
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Alfonso De Stefano,
G. Pascale National Cancer Institute
Foundation (IRCCS), Italy

REVIEWED BY

Francesco Pepe,
University of Naples Federico II, Italy
Anna Maria Rachiglio,
G. Pascale National Cancer Institute
Foundation (IRCCS), Italy
Michael Y. Sha,
Diacarta Inc., United States
Mónica Alejandra Rosales-Reynoso,
Centro de Investigación Biomédica de
Occidente (CIBO), Mexico

*CORRESPONDENCE

Tohid Jafari-Koshki

tjkoshki@gmail.com

Abbas Karimi

karimia@tbzmed.ac.ir

RECEIVED 08 March 2024
ACCEPTED 18 July 2024

PUBLISHED 07 August 2024

CITATION

Taghizadeh-Teymorloei M, Alizadeh L,
Matin S, Jafari-Koshki T and Karimi A (2024)
Diagnostic and prognostic significance
of ALU-based cell-free DNA in
colorectal cancer: a systematic
review and meta-analysis.
Front. Oncol. 14:1398062.
doi: 10.3389/fonc.2024.1398062

COPYRIGHT

© 2024 Taghizadeh-Teymorloei, Alizadeh,
Matin, Jafari-Koshki and Karimi. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Systematic Review

PUBLISHED 07 August 2024

DOI 10.3389/fonc.2024.1398062
Diagnostic and prognostic
significance of ALU-based
cell-free DNA in colorectal
cancer: a systematic review
and meta-analysis
Mohammad Taghizadeh-Teymorloei1, Leila Alizadeh2,
Somaieh Matin3, Tohid Jafari-Koshki4* and Abbas Karimi 1,5*

1Department of Molecular Medicine, Faculty of Advanced Medical Sciences, Tabriz University of
Medical Sciences, Tabriz, Iran, 2Gastroenterology and Liver Diseases Research Center, Tabriz
University of Medical Sciences, Tabriz, Iran, 3Department of Internal Medicine, School of Medicine,
Ardabil University of Medical Sciences, Ardabil, Iran, 4Molecular Medicine Research Center (MMRC),
Department of Statistics and Epidemiology, Faculty of Health, Tabriz University of Medical Sciences,
Tabriz, Iran, 5Department of Epidemiology and Biostatistics, School of Medicine, Urmia University of
Medical Sciences, Urmia, Iran
Introduction: Colorectal cancer (CRC) is a major global health concern. This

study aimed to investigate the role of ALU-based cell-free DNA (cfDNA) in the

diagnosis and prognosis of CRC.

Methods:We selected relevant literature from PubMed, Scopus, Web of Science,

EMBASE, and Science Direct databases based on strict inclusion and exclusion

criteria. 17 eligible studies were included in the final analysis (13 studies for

diagnostic and 4 studies for prognostic meta-analysis). The search covered

relevant publications up to July 1, 2024.

Results: The pooled sensitivity, specificity, and diagnostic odds ratios (DOR) of

ALU-based cfDNA in CRC diagnosis were 0.81 (95% CI= [0.70, 0.89]), 0.90 (95%

CI= [0.70, 0.96]), and 40.58 (95% CI= [17.87, 92.19]), respectively. The area under

the ROC curve was 0.92 (95% CI= [0.89, 0.94]). Patients with higher

concentrations of plasma/serum ALU-based cfDNA had poorer overall survival

(OS) (pooled hazard ratio = 2.33 ([95% CI= [1.80, 3.03]).

Conclusion: The current evidence supports the utility of circulating ALU as a

promising non-invasive diagnostic and prognostic tool for CRC. Furthermore, as

a potential biomarker, ALU-based cfDNA could play a significant role in

clinical application.

Clinical implications: The evidence suggests that circulating ALU-based cell-

free DNA (cfDNA) holds promise as a non-invasive diagnostic and prognostic tool

for colorectal cancer, potentially enhancing clinical decision-making.
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Introduction

Colorectal cancer (CRC) is a severe disease that poses a

substantial threat to human health. According to the 2024 global

cancer data (GLOBCAN 2024) given by the International Agency

for Research on Cancer (IARC), the incidence of CRC is listed as the

third most frequent, with around 935,173 people dying from CRC

each year globally, making it the second biggest cause of cancer-

related fatalities (1–3). The 5-year survival rate for CRC decreases

significantly from 95% at stage I to just 6% at stage IV, indicating a

strong correlation between the stage at diagnosis and the death rate.

Early detection of CRC is critical to improving survival because it

reduces the chance of death, stops the disease from spreading, and

enhances the quality of life and long-term health outcomes (4).

While fecal occult blood tests and colonoscopies are standard

diagnostic tools, their invasive nature and the discomfort they

cause often lead to patient aversion and subsequent diagnostic

delays (5, 6). The search for dependable biomarkers has resulted

in the use of blood-based markers like carcinoembryonic antigen

(CEA) and carbohydrate antigens (CA 19–9 and CA 242) (7), and

alpha-fetoprotein (AFP) (8); however, their diagnostic efficacy is

marred by low sensitivity and specificity, particularly in benign

conditions. This limitation necessitates the exploration of novel

biomarkers that can offer more precise diagnostic and prognostic

insights for high-risk CRC patients (9–12). Thus, searching for new

biomarkers in CRC diagnosis and prognosis has attracted many

researchers. There is considerable interest in non-invasive liquid

biopsy (LB) as a supplementary and maybe alternative approach,

attempting to address these limitations (13–16). LB is a process that

extracts tumor-derived biomarkers from body fluids such as blood,

urine, saliva, feces, or cerebrospinal fluid. This approach may

identify a number of circulating tumor components, including

circulating tumor cells (CTCs), circulating tumor DNA (ctDNA),

messenger RNA (mRNA), non-coding RNA, extracellular vesicles

(EVs), and tumor-educated platelets (TEPs). LB is essentially a non-

invasive diagnostic tool that aids in the early diagnosis and

monitoring of cancer (17, 18).

Recent studies emphasize circulating cell-free DNA (cfDNA)

analysis as a possible biomarker for many therapeutic applications

in cancer, such as diagnosis, evaluation of tumor development,

assessment of therapy response, and prognosis (19–21). cfDNA

includes DNA that enters the bloodstream from the breakdown of

cells or is actively secreted by normal and cancerous tissues. It
02
contains important genetic details about the primary tumor’s

structure. When collecting tumor biopsy is difficult, analyzing

cfDNA in Blood can serve as an alternative for histopathological

examination (22, 23). Furthermore, the amount of cfDNA is typically

changed in malignancies, even in the early stages (24). Higher levels

of blood cfDNA are reported to have a strong association with

malignancy and poorer clinical outcomes. Over the last two

decades, cfDNA analysis has become a promising technique for

cancer diagnosis and prognosis (25, 26).

Arthrobacter luteus (ALU) fragments are primate-specific repeats

that make up approximately 11% of the human genome (27). The ALU

fragments are short interspersed nuclear elements (SINEs) that are

common in the human genome. They are transposable elements that

may be affected by environmental factors (28) and ALUs have wide-

ranging influences on gene expression, affecting polyadenylation,

splicing, and ADAR editing (27). They significantly influence the

composition of cfDNA (26). These fragments are widely utilized as

target molecules in LB applications due to their abundant presence

throughout the human genome. Analyses focused on Alu-based

cfDNA have demonstrated promising application potential in several

key areas of cancer management (29): Numerous studies have

employed major repetitive regions within the human genome,

specifically ALU115 and ALU247, for quantifying cell-free DNA

(cfDNA). ALU115 reflects total DNA content, encompassing both

longer and shorter cfDNA fragments. In contrast, ALU247 specifically

identifies tumor-derived DNA, focusing on longer cfDNA fragments

associated with malignancy (30, 31). ALU115/247 has been intensively

researched as a promising non-invasive diagnostic and prognostic

marker in the area of LB, with a wide variety of quantitative and

qualitative results (32, 33).

Thus, searching for new biomarkers in CRC diagnosis and

prognosis has attracted many researchers. The present study aimed to

carry out the first meta-analysis to quantitatively analyze the diagnostic

and prognostic accuracy of ALU-based cfDNA in CRC patients.
Materials and methods

This report has been organized following the PRISMA

2020 framework, as depicted in Figure 1 (34), additionally,

we have incorporated the PRISMA 2020 Checklist (35) in

Supplementary Table 1 to ensure comprehensive reporting and

methodological transparency.
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Search strategy

The proposed protocol has been filed in the PROSPERO (CRD)

International Prospective Registry of Systematic Reviews with the

identification number CRD42023486369. We searched PubMed,

Embase, ScienceDirect, Scopus, and the Web of Science Citation

Index for research on the diagnostic or prognostic use of ALU-

based cfDNA for CRC before July 1, 2024, without specifying a start

date. Initially, no language limitations were in place. Our search

approach was as follows. For diagnosis: (cancer OR Malignancy OR
Frontiers in Oncology 03
neoplasm OR tumor OR carcinoma OR “adenomatosis” OR

“polyposis” OR APCL) AND (colon OR rectal OR colorectal)

AND (“cell-free DNA” OR “Cell-Free Nucleic Acids” OR

“circulating DNA” OR cfDNA) AND (ALU OR “Arthrobacter

luteus”) AND (diagnoses OR “sensitivity and specificity” OR

“sensitivity” OR “ specificity” OR “ROC curve” OR “area under

curve” OR “AUC”).

For prognosis: (cancer ORMalignancy OR neoplasm OR tumor

OR carcinoma OR “adenomatosis” OR “polyposis” OR APCL)

AND (colon OR rectal OR colorectal) AND (“cell-free DNA” OR
FIGURE 1

Assessing risk of bias and applicability concerns based on the QUADAS-2 tool.
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“Cell Free Nucleic Acids” OR “circulating DNA” OR cfDNA) AND

(ALU OR “Arthrobacter luteus”) AND (Prognosis OR “Survival

Analysis” AND “Overall Survival (OS)” OR “Disease-Free Survival

(DFS)” OR “Progression-Free Survival (PFS)” OR “Recurrence/

Relapse-free survival (RFS)” OR “Minimal Residual Disease

(MRD)” OR “Kaplan–Meier Estimate”). Moreover, the search for

other related terms included “Relapse-Free Survival”, “Locoregional

Relapse-Free Survival”, “Distant Metastasis Free Survival (DMFS)”,

“Liquid Biopsy Analysis”, “Prognostic Value”, “Prognostic Factor”,

“Prognostic Indicator”, “Prognostic and Predictive Biomarkers”,

“Recurrence Risk”, “Predictive for Outcome”.

To ensure completeness, we checked the reference lists of all

included papers and discovered another relevant study. No attempts

were made to recover unpublished studies.
Eligibility criteria

The main criteria for study inclusion were: (1) reporting

research on patients with CRC; (2) detecting ALU in plasma,

serum, feces, or tissues; (3) making a definitive diagnosis of CRC

with the gold standard; (4) conducting a thorough investigation into

the relationship between ALU and clinical endpoints including OS,

DFS, cancer-specific survival (CSS), RFS; and (5) providing enough

data to calculate true positive (TP), false positive (FP), false negative

(FN), and true negative (TN).

Studies were excluded if they were: (1) not relevant to the study

topic; (2) published as letters, reviews, editorials, or case reports; (3)

duplicate publications; (4) non-English publications; or (5) involved

unqualified data. Other unrelated publications, such as ongoing

articles, editorials, commentaries, book chapters, and others, were

also excluded.
Data extraction

Two independent reviewers (MT and AK) collected relevant

data from the papers using standardized procedures. Any issues

about the inclusion of specific research were handled by talking with

a third reviewer (TJ) and reaching a consensus. The following

information was extracted from the diagnostic and prognostic

studies: name of the first author, time of publication, country of

research, number of participants, sample source, and diagnostic

results including sensitivity, specificity, TP, FP, FN, and TN; or

prognostic results including follow-up time and HR estimates with

95% confidence intervals (CIs) for OS.
Quality assessment

Two reviewers (MT and AK) assessed the quality of the selected

diagnostic research publications using the Quality Assessment of

Diagnostic Accuracy Studies 2 (QUADAS-2) (36). Both authors

independently reviewed the studies and resolved any discrepancies

through consensus.
Frontiers in Oncology 04
Risk of bias

To assess bias and applicability, the QUADAS-2 tool from

RevMan 5.4 was utilized (37). In the “patient selection” domain,

two studies had a high risk of bias, two had an unclear risk, and 10

had a low risk. For the “index test” domain, seven studies had a high

risk, two had a low risk, and five had an unclear risk. The “reference

test” had a low risk of bias with three studies having an unclear risk,

none with a high risk, and 11 with a low risk. In the “flow and

timing” domain, 11 studies had a low risk, one had a high risk, and

two had an unclear risk. Applicability concern was low, indicating a

high degree of applicability due to the preselection of articles. The

results are shown in Figure 1.
Statistical analysis

In the conducted meta-analyses, the following statistical

methods were employed for analyzing diagnostic and prognostic

measures. For the diagnostic meta-analyses, the numbers of patients

with TP, FP, FN, and TN test findings were either directly collected

or recalculated using provided diagnostic estimates and sample

sizes. These data were then evaluated using a bivariate meta-analysis

model (38). To assess various diagnostic performance measures

such as sensitivity, specificity, positive likelihood ratio (PLR),

negative likelihood ratio (NLR), diagnostic odds ratio (DOR), and

diagnostic score. Additionally, the summary receiver operator

characteristic (SROC) curve and the area under the SROC curve

(AUC) were computed, with AUC serving as a metric to evaluate

the diagnostic power of the test. Study heterogeneity and

publication bias were assessed using the I2 statistic and Deeks’

funnel plot, respectively (39, 40).

In the prognostic meta-analyses, hazard ratios (HRs) and their

corresponding 95% confidence intervals (CI) were combined to

estimate the overall impact of the variable of interest on the OS of

CRC patients. Study heterogeneity was assessed utilizing Cochran’s

Q test and the I2 statistic (ranging from 0% to 100%) (41). A

random-effects model was used to synthesize the overall effect (42).

Finally, Begg’s funnel plot was used to examine the probability of

publication bias among the included papers (43). All statistical

analyses were performed using the Stata17.0 statistical software

program (Stata Corporation, College Station, Texas, USA) and

RevMan 5.4 (37). Results with p<0.05 were considered

statistically significant.
Results

Key finding

ALU-based cfDNA are widely utilized as target molecules in LB

applications due to their abundant presence throughout the human

genome. Analyses focused on ALU-based cfDNA have

demonstrated promising application potential in several key areas

of cancer management: This meta-analysis evaluated the diagnostic
frontiersin.org
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and prognostic performance of Alu-based cfDNA in CRC. The

diagnostic meta-analysis showed that ALU-based cfDNA had a

combined sensitivity of 0.81 and a specificity of 0.90, with an area

under the summary receiver operating characteristic (SROC) curve

of 0.92, indicating good diagnostic accuracy. The prognostic meta-

analysis revealed that higher levels of ALU-based cfDNA were

associated with shorter OS in CRC patients (HR = 2.33, 95% CI:

1.80–3.03).
Selection of studies

Figure 2 shows the flow diagram for the literature search. The

first search of chosen literature databases and other sources

returned 9198 items. After a comprehensive exclusion procedure
Frontiers in Oncology 05
at each stage, 17 published studies were eventually included in this

meta-analysis, consisting of 13 studies for diagnostic meta-analysis

and 4 studies for prognostic meta-analysis; in terms of prognosis,

these four studies were connected with OS.
Diagnostic meta-analysis

Study characteristics and quality assessment
A total of 13 papers fulfilled the inclusion criteria for

quantitative analysis of circulating ALU-based cfDNA in CRC

detection. These studies comprised 807 patients with CRC and

496 healthy controls. All patients with CRC underwent

histopathological investigation. Table 1 summarizes the general

features of this research. The sample sources included serum (n =
FIGURE 2

In this study, we utilized the ‘PRISMA 2020 flow diagram’ template, which is a visual representation of the flow of information through the different
phases of a systematic review. The template includes searches of only databases and registers. Please refer to the PRISMA flow diagram of the study
for more details. * The trial registers including clinicaltrials.gov and trial search.who.int/AdvSearch.aspx were used in our search strategies. ** The
titles and abstracts of articles are not relevant to our research questions. Reason 1. Not related to our topic. Reason 2. Not relevant to diagnosis or
prognosis. Reason 3. Without sufficient data. Reason 4. Not available data and not about human studies.
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4) (30, 31, 52, 53), plasma (n = 6) (45–49, 51), feces (n = 1) (54),

Formalin-Fixed Paraffin-Embedded (FFPE) (n = 1) (50), and blood

(n = 1) (44). Nine studies evaluated ALU115/247 for diagnostic

value (30, 31, 46–49, 51–53), two studies evaluated ALU (50, 54),

and two other studies analyzed ALU-based cfDNA (44, 45).

Additionally, 12 publications assessed ALU-based cfDNA using

q-PCR (30, 31, 45–54), while only one publication analyzed ALU-

based cfDNA by Branched DNA (b-DNA) (44). The included

studies were conducted in Egypt (n = 4) (30, 48, 52, 53), China (n

= 3) (31, 44, 45), USA (n = 2) (47, 54), Germany (n = 2) (49, 51),

Italy (n = 1) (46), and Spain (n = 1) (50). With the exception of one

study that did not determine the stages of CRC, all studies included
Frontiers in Oncology 06
all stages of CRC. Table 1 summarizes the features of

these investigations.
Diagnostic accuracy of ALU alone in CRC

Figure 3 depicts forest plots and aggregated sensitivity and

specificity estimates for all relevant studies. The studies were diverse

in terms of sensitivity (I2 = 87.37%) and specificity (I2 = 91.29%).

The combined sensitivity and specificity were 0.81 (95% CI = [0.70,

0.89]) and 0.90 (95% CI = [0.79, 0.96], respectively. Figure 4 shows

the predicted combined DOR of 40.48 (95% CI = [17.87, 92.19]).
TABLE 1 Characteristics of the included studies for the diagnostic value of ALU-based cfDNA in CRC patients.

NO.
First

Author
Country

ALU
type

Specimen
Tumor
stages

Method
of

detection

No.
of C

No.
of P

Sens*
%

Spec**
%

AUC Ref

1
Hongzhi

Zou (2006)
USA ALU Stool I-IV qPCR 20 18 44 100 –

2
Jing

Qi (2013)
China ALU Blood I-IV b-DNA 92 31 64.5 98.9 0.904 (44)

3
Hao

Shi (2020)
China ALU Plasma I-IV qPCR 20 71 100 44 0.734 (45)

4
Marco
Agostini
(2011)

Italy
ALU115/

247
Plasma 0-IV qPCR 35 67 94 100

Alu 115 =
0.92;

Alu 247
= 0.97

(46)

5
T B

Hao (2014)
China

ALU115/
247

Serum I-IV qPCR 110 205 69.23 99.09 0.85 (31)

6

T B Hao
(2014)

(integrity
index)***

China
ALU115/

247
Serum I-IV qPCR 110 205 73.08 97.27 0.89 (31)

7
Naoyuki
Umetani
(2006)

USA
ALU115/

247
plasma I-IV qPCR 51 32 41 90 0.75 (47)

8
Nancy Samir
Eskander
(2021)

Egypt
ALU115/

247
plasma I-IV qPCR 43 43 73.7 66.7 0.695 (48)

9
Christian

Linke (2023)
Germany

ALU115/
247

plasma I-IV qPCR 50 80 82 67 0.69 - 0.82 (49)

10
Raquel

Buj (2016)
Spain ALU FFPE – qPCR 16 16 80 82 0.926 (50)

11
Gloria
leszinski
(2014)

Germany
ALU115/

247
plasma – qPCR 24 24 75 70.8

Alu115 =
0.738; Alu247

= 0.729
(51)

12
Dina El-
Gayar
(2016)

Egypt
ALU115/

247
Serum II-IV qPCR 20 50 90 85 0.9

13
Alhanafy
(2017)

Egypt ALU115 Serum I-IV qPCR 20 80 83 90 –

14
Ramy
Salem
(2020)

Egypt
ALU115/

247
Serum I-IV qPCR 30 90 93 65 0.95
frontier
*Sensitivity.
** Specificity.
*** Integrity index was calculated as the ratio of ALU-qPCR result (ALU247 and ALU115).
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Figure 5 shows the SROC curve and its related 95% CI and

prediction outlines, with an estimated overall AUC of 0.92 (95%

CI = [0.89, 0.94]), showing that the test has adequate diagnostic

accuracy. Figure 6 depicts forest plots and combined values of PLR

and NLR, which are thought to be more relevant than sensitivity

and specificity in clinical settings. The pooled estimate of PLR= 8.40

(95% CI = [3.89, 18.13]) shows that the likelihood of positive test

findings in CRC patients is nearly eight times that of people without

CRC. Furthermore, the pooled NLR = 0.21 (95% CI = [0.13, 0.33])

indicates that the likelihood of receiving negative test findings in

patients without CRC is about five times that of those with CRC.
Threshold effect

The threshold effect is hypothesized to result from changes in

sensitivity and specificity. In this work, we investigated the

threshold impact using Spearman’s correlation coefficient.
Sensitivity analysis and publication bias

Our study revealed a combined sensitivity of 0.81 (95% CI =

[0.70, 0.89]) and specificity of 0.90 (95% CI = [0.79, 0.96]) for ALU-

based cfDNA diagnostic accuracy in CRC. This sensitivity (0.81)

indicates that ALU-based cfDNA testing correctly identifies a

significant proportion of true positive cases (CRC patients). This

is crucial for early detection and minimizing false negatives. In

addition, This specificity (0.90) implies that ALU-based cfDNA

testing has a low rate of false positives, reducing unnecessary anxiety

and follow-up procedures for healthy individuals. Furthermore, To

examine publication bias, we employed Deeks’ funnel plot. The
Frontiers in Oncology 07
funnel plots did not exhibit symmetry (see Figure 7). The Deeks

funnel plot test for the diagnostic value of ALU-based cfDNA

yielded a p-value of 0.10.
Prognostic meta-analysis

Study characteristics and quality assessment
A total of 942 participants from 4 studies were analyzed,

comprising 808 individuals with CRC and 134 healthy controls.

All eligible studies were retrospective and involved patients from

four different countries. In the prognostic analysis, samples were

categorized as serum (n = 1) (55), plasma (n = 1) (56), FFPE (n = 1)

(57), and tissue (n = 1) (58). In terms of prognostic value, one study

analyzed ALU83/244 (56), another studied ALU115/247 (55), and

two others explored ALU methylation (57, 58). Two studies used

ALU analysis by q-PCR (55, 56),, one utilized tissue microarrays

(57), and another employed bisulfite-PCR and pyrosequencing (58).

The meta-analysis included studies from Korea (58), the

Netherlands (57), Italy (56), and Germany (55). Concerning

different stages of CRC, one study included only stage IV (55),

one encompassed all stages (58), one focused on stages I/II (57), and

another did not specify the stages of CRC included (56). Further

details about the included studies can be found in Table 2.
Correlation between ALU level and OS

Because of the variability among studies measuring OS (I2 =

11.1%), a fixed model was chosen. HR= 2.33 (95% CI= [1.80, 3.03])

suggests that greater ALU-based cfDNA levels are related with a

shorter OS in CRC (Figure 8).
FIGURE 3

Forest plot displaying the combined sensitivity and specificity of ALU-based cfDNA in diagnosing CRC.
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Publication bias

Finally, Begg’s funnel plot was utilized to assess publication bias

(Figure 9). There was no evident publication bias in the quantitative

synthesis for evaluating OS. However, due to the small number of

included papers, publication bias cannot be completely

excluded out.
Discussion

In recent years, LB has become increasingly common for cancer

diagnosis. To determine the potential diagnostic and prognostic

impact of ALU-based cfDNA, 17 papers were analyzed to identify

ALU-based cfDNA sequences as a cancer biomarker. In this

exploratory meta-analysis of 13 trials using 14 sets of data, the

pooled analysis had a diagnostic sensitivity of 0.81 and a specificity

of 0.90. These two typical characteristics verified the accuracy of

ALU-based cfDNA as a viable noninvasive predictor for

CRC detection.

The advent of Next-Generation Sequencing (NGS) has

revolutionized the landscape of genomic analysis, offering a

comprehensive tool that surpasses the capabilities of traditional

qPCR systems, particularly in the context of ALU sequence

coverage. NGS provides a hypothesis-free approach that does not

require prior knowledge of sequence information, enabling the

discovery of novel genes and the quantification of rare variants

and transcripts with higher sensitivity (59). NGS has transformed

the LB field for CRC through its comprehensive analysis

capabilities. The ability of NGS to extensively map ALU

sequences within cfDNA is vital for uncovering an array of

biomarkers, offering a deeper understanding of CRC’s genetic
Frontiers in Oncology 08
intricacies. This enhanced level of detail is fundamental for the

precise diagnosis and the prognostic evaluation of CRC. By

encompassing a broader spectrum of ALU sequences, NGS

ensures a more accurate and dependable measure of cfDNA’s

biomarker potential, which may significantly improve the clinical

management and outcomes for CRC patients (33, 60).

A recent meta-analysis on the use of circulating cfDNA as a

diagnostic marker for CRC indicated that while the sensitivity of

circulating cfDNA is unsatisfactory, its specificity remains
FIGURE 4

Forest plot displaying the combined diagnostic score and odds ratio of ALU-based cfDNA in diagnosing CRC.
FIGURE 5

SROC curves in the diagnosis value of ALU-based cfDNA in CRC.
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acceptable for CRC diagnosis (61). Furthermore, another systematic

review revealed elevated concentrations of ALU repetitive elements

in cancer patients, whereas these concentrations were reduced in

control groups, benign conditions, various cancer stages, and other

diseases. The total ALU (115 and 247) sequence levels emerge as

potential biomarkers for investigative purposes and cancer

prognosis (32).

Our study’s pooled DOR of 40.58 indicated a good overall

accuracy. Furthermore, the PLR was found to be 8.40, whereas the

NLR was discovered to be 0.21. These data show that the meta-
Frontiers in Oncology 09
analysis’s good likelihood ratios may indicate the results’ robustness

and accuracy. Furthermore, ROC is often used to define overall test

performance, and AUC acts as a measuring indication; the AUC of

SROC for ALU-based cfDNA was 0.90, showing that ALU-based

cfDNA has a reasonably good accuracy for CRC detection.

Heterogeneity is an important issue in meta-analysis. The I2 test

revealed high heterogeneity in our study’s trials. The threshold

effect is typically the predominant source of heterogeneity in

diagnostic meta-analyses. To evaluate the likely cause of

variability, we used meta-regression to examine the features of

included studies, including publication year, research location, kind

of specimens, detection techniques, measuring objects, number of

cases, and four major domains in QUADAS-2.

Finally, our analysis revealed that study quality played a

significant role in the substantial heterogeneity, implying that the

study design with high-risk biases of “Patient selection,” “Index

Test,” “Reference Standard,” and “Flow and Timing” may be more

likely than other characteristics to affect diagnostic accuracy.

Heterogeneity may have increased due to other factors such as

age, tumor type, metastasis, TNM staging, surgery method, and

treatment regimen, which were not investigated in the current

investigation due to a lack of data availability. Although

publication bias can be a concern in meta-analyses, Deeks’ funnel

plot asymmetry test found no such bias, indicating that our meta-

analysis results for diagnosis and prognosis are credible.

Furthermore, blood-based (plasma or serum) tests showed

considerably better overall diagnostic accuracy and were created

as a non-invasive diagnostic biomarker for CRC. On the other hand,

the meta-analyses revealed that ALU-based cfDNA was a potential

biomarker for predicting OS in CRC patients. In our prognostic

analysis, which comprised four trials and six data sets, the pooled

results showed that patients with low levels of ALU-based cfDNA
FIGURE 6

Forest plot of the PLR and NLR of ALU-based cfDNA in the diagnosis of CRC.
FIGURE 7

Deeks’ funnel plots for the assessment of potential bias in the meta-
analysis for diagnostic value of ALU-based cfDNA in CRC.
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had a 2.33 (HR = 2.33) times reduced chance of poor OS.

Furthermore, there was substantial variability across the

prognostic meta-analyses. A significant range in sample types was

seen throughout the studies that contributed to the predictive

results. However, several issues still limit its implementation in

clinical practice. There is no consensus on the utility of cfDNA

testing in cancer patients. We remain skeptical of any future

suggestions for ALU-based cfDNA. A future study will assist in
Frontiers in Oncology 10
determining this. CEA and CA19–9 are commonly utilized clinical

indicators for the diagnosis and prognosis of CRC. Higher CEA

concentrations occur in only 5%-40% of CRC patients, while

positive findings are frequently reported in cancer-free patients

who suffer from benign conditions such as liver injury or

inflammatory disorders (53, 62). As a result, we hope and aim to

demonstrate that ALU-based cfDNA can be a therapeutically

valuable surrogate marker.
TABLE 2 Characteristics of the included studies for the prognostic value of ALU in CRC patients.

NO.
First

Author
Country

ALU-
based
cfDNA
type

Specimen
Tumor
stages

Detection
Method

No.
of P

No.
of C

HR
(95%
CI)

Clinical
evidence

Follow-
up

(Months)
Ref

1
Ye-Young

Rhee
(2012)

Korea
ALU

methylation
Tissue I-IV

bisulfite-PCR
and

pyrosequencing
207 –

2.551
(0.858–
7.343)

OS 80 (58)

2
A

Benard
(2013)

Netherlands
ALU

methylation
FFPE I/II

tissue
microarrays

219 78
1.269
(0.681–
2.361)

OS 150 (57)

3
Chiara
Bedin
(2016)

Italy ALU83 plasma –

Bisulfite
modification

and
methylation-
specific real-
time PCR

114 56
3.49
(1.58–
7.71)

OS 150 (56)

4
Chiara
Bedin
(2016)

Italy ALU244 plasma –

Bisulfite
modification

and
methylation-
specific real-
time PCR

114 56
2.7

(1.25–
5.84)

OS 150 (56)

5
Isabel

Anzinger
(2023)

Germany ALU115 Serum IV qPCR 268 –

2.9
(1.8–
4.8)

OS 120 (55)

6
Isabel

Anzinger
(2023)

Germany ALU247 Serum IV qPCR 268 –

2.2
(1.3–
3.6)

OS 120 (55)
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FIGURE 8

Forest plot of the hazard ratios of ALU-based cfDNA level in CRC prognosis.
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Our study has several important strengths. First, this is the first

study to comprehensively examine the association between the

amount of ALU-based cfDNA and its importance in diagnosing

and predicting outcomes in CRC patients. Both diagnostic and

prognostic meta-analyses were performed based on a sufficient

number of publications. Second, our meta-analysis has uncovered

interesting results, paving the way for future research. However,

there were also several limitations in our work. Firstly, all

publications regarding the prognosis of ALU-based cfDNA have

exclusively focused on evaluating OS rather than other endpoints

such as DFS, PFS, and CSS. In addition, This meta-analysis was

limited to the evaluation of univariate OS due to the available

studies that could be included in the analysis and highlight the

necessity for further investigations into the prognostic impact of

ALU-based cfDNA using other time-to-event (TTE) end-points.

Furthermore, little research has been conducted to determine the

prognostic value of ALU-based cfDNA in CRC. Second, our
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research relied on data from published studies rather than

individual patient data (IPD), which limited the ability to conduct

a uniform analysis of all data. So, Obtaining raw data is crucial for

survival prediction and analysis. Moreover, we did not extend the

search to non-English publications, which may have resulted in bias

because good results are more easily accepted by English-language

journals. Even though progress has been made in spotting and

predicting CRC, we still urgently need better markers to improve

early detection and predict patient outcomes more accurately (63).

Future research directions for ALU-based cfDNA in CRC include

validation across diverse populations, longitudinal studies,

integration with other biomarkers, standardization of detection

techniques, clinical utility assessment, exploration of tumor-

specific ALU-based cfDNA, prospective cohort studies, patient

acceptance evaluation, cost-effectiveness analysis, and

collaboration for consensus guidelines. These efforts will refine

ALU-based cfDNA’s clinical applicability and address limitations.
A

B

FIGURE 9

Funnel plot showing no publication bias in terms of prognostic odds ratio significance among the included. (A) Funnel plot of standard error,
(B) Funnel plot of Precision for ALU-based cfDNA in CRC.
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Conclusion

The findings of this systematic review and meta-analysis have

important implications for the clinical management of CRC. The

results indicate that serum ALU-based cell-free DNA (cfDNA) is a

promising biomarker that can aid in the diagnosis and prognosis of

CRC. This non-invasive test could potentially be incorporated into

routine clinical practice to supplement existing diagnostic tools and

provide valuable prognostic information to guide treatment decisions.

The next steps should involve further large-scale, high-quality

studies to validate the diagnostic and prognostic performance ofALU-

based cfDNA testing in diverse patient populations. Additionally,

research is needed to optimize the analytical methods and establish

standardized protocols for the measurement of ALU-based cfDNA.

Once these steps are taken, ALU-based cfDNA testing could become a

valuable addition to the clinical armamentariumformanagingpatients

with CRC, potentially leading to earlier diagnosis, more personalized

treatment, and improved patient outcomes.
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50. Buj R, Mallona I, Dıéz-Villanueva A, Barrera V, Mauricio D, Puig-Domingo M,
et al. Quantification of unmethylated Alu (QUAlu): a tool to assess global
hypomethylation in routine clinical samples. Oncotarget. (2016) 7:10536–46.
doi: 10.18632/oncotarget.v7i9

51. Leszinski G, Lehner J, Gezer U, Holdenrieder S. Increased DNA integrity in
colorectal cancer. In Vivo. (2014) 28:299–303.

52. Alhanafy A, Shafei M, Safan M, Elnour E, Habib M, Rageh T, et al. 76Circulating
cell free DNA as a biomarker in the serum of colorectal cancer patients. Ann Oncol.
(2017) 28.

53. El-Gayar D, El-Abd N, Hassan N, Ali R. Increased free circulating DNA integrity
index as a serum biomarker in patients with colorectal carcinoma. Asian Pac J Cancer
Prev. (2016) 17:939–44. doi: 10.7314/APJCP.2016.17.3.939

54. Zou H, Harrington JJ, Klatt KK, Ahlquist DA. A sensitive method to quantify
human long DNA in stool: relevance to colorectal cancer screening. Cancer Epidemiol
Biomarkers Prev. (2006) 15:1115–9. doi: 10.1158/1055-9965.EPI-05-0992

55. Anzinger I, Nagel D, De Toni EN, Ofner A, Philipp AB, Holdt LM, et al. Cell-free
circulating ALU repeats in serum have a prognostic value for colorectal cancer patients.
Cancer biomark. (2023) 37:237–48. doi: 10.3233/CBM-210536

56. Bedin C, Enzo MV, Del Bianco P, Pucciarelli S, Nitti D, Agostini M. Diagnostic
and prognostic role of cell-free DNA testing for colorectal cancer patients. Int J Cancer.
(2017) 140:1888–98. doi: 10.1002/ijc.30565

57. Benard A, van de Velde CJ, Lessard L, Putter H, Takeshima L, Kuppen PJ, et al.
Epigenetic status of LINE-1 predicts clinical outcome in early-stage rectal cancer. Br J
Cancer. (2013) 109:3073–83. doi: 10.1038/bjc.2013.654

58. Rhee YY, Kim MJ, Bae JM, Koh JM, Cho NY, Juhnn YS, et al. Clinical outcomes
of patients with microsatellite-unstable colorectal carcinomas depend on L1
methylation level. Ann Surg Oncol. (2012) 19:3441–8. doi: 10.1245/s10434-012-2410-7

59. Satam H, Joshi K, Mangrolia U, Waghoo S, Zaidi G, Rawool S, et al. Next-
generation sequencing technology: current trends and advancements. Biology. (2023)
12:997. doi: 10.3390/biology12070997

60. Yu F, Leong KW, Makrigiorgos A, Adalsteinsson VA, Ladas I, Ng K, et al. NGS-
based identification and tracing of microsatellite instability fromminute amounts DNA
using inter-Alu-PCR. Nucleic Acids Res. (2021) 49:e24. doi: 10.1093/nar/gkaa1175

61. Wang X, Shi XQ, Zeng PW, Mo FM, Chen ZH. Circulating cell free DNA as the
diagnostic marker for colorectal cancer: a systematic review and meta-analysis.
Oncotarget. (2018) 9:24514–24. doi: 10.18632/oncotarget.v9i36

62. Danese E, Montagnana M, Minicozzi AM, De Matteis G, Scudo G, Salvagno GL,
et al. Real-time polymerase chain reaction quantification of free DNA in serum of
patients with polyps and colorectal cancers. Clin Chem Lab Med. (2010) 48:1665–8.
doi: 10.1515/CCLM.2010.301

63. Yu J, Feng Q, Wong SH, Zhang D, Liang QY, Qin Y, et al. Metagenomic analysis
of faecal microbiome as a tool towards targeted non-invasive biomarkers for colorectal
cancer. Gut. (2017) 66:70–8. doi: 10.1136/gutjnl-2015-309800
frontiersin.org

https://doi.org/10.3389/fcell.2021.660924
https://doi.org/10.3390/cancers13184500
https://doi.org/10.1038/nrclinonc.2017.14
https://doi.org/10.3389/fonc.2021.688200
https://doi.org/10.7150/jca.14801
https://doi.org/10.1155/2022/9538384
https://doi.org/10.1371/journal.pone.0242145
https://doi.org/10.1371/journal.pone.0242145
https://doi.org/10.1038/s41416-021-01696-0
https://doi.org/10.1001/jama.2018.9396
https://doi.org/10.1016/j.xinn.2022.100259
https://doi.org/10.3389/fonc.2019.00905
https://doi.org/10.1016/j.clinbiochem.2021.04.021
https://doi.org/10.1186/gb-2011-12-12-236
https://doi.org/10.1007/s12011-014-0015-7
https://doi.org/10.1186/s43042-020-00082-4
https://doi.org/10.1038/bjc.2014.470
https://doi.org/10.3892/mco
https://doi.org/10.20407/fmj.2017-025
https://doi.org/10.1016/j.jclinepi.2009.06.006
http://www.prisma-statement.org/documents/PRISMA_2020_checklist.docx
http://www.prisma-statement.org/documents/PRISMA_2020_checklist.docx
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.1016/j.jclinepi.2005.02.022
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1016/j.jclinepi.2005.01.016
https://doi.org/10.1002/sim.1186
https://doi.org/10.1002/(ISSN)1097-0258
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1016/j.clinbiochem.2012.08.026
https://doi.org/10.21037/tcr
https://doi.org/10.1245/s10434-011-1638-y
https://doi.org/10.1373/clinchem.2006.068577
https://doi.org/10.31557/APJCP.2022.23.1.339
https://doi.org/10.1186/s12885-023-10748-y
https://doi.org/10.18632/oncotarget.v7i9
https://doi.org/10.7314/APJCP.2016.17.3.939
https://doi.org/10.1158/1055-9965.EPI-05-0992
https://doi.org/10.3233/CBM-210536
https://doi.org/10.1002/ijc.30565
https://doi.org/10.1038/bjc.2013.654
https://doi.org/10.1245/s10434-012-2410-7
https://doi.org/10.3390/biology12070997
https://doi.org/10.1093/nar/gkaa1175
https://doi.org/10.18632/oncotarget.v9i36
https://doi.org/10.1515/CCLM.2010.301
https://doi.org/10.1136/gutjnl-2015-309800
https://doi.org/10.3389/fonc.2024.1398062
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Diagnostic and prognostic significance of ALU-based cell-free DNA in colorectal cancer: a systematic review and meta-analysis
	Introduction
	Materials and methods
	Search strategy
	Eligibility criteria
	Data extraction
	Quality assessment
	Risk of bias
	Statistical analysis

	Results
	Key finding
	Selection of studies
	Diagnostic meta-analysis
	Study characteristics and quality assessment

	Diagnostic accuracy of ALU alone in CRC
	Threshold effect
	Sensitivity analysis and publication bias
	Prognostic meta-analysis
	Study characteristics and quality assessment

	Correlation between ALU level and OS
	Publication bias

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


