuracy = 0.85, P = 0.015; Figures 3 and 4).
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Figure 2 Linear regression showing that residual tumor was significantly linearly correlated with tumor size (P = 0.0002). Using tumor size as
the predictor (x-axis), the slope is 0.1023, meaning that for every single unit increase in tumor size, there is a 10.23% increase in the percentage of residual tumors.
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Figure 3 Box plot showing the relationship between tumor size and residual tumor in our cohort.

Linear regression analysis showed that mean HU [correlation coefficient = -0.0040, standard error (SE) = 0.0018, P =
0.0326], median HU (correlation coefficient = -0.0039, SE = 0.0019, P = 0.0373), and minimum mean HU ratio (correlation
coefficient = -0.1038, SE = 0.0499, P = 0.0406) were inversely correlated with the percentage of residual tumor following
treatment.

The univariate Cox proportional hazards model showed that mean HU and median HU were significantly correlated
with OS [mean HU: hazard ratio (HR) = 0.971, 95%CI: 0.945-0.999, P = 0.041; median HU: HR = 0.970, 95%CI: 0.942-0.998,
P =0.037]. A cutoff value of mean HU > 61.185 significantly predicted better OS (P = 0.0039; Figure 5A). None of the
texture features significantly correlated with post-treatment adenopathy or PFS risk.
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Figure 4 Receiver operating characteristic curve showing that 1.35-cm tumor size is the optimal cutoff point for predicting < 10% residual
tumor, determined by the Youden index. This model predicts < 10% residual tumor with an area under the curve of 0.852, sensitivity of 0.643, and specificity
of 0.939. AUC: Area under the curve.
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Figure 5 Kaplan-Meier curves. A: Kaplan-Meier curves comparing patients with mean Hounsfield units (HU) value greater or less than 61.185, based on 3-
dimensional analysis. Log-rank P = 0.0039 indicates that patients with mean HU = 61.185 had significantly better overall survival than those with mean HU < 61.185;
B: Kaplan-Meier curves comparing patients with mean HU value greater or less than 65.485, based on 2-dimensional analysis. Log-rank P = 0.0047 indicates that
patients with mean HU = 65.485 had significantly better overall survival than those with mean HU < 65.485. HU: Hounsfield units.

2D analysis

Without a spatial scale filter, high tumor entropy (correlation coefficient = -0.641, SE = 0.301, P = 0.039), increased mean
HU (correlation coefficient = -0.004, SE = 0.002, P = 0.032), and high mean positive pixels (correlation coefficient = -0.005,
SE = 0.002, P = 0.032) correlated with less than 10% residual tumor following treatment. Entropy is also positively
associated with PFS (HR = 0.056, 95%CI: 0.004-0.831, P = 0.036).

For 2D values, a cutoff of 65.485 for mean HU was appropriate for differentiating mortality risk; patients with equal or
higher values than the threshold had significantly better OS (P = 0.0047; Figure 5B). High mean positive pixels were
associated with better OS (P = 0.014), whereas high kurtosis (P = 0.029) and skewness (P = 0.007) were associated with
worse OS (Table 2). No significant correlations existed between texture features at 0 spatial scale filter and post-treatment
adenopathy.
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Table 2 Univariate Cox proportional hazards model for overall survival (hazard ratio < 1 indicates better prognosis)

SSF Variable Hazard ratio 95% ClI P value
0 Kurtosis 1.176 1.017-1.361 0.029

0 Mean HU 0.963 0.935-0.993 0.014

0 MPP 0.962 0.933-0.992 0.014

0 Skewness 3.067 1.345-6.993 0.008

2 Entropy 0.042 0.003-0.636 0.022
2 Mean HU 0.975 0.961-0.989 0.001

3 Mean HU 0.980 0.968-0.991 <0.001
4 Kurtosis 1.071 1.000-1.146 0.048

4 Mean HU 0.985 0.974-0.995 0.003

4 MPP 1.012 1.000-1.023 0.046
4 SD 1.006 1.001-1.011 0.016

5 MPP 1.009 1.002-1.017 0.012
5 SD 1.006 1.001-1.011 0.010
6 MPP 1.007 1.002-1.013 0.008

6 SD 1.006 1.001-1.011 0.011

Without a spatial scale filter (SSF), patients with high kurtosis and skewness had worse overall survival. Patients with elevated mean Hounsfield units and
mean positive pixels had better overall survival. Several other significant findings were found when an SSF was applied (2 through 6). HU: Hounsfield
units; SSF: Spatial scale filter; MPP: Mean positive pixels; 95%CI: 95% confidence interval.

DISCUSSION

Our study suggests that baseline CT-based texture features are noninvasive prognostic indicators that can help predict
residual tumors, response to therapy, and prognosis in patients with pancreatic cancer. We also found that some of these
textural features are reproducible irrespective of the software or analysis used. 3D and 2D analyses showed that higher
tumor density correlated with better OS and lower residual tumors. However, unlike 3D analysis, the 2D analysis also
showed that higher skewness and higher kurtosis were correlated with worse OS and higher entropy was correlated with
better PFS.

Our study showed that tumor density was a predictor of OS, irrespective of the texture analysis software used. The
findings of Cassinotto et al[14] corroborate our findings. In that study, hypoattenuating pancreatic adenocarcinomas on
preoperative scans were associated with worse disease-free survival. In addition, hypoattenuating tumors were asso-
ciated with an increased risk of lymph node metastasis and high tumor grade, which explained the poor survival
outcomes compared with patients with hyperattenuating tumors. Fukukura et al[15] also demonstrated that hypoatten-
uating pancreatic tumors on pretreatment scans may independently predict worse OS in patients undergoing surgery or
receiving adjuvant treatments. Another study by Zhu et al[16] showed that hypoattenuating pancreatic tumors treated
with surgical resection were associated with poorer disease-free survival compared with hyperattenuating pancreatic
tumors. Hypoattenuating tumors have been shown to have a greater degree of necrosis, an indicator of tumor hypoxia,
and, therefore, accelerated malignant potential. This radiologic-pathologic association helps explain the association of
hypoattenuation with poor prognosis[17,18].

Higher tumor density (mean HU) and smaller tumor size correlated with a lower percentage of residual tumors
following treatment. Our findings suggest that smaller and/or hyperattenuating tumors on the portal venous phase of
contrast-enhanced CT will likely respond to chemotherapy because they showed a lower percentage of residual tumors
following treatment. To our knowledge, no previous studies have evaluated this correlation. Several studies have shown
that patients with pancreatic cancer showing greater than 10% residual tumor following treatment have a worse pro-
gnosis[19,20]. Okubo et al[21] showed that patients with residual tumors greater than 220 mm? had a higher risk of
lymphatic, perineural, and vascular invasion. This variable was an independent predictor of a worse recurrence-free
survival. In our study, hyperattenuating tumors correlated with lower residual tumors after therapy, which likely
explains the correlation between higher tumor density and better survival outcomes. Therefore, using tumor density on
baseline scans as a prognostic predictor could help clinicians plan management, with the higher-risk group potentially
receiving more aggressive therapies or undergoing more aggressive monitoring.

2D analysis showed that skewness and kurtosis were inversely correlated with OS. Attiyeh et al[22] developed two
separate models with 255 radiomics features that measure pixel spatial variation, including kurtosis and skewness; their
models demonstrated that tumors with greater heterogeneity were associated with poor OS. Their datasets predicted OS
with a concordance index of 0.69 to 0.74. Data from Cozzi et al[23] corroborated the finding that higher heterogeneity
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correlates with worse prognosis; they found that tumors with lower homogeneity and higher dissimilarity textural
features were associated with worse OS. However, skewness and kurtosis were not associated with survival outcomes in
their study.

Increasing heterogeneity has also been associated with poor prognosis, irrespective of the imaging modality. For
example, Hyun et al[24] reported that intratumoral heterogeneity measured by positron emission tomography textural
features in pancreatic cancer patients predicted 2-year OS with an area under the curve of up to 0.72 using entropy fea-
tures. Although studies evaluating the relationship between tumor heterogeneity and prognosis in pancreatic cancer are
limited, tumor heterogeneity in other types of cancer has been shown to increase the risk of tumor recurrence, metastasis,
resistance to treatment, and death[25,26]. Our 3D texture analysis extracted values of kurtosis and entropy. However,
these values did not correlate with OS, and this might be because of the differences in features extracted between 3D and
2D analyses.

Although our study and other studies assessing pancreatic and colorectal cancers[27-29] have shown that higher
entropy correlates with better prognosis, several others have shown that higher entropy correlates with worse prognosis
in various cancers. This variability in the current literature suggests that entropy should not be used to predict prognosis
in pancreatic cancer without further exploration. In our study, 2D analysis showed that higher entropy correlated with
better PFS and less residual tumor following treatment. Sandrasegaran et al[29] reported similar findings; they observed
better median OS times in patients with tumors with high entropy. However, this did not reach statistical significance.
Cassinotto et al[14] showed that higher entropy correlated with less perineural invasion in pancreatic cancer, with an
odds ratio of 0.018, which can help explain the positive prognostic implications of high entropy.

Although entropy reflects tumor heterogeneity similarly to skewness and kurtosis, entropy correlated differently with
OS and PFS in our study; higher entropy was correlated with better prognosis. Other studies have shown that high
entropy is associated with prognosis, poor treatment response, and aggressiveness in colorectal, pulmonary, and central
nervous system tumors[27,30-32]. Several factors might explain these results. Unlike skewness and kurtosis, entropy
analyzes randomness in the gray levels rather than in the distribution of gray levels in a region of interest[33]. Fur-
thermore, tumor biology differs substantially among different organs, so what holds true in other organs may not be the
same for the pancreas.

Additionally, entropy is prone to alterations in processing and image acquisition because entropy is area-dependent,
whereby any region of interest covering less than 200 pixels can lead to the inaccurate estimation of entropy’s relationship
with any variable[34,35]. TexRad estimates entropy based on Shannon’s model, the most straightforward and earliest
model for estimating entropy. Still, TexRad might overestimate entropy by assuming that the pixels within a region of
interest have an identical distribution and are entirely independent of neighboring pixels[34,36]. Given the insufficient
data about the prognostic implications of entropy for pancreatic cancers, further studies are required to accurately assess
the prognostic impact of entropy.

Our study has several strengths. Because all images were obtained on the same scanner, any heterogeneity in the
results that may arise from using different scanners has been ruled out. Additionally, most studies using radiomics to
evaluate response to treatment usually use delta radiomics to compare pretreatment and post-treatment scans. For
example, Nasief et al[37] demonstrated that delta-radiomic features obtained during treatment periods could distinguish
poor responders from good responders with an area under the curve of 0.94. Our pretreatment findings allow identifying
patients who are more likely to respond before any treatment using baseline imaging, allowing for treatment selection
that minimizes morbidity and thus limits expenses. This contrasts delta radiomics, which evaluates response after
treatment has begun. Another strength of our study is comparing 2D and 3D analysis using TexRad and MIM software,
respectively. It is well known that radiomics depend on how they are processed, and the software used[38,39]. However,
our comparison showed that tumor density (mean HU) is a consistent and valid predictor of OS and PFS, irrespective of
the type of analysis used.

Our study has some limitations. Our sample size was small, and it was a retrospective study. Therefore, more extensive
prospective studies are needed to validate our findings. Additionally, CT acquisition factors might affect texture analysis
variables; however, the effect is minimal. Lastly, our results were not externally validated and can only be directly app-
lied to clinical practice with further validation.

CONCLUSION

In conclusion, tumor density (mean HU) was the only variable in our study that could reliably predict OS and PFS,
irrespective of the type of analysis used. This variable may be used as a prognostic indicator to differentiate high-risk
patients from low-risk patients and could be used for treatment planning. However, prospective studies will be beneficial
to validate our findings externally.

ARTICLE HIGHLIGHTS

Research background
Radiomics can determine prognostic factors of several types of tumors.
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Research motivation
Lack of evidence supporting radiomic studies on pancreatic cancer.

Research objectives
Compare two different radiomic softwares in assessing survival outcomes in pancreatic cancer patients.

Research methods

Retrospective review of pretreatment dual energy computed tomography (CT) images of 48 patients with biopsy
confirmed lesions. Tumors were segmented using TexRad [2-dimensional (2D)] analysis software and MIM (3D) analysis
software and radiomic features were extracted to compare with overall surgical (OS) and progression free survival (PFS).

Research results

3D analysis demonstrates that higher mean tumor density and median tumor density correlated with better OS, while 2D
analysis showed that higher mean tumor density and mean positive pixels correlated with better OS. 2D analysis also
showed higher skewness and kurtosis correlated with worse OS. Higher entropy correlated with better PFS. Patients with
increased tumor size greater than 1.35 cm were likely to have a higher percentage of residual tumor above 10%.

Research conclusions
Radiomic features can serve as prognosis tools for pancreatic cancer and determine OS.

Research perspectives
This study serves as a guide for future research that can be verified through a prospective approach, while also con-
tributing to possible alternatives to determine prognosis in patients using radiomic features.
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Abstract

BACKGROUND

Radionuclides produce Cherenkov radiation (CR), which can potentially activate
photosensitizers (PSs) in phototherapy. Several groups have studied Cherenkov
energy transfer to PSs using optical imaging; however, cost-effectively identifying
whether PSs are excited by radionuclide-derived CR and detecting fluorescence
emission from excited PSs remain a challenge. Many laboratories face the need for
expensive dedicated equipment.

AIM
To cost-effectively confirm whether PSs are excited by radionuclide-derived CR
and distinguish fluorescence emission from excited PSs.

METHODS

The absorbance and fluorescence spectra of PSs were measured using a micro-
plate reader and fluorescence spectrometer to examine the photo-physical
properties of PSs. To mitigate the need for expensive dedicated equipment and
achieve the aim of the study, we developed a method that utilizes a charge-
coupled device optical imaging system and appropriate long-pass filters of
different wavelengths (manual sequential application of long-pass filters of 515,
580, 645, 700, 750, and 800 nm). Tetrakis (4-carboxyphenyl) porphyrin (TCPP) was
utilized as a model PS. Different doses of copper-64 (*CuCl,) (4, 2, and 1 mCi)
were used as CR-producing radionuclides. Imaging and data acquisition were
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performed 0.5 h after sample preparation. Differential image analysis was conducted by using Image] software
(National Institutes of Health) to visually evaluate TCPP fluorescence.

RESULTS

The maximum absorbance of TCPP was at 390-430 nm, and the emission peak was at 670 nm. The CR and CR-
induced TCPP emissions were observed using the optical imaging system and the high-transmittance long-pass
filters described above. The emission spectra of TCPP with a peak in the 645-700 nm window were obtained by
calculation and subtraction based on the serial signal intensity (total flux) difference between “CuCl, + TCPP and
#CuCl,. Moreover, the differential fluorescence images of TCPP were obtained by subtracting the *CuCl, image
from the #CuCl, + TCPP image. The experimental results considering different *CuCl, doses showed a dose-
dependent trend. These results demonstrate that a bioluminescence imaging device coupled with different long-
pass filters and subtraction image processing can confirm the emission spectra and differential fluorescence images
of CR-induced TCPP.

CONCLUSION
This simple method identifies the PS fluorescence emission generated by radionuclide-derived CR and can
contribute to accelerating the development of Cherenkov energy transfer imaging and the discovery of new PSs.

Key Words: Tetrakis (4-carboxyphenyl) porphyrin; Photosensitizer emission; Radionuclide; Cherenkov radiation; Optical
imaging; Long-pass filters

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Radionuclides produce Cherenkov radiation (CR), which can potentially activate photosensitizers (PSs) in
phototherapy. However, a cost-effective method to determine whether radionuclide-derived CR excites PSs and the
measurement of fluorescence emitted by excited PS remain elusive. We propose a cost-effective method using a charge-
coupled device optical imaging system combined with long-pass filters and subtraction image processing to distinguish CR
and PS fluorescence emission. As a proof-of-concept, *CuCl, and the PS tetrakis (4-carboxyphenyl) porphyrin were used in
the experiments. This method can contribute to accelerating the development of Cherenkov energy transfer imaging and the
discovery of new PSs.

Citation: Aung W, Tsuji AB, Rikiyama K, Nishikido F, Obara S, Higashi T. Imaging assessment of photosensitizer emission induced
by radionuclide-derived Cherenkov radiation using charge-coupled device optical imaging and long-pass filters. World J Radiol 2023;
15(11): 315-323

URL: https://www.wjgnet.com/1949-8470/full/v15/i11/315.htm

DOI: https://dx.doi.org/10.4329/wjr.v15.i11.315

INTRODUCTION

Cherenkov radiation (CR) is the emission of photons when a charged particle moves faster than the speed of light in a
medium[1]. Various radionuclides produce Cherenkov optical emission[2], which can potentially activate photo-
sensitizers (PSs). This comprehensive phenomenon is interesting for various applications, including phototherapy,
because it overcomes the limitations of light penetration[3,4]. Various researchers have been investigating CR-induced
photodynamic therapy using certain radioisotopes[5-8]. Unfortunately, the availability of suitable PSs is currently limited
and more effective PSs are needed.

Recently, photons from CR emitted from common radioisotopes have been detected using a highly sensitive charge-
coupled device (CCD) optical imaging system[9,10]. However, when the radionuclide and PS coexist, the broad and
continuous spectrum of the Cherenkov optical emission overlaps with the PS emission spectrum, obscuring the latter.
Confirming whether the CR excites the PS is challenging because the required dedicated optical imaging devices (with
built-in filters) are expensive. A method for distinguishing the Cherenkov optical emission from the PS fluorescence
without expensive, dedicated instruments would benefit laboratories.

We evaluate whether an optical imaging system based on a CCD camera and different long-pass filters (Figure 1) can
effectively detect and separate the radionuclide-derived CR emission from the CR-induced PS fluorescence spectrum. We
used commercially available tetrakis (4-carboxyphenyl) porphyrin (TCPP) as a model PS, which can be conjugated to
nanomaterials and applied to antimicrobial and anticancer phototherapies[11,12]. Among the various types of PSs,
porphyrin-based PSs are commonly used for phototherapy[13]. The beta-emitting isotope Copper-64 (*CuCl,; T,,, =12.7
h; p*, 0.653 MeV; B, 0.579 MeV) was employed as a CR-producing radionuclide. This is a simple and cost-effective
method to determine whether the fluorescence emitted from the PS is effectively the result of excitation by CR from a
radionuclide.
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Figure 1 Schematic diagram of the optical imaging approach used to detect Cherenkov optical emission and to separate the fluore-
scence emission of tetrakis (4-carboxyphenyl) porphyrin induced by Cherenkov optical emission. A: Long-pass filters step-cut the Cherenkov
light, allowing the separation of tetrakis (4-carboxyphenyl) porphyrin (TCPP) emission; B: The Cherenkov light emitted from the radionuclide was gradually cut off with
the appropriate long-pass filters of different wavelengths. The blue and orange curves are schematic representations of the Cherenkov optical emission and TCPP
fluorescence spectra, respectively. CCD: Charge-coupled device optical imaging system.

MATERIALS AND METHODS

Materials

TCPP (molecular weight: 790.79) was purchased from Tokyo Chemical Industry Co., Ltd. (TCI, Tokyo, Japan). The
chemical structure of TCPP is shown in Figure 2A. Phosphate Buffer (PB) was purchased from Wako Pure Chemical Co.
(WAKO, Osaka, Japan). The beta-emitting isotope “CuCl, was synthesized and provided by the Institute’s Department of
Advanced Nuclear Medicine Sciences (Chiba, Japan).

Examination of photo-physical properties of TCPP

Aqueous solutions of 0.1 mol/L TCPP were prepared by dissolving TCPP powder in PB (pH 7.4). The TCPP sample (100
pumol/L) was transferred to a 96-well plate. A SpectraMax M5 microplate reader (Molecular Devices, LLC, San Jose, CA,
United States) with an operating range of 300-850 nm in 10 nm increments was used to record the absorbance spectrum
of the sample. The three-dimensional fluorescence spectrum of TCPP was acquired using a JASCO FP-6600 fluorescence
spectrometer (JASCO, Tokyo, Japan) equipped with a xenon lamp. The fluorescence emission intensity (FI) was measured
at excitation wavelengths ranging from 350 nm to 600 nm in 5 nm increments. The emission wavelengths were measured
in the 350-850 nm range in 2 nm increments. These measurements enabled the maximum excitation and emission
wavelengths of TCPP to be determined.

Measurement of the concentration-dependent TCPP fluorescence intensity

The concentration-dependent FI of TCPP was measured using an Infinite 200 PRO multimode microplate reader (Tecan
Japan Co., Ltd., Kawasaki, Japan) by setting the excitation wavelength to 430 nm, emission wavelength to 670 nm, gain to
79, and by integrating for 20 ps. A series of different TCPP concentrations (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70,
75, and 80 umol/L) in PB were used for FI measurements. For spectral analysis, low TCPP concentrations (5, 10, 15, 20, 25,
and 30 pmol/L) were measured using a multimode microplate reader (Tecan) operating in the emission wavelength
range of 500-850 nm in 2 nm increments. The acquired FI was plotted against the wavelength.

Imaging with the VISQUE fluorescence imaging device

To visualize the LED-induced fluorescence emission from TCPP, TCPP solutions (1 mmol/L and 100 pmol/L) were
added to a Nunc™ Flat-Bottom Microplate (96-well, Black) (Thermo Fisher Scientific, Roskilde, Denmark) and imaged
with the VISQUE InVivo Smart fluorescence imaging and analysis system (Vieworks Co., Ltd, Gyeonggi, Korea) using the
following specific excitation and emission filter combinations: Blue light (390-490 nm) excitation and red light (690-740
nm) emission. Constant parameters (exposure time: 500 ms; binning: 1 x 1; light intensity: Middle; mode: Low gain) were
set and used for imaging.

Detection of radionuclide-derived CR and TCPP emission induced by CR with IVIS optical imaging system

The TCPP (30 pmol/L) and radionuclide “CuCl, (4 mCi) were prepared in a 96-well black microplate (Thermo Fisher
Scientific). At 0.5 h after preparing the samples, the CR emitted from the radionuclide was visualized using a sensitive
CCD camera equipped with an IVIS Lumina optical imaging system (PerkinElmer, Waltham, MA, United States). The
luminescent imaging mode with fixed acquisition parameters [emission filter: Open; excitation filter: Block; exposure
time: 2 min; binning: 4 x 4; F/Stop (f): 1; field of view (FOV): 5 cm] was used in all experiments. Images of the wells
containing the samples were acquired first. The optical signal intensity [total flux (photon/s)] was measured in the
regions of interests (ROIs) corresponding to the sample-containing wells, and one empty well was used for background
subtraction. Moreover, several high-transmittance long-pass filters of different wavelengths (515, 580, 645, 700, 750, and
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Figure 2 Chemical structure and photo-physical properties of tetrakis (4-carboxyphenyl) porphyrin. A: Chemical structure of tetrakis (4-
carboxyphenyl) porphyrin (TCPP); B: Absorption spectrum of TCPP (100 pumol/L) at 25°C in phosphate buffer; C: Three-dimensional fluorescence spectral analysis of
TCPP. Fluorescence emission was observed around 670 nm with an excitation wavelength of 430 nm. Em: Emission wavelength; Ex: Excitation wavelength; MW:
Molecular weight; uM: umol/L.

800 nm) were used to separate the emission spectrum of TCPP and the Cherenkov light emitted by the radionuclide. A
schematic of the experimental setup is shown in Figure 1. Each filter was manually placed on the wells, and images were
acquired sequentially (Figure 1A). Image analysis was performed using Living Image 2.6 (PerkinElmer). First, the total
flux of the wells containing samples was obtained by subtracting the total flux of the empty background. Subsequently,
for each well, the total flux emitted within the window of the adjacent wavelengths of the two filters was calculated from
the difference in the total flux measured with each respective filter (Figure 1B). For all pairs of wavelength windows, the
total flux of #CuCl, + TCPP and *“CuCl, was obtained by subtracting the total flux of the PB-filled wells. Second, the
emission spectrum of TCPP was acquired by plotting the total flux difference between “CuCl, + TCPP and “Cu(Cl, in the
respective wavelength ranges. In addition, differential image analysis was performed to visually assess TCPP
fluorescence by subtracting the “CuCl, image from the “CuCl, + TCPP image using Image] [https:/ /imagej.nih.gov/ij/;
National Institutes of Health (NIH), Bethesda, Maryland, United States][14]. The same experiment was also performed
with 2 mCi and 1 mCi #CuCl,.

RESULTS

Absorbance and fluorescence spectra of TCPP

The peak of the TCPP absorbance spectrum was in the 390-430 nm range (Figure 2B). In the three-dimensional
fluorescence spectral analysis, the peak emission of TCPP was approximately 670 nm with excitation wavelengths of
350-600 nm (Figure 2C). Among the excitation wavelengths, 430 nm was considered the peak excitation wavelength for
TCPP because it induced the highest fluorescence emission from TCPP and approximately corresponded with the
wavelength of the most intense CR peak.

Concentration-dependent TCPP fluorescence

The FI of TCPP (5-80 umol/L) linearly correlated with concentrations up to approximately 30 pmol/L. Above 30 pmol/L,
the FI slope decreased (Figure 3A). This is likely due to TCPP stacking in the samples. Therefore, only low TCPP concen-
trations (5-30 pmol/L) were used for fluorescence spectral analysis. We found that the 430 nm wavelength excited TCPP
to fluoresce over a range of wavelengths (625-775 nm) with a peak at 670 nm (Figure 3B).
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Figure 3 Tetrakis (4-carboxyphenyl) porphyrin fluorescence emission. A: Fluorescence emission intensity of tetrakis (4-carboxyphenyl) porphyrin
(TCPP) prepared at different concentrations (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, and 80 pumol/L in PB) measured by setting the excitation
wavelength to 430 nm and emission wavelength to 670 nm. The relationship is linear up to approximately 30 umol/L; B: The fluorescence spectra of low TCPP
concentrations (5, 10, 15, 20, 25, and 30 pmol/L) were measured with the excitation wavelength set to 430 nm; C: Visualization of TCPP fluorescence emission using
a light-emitting diode light source, blue light excitation filter (390-490 nm), and red light emission filter (690-740 nm). Em: Emission wavelength; Ex: Excitation
wavelength; mM: mmol/L; PB: Phosphate buffer; pM: pmol/L.

Imaging of TCPP with VISQUE imaging device

The inherent fluorescence characteristics of TCPP emission could be visualized and confirmed using a fluorescence
imaging system with a light-emitting diode light source and a set of filters for blue light (390-490 nm) excitation and red
light (690-740 nm) emission (Figure 3C). Both filters were compatible with the excitation/emission wavelengths of TCPP
(430/670 nm).

Detection of CR and separation of CR-induced emission spectrum of TCPP

At 0.5 h after preparing the samples in the wells, images were acquired without a filter. Cherenkov luminescence from
the radionuclide was detected in the two wells on the left containing “CuCl, + TCPP and *#CuCl,, respectively. In contrast,
luminescence was not visualized in the two wells on the right containing either PB or TCPP (Figure 4A, upper row). The
total flux produced from the light emission of the radionuclides decreased when the wells were covered with long-pass
filters of different wavelengths. Serial application of long-pass filters of 515, 580, 645, 700, 750, and 800 nm resulted in a
sequential decrease in total flux measured from the ROIs of wells with #CuCl, only (Figure 4A, upper row, lower left
well) and *#CuCl, + TCPP (Figure 4A, upper row, upper left well). The TCPP emission spectral band was separated using
the following calculation. First, the total flux emitted from *“CuCl, + TCPP and #CuCl, at two adjacent wavelengths was
measured. Second, the optical signals for the serial pairs of the wavelength window were calculated based on the
difference in the signals measured with each filter. Subsequently, the emission spectrum of TCPP was calculated by
subtracting the total flux of *CuCl, from that of #CuCl, + TCPP. The resulting spectrum is shown in Figure 4. Using
Image] software (NIH), differential image analysis was conducted by subtracting the **CuCl, image from the “CuCl, +
TCPP image to visually evaluate TCPP fluorescence (Figure 4A, lower row). The spectral peaks with the maximum
intensity were in the 645-700 nm window, marked by the red dotted rim in the lower row of Figure 4A and the line graph
in Figure 4D. Similar results were obtained for the other two doses, 2 mCi (Figure 4B and D) and 1 mCi (Figure 4C and
D). The total flux exhibited a dose-dependent tendency.

DISCUSSION

This study demonstrates that imaging with an optical imaging device coupled with different long-pass filters and
subtraction image processing separates the spectra of CR and PS emissions, providing optical images of the emission
from a PS at different wavelengths. Although distinguishing the Cherenkov light from the PS emission was difficult, the
subtraction image processing effectively separated them. Thus, the combined use of a device set and image processing
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Figure 4 Detection of Cherenkov radiation and emission spectrum of tetrakis (4-carboxyphenyl) porphyrin induced by Cherenkov
radiation. A: Bioluminescence imaging of prepared samples #CuCl, (4 mCi) and #CuCl, (4 mCi) + tetrakis (4-carboxyphenyl) porphyrin (TCPP) (30 umolL) with or
without covering by long-pass filters (upper row), and TCPP fluorescence image after subtraction in differential image analysis (lower row); B: Similar images acquired
from the experiment using #CuCl, (2 mCi); C: Similar images acquired from the experiment using ®CuCl, (1 mCi); D: TCPP fluorescence spectrum calculated by
subtracting the total flux of ®CuCl, from that of #CuCl, + TCPP. The spectral peak was found in the 645-700 nm window. The peak is indicated by the red dotted

circle. Cu: #CuCl,; PB: Phosphate buffer; yM: umoliL.

could be utilized in laboratories with optical imaging devices.

The three-dimensional fluorescence spectral analysis showed that TCPP was excited by light wavelengths from 350 nm
to 600 nm, producing a large Stokes shift and an emission peak at approximately 670 nm. The CR spectrum was
continuous, peaking at high frequencies (ultraviolet/blue)[15,16]. Therefore, the absorption profile of TCPP (390-430 nm)

matched the Cherenkov emission profile.
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A bioluminescence imaging device, an IVIS optical imaging system with six different long-pass filters, can provide
various optical images of CR plus PS emission. Our lab has an IVIS imaging system and six long-pass filters that are not
built into the device but used for other purposes. We manually placed each filter on the wells containing “Cu and PS and
captured optical images (Figure 4A-C, upper rows). When the wells were covered with long-pass filters, the total flux
derived from *Cu-containing wells decreased when the wavelength of the applied filters increased. This could occur
because the wavelength of the filters exceeded the maximum emission peak of CR (350-500 nm) and cut off the
Cherenkov light. Visually distinguishing the emission from “CuCl, and *CuCl, + TCPP is challenging, even though the
TCPP emission spectrum can be calculated (Figure 4D). Thus, an additional process is required to visualize only the light
emitted from the PS.

The PS emissions were distinguished from the CR emissions using image processing. The image data acquired by the
IVIS system were processed using Image], a simple and free software package provided by NIH, to obtain the differential
image. The TCPP fluorescence image was easily generated by subtracting the **CuCl, image from the “CuCl, + TCPP
image (Figure 4A-C, lower rows). These results displayed a dose-dependent trend. Moreover, both the TCPP fluorescence
images (Figure 4A-C, lower rows) and spectra (Figure 4D) were consistent with the results obtained from the fluorescence
spectral analysis of the TCPP (Figure 3B), showing a fluorescence peak at 645-700 nm.

Overall, the developed method could be used to compare different PSs and provide information to select the optimal
PS. In addition, various laboratories with conventional optical imaging devices could easily apply this method when
conducting studies. Some laboratories have appropriate long-pass filters, whereas others could obtain them
inexpensively. The Image] software is available to all laboratories; however, only a few laboratories can currently screen
for appropriate PSs for Cherenkov energy transfer imaging. The proposed method could enable more laboratories to
perform these procedures, contributing to the accelerated development of Cherenkov energy transfer imaging for
multiple applications. The main objective of this study was to demonstrate the feasibility of the proposed method as a
proof of concept; however, the method would need to be more comprehensively tested to address possible limitations.
First, the reproducibility would have to be determined and statistically assessed. Second, we evaluated only one PS,
namely TCPP. Further studies would have to compare the results for different PSs. Third, we used only one radionuclide,
#CuCl,. Other beta-emitting radioactive sources producing decay products with energies above the Cerenkov threshold
(approximately 220 keV) could be employed in future studies[17]. The next step would therefore entail more detailed
examinations.

CONCLUSION

A simple method using a CCD optical imaging system in combination with different high-transmission long-pass filters
and subtraction image processing was capable of potentially evaluating whether PS candidates are reliably excited by
radionuclide-derived CR to produce fluorescence emission. The widespread adoption of this method could be expected to
contribute to the discovery of a range of new effective PSs.

ARTICLE HIGHLIGHTS

Research background
Cherenkov radiation (CR) is the emission of photons when a charged particle moves faster than the speed of light in a
medium. Various radionuclides produce Cherenkov optical emission, which can potentially activate photosensitizers
(PSs) in phototherapy.

Research motivation

Several researchers are investigating CR-induced photodynamic therapy using radioisotopes and Cherenkov energy
transfer to PSs using optical imaging. However, the effective management of the process, particularly the cost-effective
confirmation that a PS is excited by CR and identifying appropriate PSs, remains a challenge.

Research objectives
The purpose of this study is to propose a cost-effective method to determine whether the PS is excited by radionuclide-
derived CR and to distinguish the fluorescence emission from PS excitation.

Research methods

Tetrakis (4-carboxyphenyl) porphyrin (TCPP) and Copper-64 (“CuCl,) were utilized as a model PS and a CR-producing
radionuclide, respectively. The photo-physical properties (absorbance and fluorescence spectra) of TCPP were measured
using a microplate reader and fluorescence spectrometer. Imaging and data acquisition were performed with a charge-
coupled device optical imaging system and appropriate long-pass filters of different wavelengths. To visually evaluate
the TCPP fluorescence, differential image analysis was conducted using Image] software (National Institutes of Health).

Research results
Optical imaging coupled with high-transmittance long-pass filters and subtraction image processing separated the
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emission spectra of the radionuclide-derived CR and TCPP. The emission spectra of TCPP were obtained by calculation
and subtraction based on the serial signal intensity (total flux) difference between *“CuCl, + TCPP and *“CuCl,. In
addition, the differential fluorescence images of TCPP were acquired by subtracting the *#CuCl, image from the “CuCl, +
TCPP image.

Research conclusions

This simple and cost-effective method could confirm the PS fluorescence emission generated by radionuclide-derived CR.
Moreover, the method can contribute to accelerating the development of Cherenkov energy transfer imaging and the
discovery of new effective PSs.

Research perspectives

Several laboratories with conventional optical imaging devices would be able to acquire suitable long-pass filters at low
cost and easily apply this method to compare different PSs to identify the optimal PS. A potential limitation of this study,
namely the use of limited experiments with only one PS and one radionuclide, could be addressed by conducting much
more detailed examinations as the next step.
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Abstract

BACKGROUND

The prognostic value of late gadolinium enhancement (LGE) derived from
cardiovascular magnetic resonance (CMR) is well studied, and several new
metrics of LGE have emerged. However, some controversies remain; therefore,
further discussion is needed, and more precise risk stratification should be
explored.

AIM
To investigate the associations between the positivity, extent, location, and pattern
of LGE and multiple outcomes in dilated cardiomyopathy (DCM).

METHODS

PubMed, Ovid MEDLINE, and Cochrane Library were searched for studies that
investigated the prognostic value of LGE in patients with DCM. Pooled hazard
ratios (HRs) and 95% confidence intervals were calculated to assess the role of
LGE in the risk stratification of DCM.

RESULTS

Nineteen studies involving 7330 patients with DCM were included in this meta-
analysis and covered a wide spectrum of DCM, with a mean left ventricular
ejection fraction between 21% and 50%. The meta-analysis revealed that the
presence of LGE was associated with an increased risk of multiple adverse
outcomes (all-cause mortality, HR: 2.14; arrhythmic events, HR: 5.12; and
composite endpoints, HR: 2.38; all P < 0.001). Furthermore, every 1% increment in
the extent of LGE was associated with an increased risk of all-cause mortality.
Analysis of a subgroup revealed that the prognostic value varied based on
different location and pattern of LGE. Additionally, we found that LGE was a
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stronger predictor of arrhythmic events in patients with greater left ventricular ejection fraction.

CONCLUSION
LGE by CMR in patients with DCM exhibited a substantial value in predicting adverse outcomes, and the extent,
location, and pattern of LGE could provide additional information for risk stratification.

Key Words: Cardiac magnetic resonance; Dilated cardiomyopathy; Late gadolinium enhancement; Meta-analysis; Myocardial
fibrosis; Prognosis

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.
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INTRODUCTION

Dilated cardiomyopathy (DCM) is a heterogeneous heart muscle disease with a prevalence of 1 in 2500 adults. Even with
advances in therapy, the prognosis of patients with DCM remains poor (the 5-year mortality rate was as high as 20%) and
varies considerably among individuals[1]. Therefore, prognostic stratification in DCM has become a demanding issue in
clinical practice.

Currently, the left ventricular ejection fraction (LVEF) is a common applicable indicator for risk stratification in patients
with DCM. However, the strategy of using the LVEF alone as a prognostic factor is inadequate in predicting adverse
outcomes|[2]. Occurring in approximately 30% of patients with DCM, myocardial scar is the most important underlying
pathology of sudden cardiac death (SCD) events and the major substrate for ventricular arrhythmia. Late gadolinium
enhancement (LGE) based on cardiovascular magnetic resonance (CMR) is currently the gold standard for evaluating
localized myocardial fibrosis. Studies have confirmed that LGE is an independent and powerful predictor of adverse
outcomes in DCM and could increase the prognostic value of LVEF[2-4].

However, most studies have focused on the presence of LGE and adverse outcomes. With the continuously developing
research on LGE in patients with DCM, more studies have incorporated new indicators (the extent, location, and pattern
of LGE) to assess the outcomes in patients with DCM, other than just the presence of LGE. Therefore, this meta-analysis
was designed to evaluate the role of those novel indicators of LGE in the risk stratification of DCM.

MATERIALS AND METHODS

The network meta-analysis extension of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA-NMA) guidelines provided support in guiding this review([5].

Data sources and search strategy

The following databases were searched according to the methods recommended by the Cochrane Handbook: PubMed,
Ovid MEDLINE, and Cochrane Library. Studies were searched using relevant controlled vocabulary thesauruses
(Medical Subject Headings terms for PubMed) and synonyms for these terms: “dilated cardiomyopathy,” “cardiac
magnetic resonance,” “late gadolinium enhancement,” and “prognosis.” The details of the search strategy adopted for
PubMed, Ovid MEDLINE, and the Cochrane Library are shown in the Appendix. These searches were limited to cohort
studies and were finalized in December 2021.

Eligibility criteria and outcomes

Observational cohort studies, both prospective and retrospective, were included in the meta-analysis if they reported the
prognostic value of LGE in DCM and specified the exclusion of ischemic heart disease (i.e., any medical documentation
(coronary angiography, myocardial perfusion imaging, or medical records) that indicated the presence of ischemic heart
disease and significant coronary artery disease); moreover, studies with transmural LGE without any history of coronary
artery disease or myocardial infarction were included if the imaging phenotype including LGE distribution was not
coherent with an ischemic insult in a specific coronary artery territory. When the population of a study also included
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patients with cardiomyopathies other than DCM, only those with DCM were considered for the meta-analysis.
Furthermore, only studies that quantified the extent of LGE as a percentage of left ventricular mass were included in the
meta-analysis. The endpoints were classified into three subgroups: (1) All-cause mortality; (2) arrhythmic events,
including SCD, cardiac arrest due to ventricular fibrillation (VF), sustained ventricular tachycardia (VT), or appropriate
implantable cardioverter-defibrillator (ICD) intervention; and (3) composite endpoints, including all-cause mortality and
cardiac events. Cardiac events, included cardiac death[2] (death after a period of clinical deterioration in the signs and
symptoms of heart failure despite medical treatment), arrhythmic events, and heart failure. SCD was defined as an
unexpected death either within 1 h of the onset of cardiac symptoms in the absence of progressive cardiac deterioration;
during sleep; or within 24 h of last being seen alive[6]. VF was defined as irregular or regular tachycardia with regards to
polarity, amplitude, morphology, and sequence of intracardiac electrograms, with a mean cycle length of £240 ms (i.e.,
3250 beats/min). Sustained VT was defined as tachycardia originating in the ventricle with a rate >100 beats/min and
lasting > 30 s or requiring an intervention for termination. Appropriate ICD intervention was defined as a device shock or
antitachycardia overdrive pacing delivered in response to a ventricular tachyarrhythmia and documented by stored
intracardiac electrocardiogram data[7].

Data extraction and quality assessment

Data were extracted and analyzed by two independent investigators and were reported on standardized forms;
consensus was reached through a discussion in case of disagreements. Moreover, data on hazard ratios (HRs) and 95%
confidence intervals (Cls), adjusted and unadjusted variables in the regression model, author names, year of publication,
sample size, age, percentage of male patients, LGE status (its presence, extent, location, and pattern), follow-up duration,
LVEEF, and left ventricular end-diastolic volume index (LVEDVi) were recorded if available.

The Newcastle-Ottawa Quality Assessment Scale (NOS) was used for quality assessment, as shown in Table 1, and the
quality of the selected studies was evaluated and determined based on the selection of the study groups and the
outcomes of interest. The NOS scoring system is as follows. A study scored 1 star for each item within the selection and
outcome categories, and a maximum of 2 stars was given for comparability. Nine NOS stars were used to assess the risk
of bias. A study with nine stars (four for selection, two for comparability, and three for outcome) was considered to have
a low risk of bias, and a study with > 5 stars (two for selection, one for comparability, and two for outcome) was
considered to have a medium risk of bias. A study with <5 stars (0 stars for either of the three fields or 1 star for compar-
ability or outcome) was considered to have a high risk of bias.

Data analysis

Pooled HR and 95%ClIs were calculated using a fixed-effects model. The heterogeneity between studies was assessed
using Q and I* tests; heterogeneity was considered significant if I* 2 50%, and the studies will be recalculated using a
random-effects model. Furthermore, the meta-analysis was performed using the D-L method if heterogeneity existed,
and sensitivity analysis was used to assess the stability of the results.

Publication bias was evaluated using Egger’s and Begg’s tests; trim and fill analysis was used if there was publication
bias. Sensitivity analysis using the leave-one-out method was performed, which allowed the calculation of estimates by
omitting one study at a time. All analyses were performed using STATA, version 16. P values of < 0.05 were used to
denote statistical significance.

The study has been registered with PROSPERO (number: CRD42023382021).

RESULTS

Search results

Figure 1 shows a flow chart for the search process and study selection. Overall, 147 citations were identified using
PubMed (117 citations), Ovid MEDLINE (12 citations), and the Cochrane Library (18 citations). After screening the article
titles and abstracts, 26 full-text articles of possible relevance were recruited, and 121 duplicate or irrelevant articles were
excluded. Finally, 19 of the 26 relevant articles were included based on the inclusion criteria.

Quality assessment of the included studies

The quality of the included studies was assessed using the NOS, as shown in Table 1. None of the included studies had a
high risk of bias; however, two studies had a low risk of bias[7,8]. For the study selection, 14 studies had a low risk of bias
[6-19], and 5 had a medium risk of bias[3,5,20-22]. In terms of comparability, 8 studies had a low risk of bias[7-9,12,13,15,
16,19], 7 studies had a medium risk of bias [3,11,14,17,18,21], and 5 studies had a high risk of bias[5,6,10,20,22]. Regarding

outcomes, 8 studies had a low risk of bias [3,5,6,7,8,10,14,18] and 11 studies had a medium risk of bias[9,11-13,15-17,19-21,
22].

Study characteristics
This study analyzed data from 7330 individuals (age ranging from 33 to 76 years; 68% were men) from 19 full-text studies
from Asia, Europe, and North America. Of the 7330 patients, 2856 (39.0%) had myocardial LGE, and the follow-up
duration ranged from 1 to 132 mo.

Among the 19 selected studies, 4 studies were multicenter[12,16,21,22] and 3 studies were retrospective studies[9,21,
22]. 14 studies reported the relationship between the presence of LGE and adverse outcomes[3,5,7,6-14,17,18,21,22], 4
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Table 1 Risk of bias assessment in the meta-analysis

Selection Outcome
. el Total
Ref. Exposed Nonexposed Ascertainment Outcome Comparability Assessment of Adequacy  ¢core
cohort cohort of exposure of interest of outcome follow-  of follow-up
up
Halliday etal 1 1 1 1 0 1 1 1 7
[6], 2019
Gulati et al 0 1 1 1 1 1 1 1 7
[2], 2013
Behera et al 1 1 1 1 2 0 1 1 8
[9], 2020
Tateishietal 1 1 1 1 0 1 1 1 7
[10], 2015
Lehrke et al 1 1 1 1 1 1 0 1 7
[11], 2011
Perazzoloet 1 1 1 1 2 1 1 1 9
al[7], 2014
Neilan et al 1 1 1 1 2 1 0 1 8
[12], 2013
Yamadaetal 1 1 1 1 2 0 1 1 8
[13], 2014
Buss et al 1 1 1 1 1 1 1 1 8
[14], 2015
Mikamietal 1 1 1 1 2 1 0 1 8
[15], 2016
Puntmannet 1 1 1 1 2 1 0 1 8
al[16], 2016
Masci et al 1 1 1 1 1 1 0 1 7
[17], 2012
Sramkoetal 1 1 1 1 2 1 1 1 9
[8], 2013
Amzulescuet 0 1 1 1 0 0 1 1 5
al[20], 2015
Alba et al 1 1 1 0 1 0 1 1 6
[21], 2020
Xuetall18], 1 1 1 1 1 1 1 1 8
2021
Barisonetal 1 1 1 1 2 0 1 1 8
[19], 2020
Halliday etal 0 1 1 1 0 1 1 1 6
[4], 2017
DiMarcoetal 1 1 1 0 0 0 1 1 5
[22], 2021

The total score was 9, and the higher the score, the lower the bias, besides, scores < 5 means a relative high risk of bias.

studies that reported on the extent of LGE[3,12,16,20], 2 studies[6,15] that reported on the location of LGE and 1 study/[6]
that reported on the pattern of LGE were adjusted for age, sex, and LVEF, and a portion of those studies were modified
for the New York Heart Association Functional Classification[5,6,10,11,21].

The detailed data on the author, year of publication, sample size, age, percentage of male patients, LGE status, follow-
up duration, LVEF, and LVEDVi are shown in Table 2.

Data synthesis

Positivity for LGE and adverse outcomes: Overall, 18 studies, involving 7168 patients (2793 had LGE), reported the
association between the positivity of LGE and adverse outcomes. The included outcomes of the subgroup analysis were
all-cause mortality (4 articles), arrhythmic events (9 articles), and composite endpoints (12 articles). All-cause mortality
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Table 2 Description of the studies included in the meta-analysis

Type of Patients Mean/median Male LGE Mean/Median !Endpomt. Mean/median Meanln?ed|an
Ref. stud anrolled ags fy1] (%) present, Follow-Up included in LVEF (%) LVEDVi
y gely ’ n (%) Time analysis ° (mL/m?)
Halliday et Prospective 874 LGE negative: 588 (67.3) 300 (34.3) 4.9yr (range,  All cause 39 (range, 29- LGE negative:
al[6], 2019 51.0+15.1; LGE 3.5-7.0 yr) mortality; 50) 126.3 £ 36.6; the
extent (0.00%- arrhythmic extent of LGE
2.55%): 52.8 + events: SCD and (0.00-2.55%):
14.4; LGE extent aborted SCD. 1479 £ 46.1; the
(2.55%-5.10%): extent of LGE
53.7 +14.6; LGE (2.55%-5.10%):
extent (> 5.10%): 142.8 £ 49.8; the
56.2+14.6 extent of LGE (>
5.10%):135.5 +
373
Gulatietal  Prospective 472 51.1+14.7 324 (68.6) 142 (30.1) 53 yr (range,  Arrhythmic 37+13 135.1+44.3
[2], 2013 31d-11.0 yr) events: SCD and
aborted SCD; all
cause mortality
Behera et al Retrospective 112 LGE negative: LGE 44 (39.3) 745+320d Composite LGE negative: ~ LGE negative:
[9], 2020 45.5 (range, negative: endpoint: All- 31.5 (range, 104.0 (range,
33.0-58.7); LGE 42 (61.8); cause mortality, 28.0-36.2); LGE  77.0-125.0); LGE
positive: 40.0 LGE resuscitated positive: 32.5 positive: 137.0
(range, 24.5- positive: cardiac arrest, (range, 27.0- (range, 87.5-
54.5) 30 (68.2) sustained 41.0) 225.2)
VT/appropriate
ICD shock, HF
hospitalization
Tateishi et  Prospective 207 50 +16 165 (80) 105 (50.7) 44 mo (range, Composite 27 +£11 143 £ 57
al[10], 2015 23-62 mo) endpoint: Cardiac
death, cardiac
transplantation,
LV assist device
implantation,
appropriate ICD
discharge for VT
or VF, and
rehospitalisation
for HF
Lehrke et al Prospective 184 51.55+1.1 138 (75)  72(39.1) 685+30d Composite LGE negative: ~ LGE negative:
[11], 2011 endpoint: Cardiac 44 (range, 33.1- 109 (range, 92.7-
death, hospital- 50.9); LGE 137.6); LGE
isation for positive: 31 positive: 133
decompensated (range, 20.9- (range, 116-161)
HEF, or 42.2)
appropriate ICD
discharge
Perazzolo  Prospective 137 No arrhythmic 108 (78.8) 76 (55.5) 3 yr (range, 31  Arrhythmic No arrhythmic ~ No arrhythmic
etall7], events: 47 d-9.6 yr) events: SCD, events:33 events: 109
2014 (range, 37-60); cardiac arrest due  (range, 28-40); (range, 87-140);
arrhythmic to VF, sustained arrhythmic arrhythmic
events: 59 VT, or appropriate events: 30 events: 123
(range, 43-70) ICD intervention.  (range, 29-40) (range, 105-143)
Neilan et al Prospective 162 55+14 106 (65) 81 (50) 29 +18 mo Composite 28+9 140 + 50
[12], 2013 endpoint:
Cardiovascular
death and
appropriate ICD
therapy;
arrhythmic
events: ATP, ICD
discharge, and
non-heart failure
cardiovascular
death
Yamadaet Prospective 57 55+13 40(70.2) 25 (44) 71 £32 mo Composite LGE negative: ~ LGE negative:
al[13], 2014 endpoint: Cardiac 36 + 13; LGE 120 + 39; LGE
death, hospital- positive: 30 £ positive: 141 £
ization for 11 47
decompensated
HEF, or
documented
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Bussetal  Prospective 210
[14], 2015

Mikamiet Prospective 118
al[15], 2016

Puntmann  Prospective 637
et al[16],

2016

Mascietal Prospective 125
[17], 2012

Sramko et  Prospective 42
al[8], 2013

Amzulescu Prospective 162
et al[20],

2015

Albaetal  Retrospective 1672
[21], 2020

Xu et al Prospective 412
[18], 2021

Barisonet  Prospective 183

al[19], 2020

Jaishideng®

52+15

57+14

50 (range, 37-76
yT)

59+14

Idiopathic: 45 +
12; inflam-
matory: 42+ 8

56 £ 14

48.0+14.4

66 (range, 56-73
yT)
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134 (73)

Feng XY et al. Late gadolinium enhancement and dilated cardiomyopathy

79 (38)

66 (56)

171 (27)

50 (40)

28 (66.7)

63 (39)

650 (39)

201 (48.8)

116 (63)

329

53 yr

21+13yr

22 mo (range,
19-25 mo)

14.2 mo
(range,
6.5-28.8 mo)

25 +9 mo

3.4 yr (range,
1.5-6.3 yr)

2.3 yr (range,
1.0-4.3 yr)

28.1 mo
(range, 19.3-
43.0 mo)

30 mo (range,
10-65 mo)

lethal arrhythmia,
including VT and
VF

Composite
endpoint: Cardiac
events together
with the
occurrence of
hospitalization
due to congestive
HF

Composite
endpoint: Cardiac
mortality or
appropriate ICD
therapy;
arrhythmic
events:
Appropriate ICD
therapy or SCD

All cause
mortality

Composite
endpoint: Cardiac
death and HF
hospitalization

Composite
endpoint: Cardiac
death, urgent
heart
transplantation,
and hospital-
ization for
worsening HF

Composite
endpoint:
Cardiovascular
death, heart
transplantation,
LV assist device
implantation,
resuscitated

cardiac arrest, and

appropriate
device shocks

Composite
endpoint: All-
cause mortality,
heart

transplantation, or

left ventricular
assist device
implant;
arrhythmic
events: SCD or
appropriate ICD
shock

Composite
endpoint: All-
cause mortality
and HF
readmission; all-
cause mortality

Composite
endpoint:
Appropriate ICD
shock and cardiac
death; arrhythmic
events:
appropriate ICD
shock

November 28,2023 | Volume15 |

36.1+13.8

32+12

47 (range, 29-
50)

33+10

Idiopathic DC:
22 +11; Inflam-
matory DC: 21
+9

24.6+84

33+11

23.7+98

24 (range, 21-
31)

132 +48

119+ 42

109 (range, 89-
132)

LGE negative:
124 +35; LGE
positive: 140 £
39

Idiopathic: 137 +

39; Inflam-
matory: 148 + 46

161.6 +52

118 +27

185.6 £ 58.9

143 (range, 120-
168)

Issue 11



Feng XY et al. Late gadolinium enhancement and dilated cardiomyopathy

Halliday et Prospective 399 49.9+153 254 (63.7) 101 (25.3) 4.6 yr (range,  Arrhythmic 49.6+4.9 111.1+19.4
al[4], 2017 3.5-7.0 yr) events: SCD or

Aborted SCD
Di Marco  Retrospective 1165 58 (range, 48-68) 768 (65.9) 486 (41.7) 36 mo (range,  Arrhythmic 39 (range, 30- 118 (range, 99-
et al[22], 20-58 mo) events: 46) 142)
2021 Appropriate ICD

therapies,

sustained VT,

resuscitated

cardiac arrest, and

sudden death

Values are 1, mean + SD, or 1 (%) unless otherwise indicated; LGE: Late gadolinium enhancement; VT: Ventricular tachycardia; VF: Ventricular fibrillation;
HF: Heart failure; ICD: Implantable cardioverter-defibrillator; SCD: Sudden cardiac death; LV: Left ventricular; ATP: Anti-tachycardia pacing.
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Figure 1 Flow diagram of the selection of articles.

occurred in 313 patients (4.4% of patients of the 18 included studies), of who 172 had LGE (6.2% of LGE-positive patients)
and 141 had no LGE (3.2% of LGE-negative patients), with a risk difference between LGE-positive and LGE-negative
patients of 12.2% (95%CI: 9.1%-15.3%; P < 0.001). Besides, arrhythmic events and composite endpoints occurred in 256
(3.6%) and 603 (8.4%) patients, respectively.

In the pooled analysis, positivity for LGE was associated with an increased risk of all-cause mortality (HR: 2.14; 95%CI:
1.68-2.72; P < 0.001), arrhythmic events (HR: 5.12, 95%CI: 3.24-8.07, P < 0.001), and composite endpoints (HR: 2.38,
95%CI: 1.83-3.11, P < 0.001), as shown in Figure 2. A random-effects model was used for studies on arrhythmic events
with significant heterogeneity (I> = 67.9%; P = 0.002), and sensitivity analysis using the leave-one-out method showed that
the study by Alba et al[21] may be the source of heterogeneity. However, Egger’s and Begg's tests showed that there was
publication bias in the presence of LGE and composite endpoints; after conducting a trim and fill analysis and adjusting
for the effect size for funnel plot asymmetry, the P values before and after the trim and fill analysis were less than 0.001,
indicating that no significant changes occurred and the results were reliable.

The extent of LGE and adverse outcomes: Two studies were included in the subgroup analysis of all-cause mortality,
including 313 participants with LGE and 796 without LGE, with 101 all-cause mortality occurred during the follow-up
period, and the pooled HR of all-cause mortality for every 1% increment in the extent of LGE was 1.10 (95%CI: 1.06-1.14;
P <0.001) (Figure 3A). In the analysis of the outcome of composite endpoints, two studies recruited 179 patients with LGE
and 166 without LGE, with 79 composite endpoints occurred during the follow-up period, however, even random-effects
model was used for studies on composite endpoints with significant heterogeneity (I* = 64.0%; P = 0.096); the result
showed that every 1% increment in the extent of LGE only has numerically increased the risk of composite endpoints
without reaching statistical significance 1.22 (95%CI: 0.91-1.63; P < 0.001).

The LGE locations and adverse outcomes: Recently, several LGE metrics, including location and pattern, have emerged
as new indicators for risk prediction. Subgroup analysis, which included two studies (LGE was present in 501 patients
and absent in 785 patients; all-cause mortality occurred in 212 patients), showed that LGE located in the septum (pooled
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Study %
D HR (95% Cl) Weight

All-cause mortality

Halliday (2019) —— 1.81(1.30, 2.52) 52.48
Gulati (2013) — ol 2.43 (1.50, 3.92) 24.92
Puntmann (2016) —_— 2.90 (1.40, 6.30) 10.16
Xu (2021) —_— 2.60 (1.32, 5.14) 12.44
Subtotal (I-squared = 0.0%, p = 0.533) < 2.14 (1.68, 2.72) 100.00
Arrhythmic events

Halliday (2019) —— 3.96 (2.41,6.52) 15.06
Gulati (2013) —— 4.61(2.75,7.74) 14.84
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Perazzolo (2014) —_—— 3.80 (1.30, 10.40) 9.38
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Mikami (2016) —_— 4.76 (1.32, 17.22) 7.46
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Composite endpoint

Behera (2020) —_—— 2.30 (1.35,3.97) 13.47
Tateishi (2015) [——— 1.96 (1.01, 3.78) 10.57
Lehrke (2011) —_— 3.37 (1.26, 9.00) 5.86
Neilan (2013) —_— 6.21 (1.73, 22.20) 3.77
Yamada (2014) —— 4.87 (1.01, 23.40) 2.59
Buss (2015) [——— 1.87 (0.99, 3.47) 11.29
Mikami (2016) —_— 4.49 (1.48, 13.65) 4.78
Masci (2012) —_— 5.32 (1.60, 17.63) 4.19
Sramko (2013) g 6.30 (0.80, 49.00) 1.57
Alba (2020) [—— 1.45 (1.03, 2.04) 20.42
Xu (2021) —— 2.06 (1.28, 3.31) 15.49
Barison (2020) —_—— 3.51(1.33, 9.25) 5.99
Subtotal (I-squared = 30.6%, P = 0.147) < 2.38 (1.83, 3.11) 100.00

NOTE: Weights are from random effects analysis
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Figure 2 The forest plot of risk of adverse outcomes in dilated cardiomyopathy patients with the presence of late gadolinium enhance-
ment.

HR: 1.64; 95%CI: 1.20-2.22; P < 0.001) and in both the septum and free wall (pooled HR: 1.68; 95%ClI: 1.39-2.02; P < 0.001)
can predict all-cause mortality. However, LGE located in the free wall only has numerically increased the risk of all-cause
mortality without reaching statistical significance (pooled HR: 2.07; 95%CI: 0.31-13.98; P = 0.457) (Figure 3B). A random-
effects model was used for studies on free-wall LGE with significant heterogeneity (I = 87.1%; P = 0.005).

The subgroup analysis for predicting composite endpoints included five studies (Figure 3C), including 471 LGE-
positive participants and 466 LGE-negative participants, and the number of composite endpoints was 297. The pooled
HRs for septal and inferior LGE of composite endpoints were 2.40 (95%Cl: 1.12-5.14, P = 0.025) and 2.95 (95%ClI:
1.81-4.81, P < 0.001), respectively; a random-effects model was used to analyze the heterogeneity in the septal LGE group
(I*=84.1%; P = 0.002), sensitivity analysis using the leave-one-out method showed that the study by Xu ef al[18]. may be
the source of heterogeneity, and the heterogeneity may result from the unadjusted HR.

The LGE patterns and adverse outcomes: In addition to the mid-wall pattern of LGE, recent studies have found that LGE
has many other patterns, such as focal and sub-epicardial patterns, which can also provide stratification information for
adverse outcomes. Subgroup analysis for all-cause mortality, which included 501 patients with myocardial LGE and 785
without LGE from two studies, was performed for the mid-wall, focal, and multiple (mid-wall, sub-epicardial, and focal)
patterns of LGE; death occurred in 212 patients, and the pooled HRs were 1.81 (95%CI: 1.31-2.52; P < 0.001), 1.23 (95%ClI:
0.11-13.40; P = 0.867; not statistical significance), and 1.53 (95%CI: 1.12-2.10; P < 0.001), respectively (Figure 3D).

The relationship between the patterns of LGE and composite endpoints was also analyzed; subgroup analysis was
performed and included two studies involving 245 LGE-positive patients and 279 LGE-negative patients, with 195
composite endpoints during the follow-up period. Our analysis showed that mid-wall (pooled HR: 2.13; 95%CI: 1.39-3.27;
P =0.001) patterns of LGE can predict composite endpoints (Figure 3E), even random-effects model was used for studies
on sub-epicardial LGE with significant heterogeneity (I* = 65.0%; P = 0.091), these results showed that sub-epicardial LGE
has numerically increased the risk of composite endpoints without reaching statistical significance (pooled HR: 1.81;
95%ClI: 0.73-4.51; P = 0.202).

Positive effect of LGE and arrhythmic events on different ranges of LVEF: As the studies included in our meta-analysis
all demonstrated indications of LVEF, we also performed a subgroup analysis to assess the impact of LGE on DCM for
different ranges of LVEF by dividing those studies into two groups (LVEF < 35% and LVEF 2 35%). The analysis, which
included nine studies (LGE was present in 2018 patients and absent in 3164 patients; arrhythmic events occurred in 256
patients), showed that LGE is a stronger predictor of arrhythmic events in patients with a greater LVEF, and the pooled
HRs for positive LGE with LVEF < 35% and LVEF > 35% were 4.49 (95%CI: 2.00-10.10; P < 0.001) and 5.79 (95%CI:
3.74-8.95; P < 0.001), respectively (Figure 3F). A random-effects model was used for studies on LVEF < 35% with
significant heterogeneity (I* = 68.8%; P = 0.012).
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Figure 3 The forest plot of association between extent, location, and pattern of late gadolinium enhancement and adverse outcomes. A:
Association between extent of late gadolinium enhancement (LGE) and adverse outcomes; B: Association between locations of LGE and all-cause mortality; C:
Association between locations of LGE and composite endpoint; D: Association between patterns of LGE and all-cause mortality; E: Association between patterns of
LGE and composite endpoint; F: Association between the positive of LGE and arrhythmic events in different ranges of left ventricular ejection fraction.

DISCUSSION

LGE detected by CMR represents a myocardial scar, which could provide a foundation for ventricular re-entrant
arrhythmia and is the main cause of SCD in multiple myocardiopathies[23]. Although LGE is observed in approximately
30% of patients with DCM, several studies support the prognostic power of LGE[3,4]. This meta-analysis included 7330
patients with DCM, confirmed the prognostic value of LGE for multiple adverse endpoints, and investigated the
association between the extent, location, and pattern of LGE and outcomes.

Prior meta-analyses have evaluated the prognostic value of LGE in DCM[24-26]. However, the sample size of our meta-
analysis was larger, and given the increasing numbers of studies published in the past few years about the characteristics
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of LGE (extent, location, and pattern), we considered that focusing on novel indicators was appropriate. The relevant
number of studies included allowed subgroup analyses between the extent, location, and pattern of LGE and outcomes.

The presence of LGE and adverse outcomes

Myocardial fibrosis is strongly associated with ventricular remodeling[11,27]. The prognostic value of LGE is inde-
pendent of left ventricular parameters and can provide additional information on LVEF[28]. Additionally, the predictive
ability of LGE was found to be better in patients with higher LVEF[22].

In our meta-analysis, LGE was present in approximately 40% of the patients with DCM under study and was strongly
and significantly associated with multiple adverse outcomes. The relationship between LGE and the endpoints was
particularly obvious for arrhythmic events (pooled HR: 5.12, 95%CI: 3.24-8.07, P < 0.001). This will be extremely
meaningful for risk stratification mainly based on LVEF, as most SCD cases did not have severely reduced LVEF[23].
Moreover, the finding that the predictive power of LGE was better in patients with greater LVEF regarding the endpoint
of arrhythmic events in our subgroup analysis confirmed the results of a previous study[22]. The severely reduced LVEF
detected in patients with DCM represents an adversely remodeled left ventricle, which can lead to self-organized
criticality and cascading mechanical collapse, and ultimately result in SCD[29]. However, in the absence of a severely
remodeled left ventricle, LGE provides the foundation for ventricular re-entrant arrhythmia, which can be the major
cause of adverse outcomes.

The extent of LGE and adverse outcomes
A study suggests that the susceptibility to re-entrant arrhythmias may be increased with the extent of LGE[19], indicating
that the evaluation of the extent of LGE plays an important role in determining the prognosis of patients with DCM.

As a continuous variable, every 1% increment in LGE extent can predict all-cause mortality in our meta-analysis.
However, even though only studies that quantified the extent of LGE as a percentage of the left ventricular mass were
included in our meta-analysis, heterogeneity among studies was inevitable because of the differences in the measurement
methods and parameters of LGE quantification used among the included studies. However, Halliday ef al[6] and Behera
et al[9] demonstrated that the correlation between the extent of LGE and outcomes seems to be nonlinear, as a small
increase in the extent of LGE could significantly increase the risk of adverse outcomes.

One potential mechanism is that the induction of arrhythmia can be influenced by the texture and spatial distribution
of fibrosis, the formation and dynamics of which are mostly determined by the maximal local fibrosis level; thus, the
composition of myocardial fibrosis, rather than volume, may be the main determinant of arrhythmia[30]. Another
mechanism that may explain these results is that ventricular arrhythmia most likely originates from the regions between
myocardial fibrosis and healthy tissue with slow conduction[31,32]. Therefore, more precise identification of hetero-
geneous zones between healthy myocardium and myocardial fibrosis and the accurate discrimination of the texture and
type of myocardial fibrosis may help better predict the prognosis of patients with DCM.

The LGE locations and adverse outcomes

Studies mainly focused on septal LGE, which is the most common location of LGE. However, recent studies have shown
that LGE can also occur in the free wall with a high incidence[6,18], suggesting that LGE located in this location is worth
further exploration.

Our meta-analysis found that septal LGE is associated with all-cause mortality and composite endpoints, which is
consistent with the findings of previous studies. Furthermore, combined septal and free-wall LGE was more closely
associated with all-cause mortality, as multi-location LGE may result in a larger extent of myocardial fibrosis.

The location of LGE may be related to its underlying etiology. LGE of idiopathic DCM is frequently located in the
septum for unclear reasons, whereas LGE of DCM caused by viral myocarditis is usually located in the free wall. This is
because cardiotropic viruses that originate from the bloodstream can cause pericarditis; the free wall in direct contact
with the pericardium is the prime location for migration of inflammatory cells. The scar microstructure may be varied for
the underlying etiology and cause a different risk[33].

However, because the number of studies included in this study was small and whether free-wall LGE is a protective or
adverse factor remains controversial[6,18], further investigation regarding the prognosis of the distribution of LGE is still
required.

The LGE patterns and adverse outcomes

As the most typical LGE pattern, mid-wall LGE was associated with an increased risk of all-cause mortality and
composite endpoints in this study. However, our subgroup analyses showed that sub-epicardial and focal pattern of LGE
were not statistically significant in predicting adverse outcome; in this case, more studies are required to confirm their
prognostic value.

The sub-endocardial and transmural patterns of LGE have been considered to be indicators of previous myocardial
infarction[34,35]. However, several studies have investigated the role of transmural LGE, which is not coherent with
coronary artery territory (indicating that this pattern is not of an ischemic origin), and sub-endocardial LGE in
determining the prognosis of patients with DCM[21,22]. Di Marco et al[22] have found that transmural LGE was
associated with a heightened risk of adverse outcomes. Through the aforementioned studies, it is suggested that more
attention should be paid to those “ischemia LGE patterns” rather than simply seeing it as myocardial infarct in patients
with DCM.

In addition to focusing on the pattern of LGE itself, the number of coexisting LGE patterns must also be considered. In
our meta-analysis, patients with multiple patterns of LGE (sub-epicardial, mid-wall, and focal) were at a greater risk of
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all-cause mortality than those without LGE. One possibility is that more LGE patterns may represent a higher hetero-
geneity of fibrosis. However, the prognostic ability of multiple LGE patterns is not as good as that of one single pattern in
some other studies[6,18]. The limited number of patients with multiple LGE patterns may be responsible for the contro-
versial results. Therefore, more trials are needed to draw a more certain conclusion.

Furthermore, Di Marco et al[22] have found that the combination of LVEF strata and LGE status may help improve risk
stratification in patients with DCM. Based on the results of this study, the next subdivision of various indicators (extent,
location, and pattern) of LGE, particularly the free-wall LGE, and the integration of those indicators with varying clinical
parameters may be more helpful in predicting the prognosis of patients with DCM.

Study limitations

The limitations of this study are that most included studies were observational; selection bias should be anticipated; and
this meta-analysis can only detect associations but not causality. Additionally, the exclusion and inclusion criteria were
different among the included studies, and there was a wide variety on the definitions of the endpoints. Finally, the data
on the location and pattern of LGE were limited, which can explain the significant heterogeneity in some subgroup
analyses; further studies enrolling more eligible patients are required.

CONCLUSION

CMR-LGE exhibited a substantial prognostic value in predicting all-cause mortality, arrhythmic events and composite
endpoints in patients with DCM. The extent, location, and pattern of LGE could provide additional information for risk
stratification.

ARTICLE HIGHLIGHTS

Research background

LGE as a prognostic indicator of dilated cardiomyopathy (DCM) has been extensively studied, and several new metrics of
late gadolinium enhancement (LGE), such as its extent, location, and pattern, have emerged. However, whether some
indicators are protective or risk factors and whether the combination of left ventricular ejection fraction (LVEF) strata and
LGE has a better predictive value remains controversial; therefore, further discussion is required, and more precise risk
stratification should be explored.

Research motivation

This meta-analysis aimed to detect the predictive performance of the extent, location, and pattern of LGE, to compare and
screen these new indicators of LGE, and provide novel concepts for improving the risk stratification algorithm for
adverse outcomes of DCM.

Research objectives

The research objectives of this meta-analysis were to investigate the associations between the positivity and extent,
location, and pattern of LGE derived from CMR and multiple outcomes. We found that the presence of LGE was
associated with an increased risk of multiple adverse outcomes (all-cause mortality, arrhythmic events, and composite
endpoints). Furthermore, an increase in the extent of LGE and a different location and pattern of LGE may impact the
prognosis. Although the current studies and meta-analyses mainly focus on the relationship between the presence of LGE
and prognosis, our study found that LGE is a stronger predictor of arrhythmic events in patients with greater LVEF, and
that the different types of LGE were equally predictive, which suggested that these new indicators and their combinations
may help improve the risk stratification.

Research methods

We followed the guidelines of PRISMA-NMA, registered with PROSPERO, and extracted data from databases
recommended by the Cochrane Handbook. After discussion, we reached a consensus and classified the endpoints into
three; the pooled HRs and 95%Cls obtained by using STATA were applied to evaluate the effectiveness of the new
metrics of LGE. The Newcastle-Ottawa Quality Assessment Scale was used for quality assessment. Publication bias was
assessed using Egger’s and Begg's tests, and a sensitivity analysis was performed using the leave-one-out method, to
assess the stability of the results.

Research results

CMR-LGE is a strong prognostic marker for patients with DCM. The extent, location, and pattern of LGE provided
additional information for risk stratification. Further studies are needed to determine whether free-wall LGE is a
protective or risk factor, and whether the focal or sub-epicardial pattern of LGE has predictive value.

Research conclusions

CMR-LGE is a strong prognostic marker for patients with DCM. The extent, location, and pattern of LGE provided
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additional information for risk stratification. Further studies are needed to determine whether free-wall LGE is a
protective or risk factor, and whether the focal or sub-epicardial pattern of LGE has predictive value.

Research perspectives
The prognostic value of different locations and patterns of LGE needs to be confirmed in future studies, and the
combined predictive value of these predictors warrants further exploration.
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