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Abstract: Breast cancer (BC) and prostate cancer (PCa) are major health problems for
women and men worldwide. Although therapeutic approaches have increased, the com-
plexity associated with their heterogeneity and progression requires better ways to monitor
them over time. Cell-free DNA integrity (cfDI) represents a viable alternative to needle
biopsy and has the potential to be representative of cancer at all stages. In addition to the
advantages of liquid biopsy in terms of cost and reduced invasiveness, cfDI can be used
to detect repetitive DNA elements (e.g., ALU and LINE1), which could circumvent the
problem of mutational heterogeneity in BC and PCa. In this review, we summarise the
latest findings on cfDI studies in BC and PCa. The results show that cfDI has the potential
to improve early detection, metastasis, and recurrence of BC, while limited studies prevent
its clinical value in PCa from being fully defined. However, it is expected that further
studies in the near future will help to introduce the use of cfDI as another biomarker for
the clinical monitoring of BC and PCa patients.

Keywords: ALU sequences; breast cancer; circulating cell-free DNA integrity; cfDI; LINE1
sequences; liquid biopsy; prostate cancer

1. Introduction
Breast cancer (BC) is a complex and heterogeneous disease [1], which is one of the

most common cancers in women in terms of both incidence and mortality [2]. Accord-
ing to Globocan 2024, 2,308,897 new cases and 665,684 deaths are expected worldwide
in 2022 [2]. However, thanks to increasing therapeutic options, the prognosis of BC pa-
tients has improved considerably in recent years [3]. Tumour grade, hormone receptor
status, and human epidermal growth factor receptor 2 (HER2) are the most important
cancer-related factors that influence metastatic potential, response to treatment, and prog-
nosis [3]. Metastatic BC (MBC) remains an incurable disease, but early detection can
increase survival rates in the early stages [4,5]. Nevertheless, in both cases, a tissue biopsy
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is urgently required for pathological assessment and for the selection of biomarker-based
therapeutic approaches [6]. Unfortunately, standard methods are associated with high
costs, invasiveness, and low sensitivity and specificity [7]; therefore, they are not suitable
for all patients [8]. Another important limitation is the ability to capture the entire genomic
landscape of the tumour, including intratumoural heterogeneity [8,9].

Prostate cancer (PCa) is a widespread malignant disease in men. It is the second
most commonly diagnosed cancer and one of the main causes of cancer-related deaths
worldwide. In 2022, 1,466,680 new cases and 396,792 deaths were reported worldwide [2].
The incidence of PCa increases with age, with over 85% of diagnoses occurring in men
over the age of 60 [10]. In general, for both BC and PCa patients, conventional diagnostic
methods, such as tissue biopsies, are invasive and may not fully capture the heterogeneity
of the tumour.

Peripheral blood is one of the most important sources of various circulating cell-free
nucleic acids, circulating tumour cells (CTCs), and exosomes. One type of nucleic acid in
the blood is cell-free DNA (cfDNA), which is derived from DNA fragments released into
the peripheral circulation from either dying tumours or normal cells. A special population
of cfDNA is the circulating tumour DNA (ctDNA). It is differentially selected on the basis
of tumour-specific DNA changes such as gene amplifications, mutations, methylations,
and rearrangements [11]. Liquid biopsy, a minimally invasive technique that analyses
tumour-derived material such as cfDNA, CTCs, and extracellular vesicles (EVs) in body
fluids, has emerged as a promising diagnostic, prognostic, and predictive tool [12,13]. The
use of liquid biopsy has completely changed some clinical practices and improved patient
outcomes [14]. Circulating tumour DNA (ctDNA), i.e., the part of cfDNA that enters the
bloodstream as a result of tumour cell death [15], has been shown to be an informative
circulating tool in both BC and PCa [16,17]. For example, early-stage ctDNA clearance
has been associated with higher rates of complete pathological response after neoadjuvant
treatment and with a low rate of disease relapse in BC [17]. Through longitudinal sam-
pling, ctDNA can monitor response to treatment and individualise optimal treatment in
MBC [18]. In localised PCa, liquid biopsy can differentiate between low- and high-grade
cancer, helping to decide whether to perform or postpone a tissue biopsy. In advanced
stages of disease, it provides prognostic information beyond standard tests such as PSA
(prostate-specific antigen) levels and can monitor response to treatment and tumour pro-
gression. ctDNA has been used to screen for androgen receptor gene mutations in PCa
patients who develop castration-resistant metastatic cancer to achieve prognostic and
therapeutic goals or to determine genomic mutational burden in relation to disease ag-
gressiveness and progression [19]. In patients with metastatic castration-resistant disease,
specific genomic alterations in ctDNA have been associated with clinical outcomes such as
progression-free survival (PFS) and overall survival (OS) [20].

These biomarkers can give information that is either qualitative (e.g., mutation type)
or qualitative (i.e., copy numbers of mutations). However, there is a limitation to this
method, as not all patients have the same mutations. For example, p53 is mutated in only
26–88% of BC patients. The variation depends on the BC subtype [21]. The same is true
for metastatic PCa patients, where the mutation burden involving androgen receptors is
10–20% of metastatic castrate-resistant PCa patients; another tumour-related gene, such as
PI3KCA, accounts for 6% of metastatic patients, or germline/somatic mutation of DNA
damage repair genes that are found in 15–30% of metastatic patients, half of which is of
germline origin [19]. In BC, PIK3CA mutations vary between 25 and 40%, with the highest
mutation rate in HR+/HER2− metastasised BC subtypes [22]. In contrast, cfDNA integrity
analysis (cfDI) is a potential tool in liquid biopsies that can overcome the limitations
of heterogeneity and differential mutation rate in cancer development and progression.
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The main principle behind cell-free DNA integrity (cfDI) is the fact that normal cells
undergo apoptosis, releasing shorter fragments of about 200 bp, whereas tumour cells
undergo different death processes, including autophagy or simply necrosis, and release
different fragment sizes, often longer than those of the apoptotic process [23,24]. cfDI can
be detected by the longer/shorter DNA fragments (Figure 1). Furthermore, the analysis
of cfDI has more targets in the samples and is independent of genetic and epigenetic
ctDNA. In this review, we provide an overview of the current applications of cfDI tests
in BC and PCa and their potential development in clinical practice. We have focused
on these two cancers because they are the most common hormone-dependent cancers in
women and men, respectively, for which a cost-effective liquid biomarker representative of
tumour heterogeneity is a need in many Western countries to aid diagnosis, prognosis, and
prediction of response to therapy in the context of precision medicine. To ensure a complete
search in PubMed for DNA integrity, we used the following keywords: “circulating” or
“cell-free” “DNA” “integrity” “breast cancer” or “prostate cancer”. From the search results,
we selected all original articles without time limitations.
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Figure 1. Liquid biopsy for circulating cell-free DNA integrity (cfDI) and its potential clinical applications
graphical summary. Created in BioRender. Sobhani, N. (2025) https://BioRender.com/q17z431.
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2. Circulating Cell-Free DNA Integrity (cfDI)
Notwithstanding the great progress that has been made in recent years in the field of

BC and PCa, there is still a need for better diagnostic and prognostic tools that can predict
the onset, recurrence, or progression of these diseases at an early stage. Liquid biopsy has
been proposed as a less invasive and equally valid method compared to needle biopsy.
One of the targets in liquid biopsy is known as circulating cell-free DNA integrity (cfDI),
which is the fragmentation pattern of cfDNA. Cancer cells can undergo many different
types of cell death, including apoptosis, but also necrosis and other types of cell death.
Differences in the amount of longer and shorter fragments can be associated with cancer.
DNA aberrations in cancer cells also contribute to the difference between longer and shorter
fragments that can enter the bloodstream. cfDI was mainly characterised by qPCR using a
delta–delta formula based on a threshold cycle (Cp), e(−∆∆Cp × ln(2)), or based on a ratio
between the amount of longer fragments and shorter fragments considered representative
of the total amount of cfDNA associated with the process of cell death. In fact, DNA
fragmentation profiles are different in cancer patients from healthy subjects [25].

2.1. cfDI as a Biomarker in Breast Cancer

The following section summarises the cfDI discoveries published in the literature in
chronological order (Table 1). In the table, the average age of the cohorts was rounded to
decimal numbers. Main results refer to significant results; if no significant results are available,
a trend is indicated as non-significant. Clinical value refers to the potential clinical application if
significant results are demonstrated. For most studies, qPCR determination of target molecules
for cfDI was used, and only methods deviating from qPCR are mentioned in the text.

Table 1. Summary of methods and main results of articles on the integrity of circulating cell-free DNA
in breast cancer. ACT: adjuvant chemotherapy; BBD: benign breast disease; BC: breast cancer; cfDI:
circulating cell-free DNA integrity; CTC: circulating tumour cell; DFS: disease-free survival; ER+:
oestrogen receptor positive breast cancer; HC: healthy control; LN: lymph node; MBC: metastatic
breast cancer; NACT: neoadjuvant chemotherapy; no-MBC: non-metastatic BC; OS: overall survival;
PFS: progression-free survival; TNBC: triple negative breast cancer.

Number of
Patients or
Controls

Average/
Interval Age (yr) of
Patients or Controls

Analysed
Samples

Methods and
Targets Main Results Clinical Value of cfDI Citations

83 BC
51 HC BC = 45 HC = 58 Serum

qPCR on ALU
260 bp, ALU 111 bp.
cfDI calculated as
the ratio of ALU

260/111.

ALU 260/111 was higher in
primary BC patients in

stages II, III, and IV than in
HC. Moreover, the increase

in cfDI was related to the
increase in TNM stage of

BC.

Diagnostic
(BC vs. HC) and Prognostic

(Tumour Stage)

Umetani et al.,
2006 [26]

41 BC
10 HC

BC = 48
HC = 41 Serum

qPCR on ALU
247 bp, ALU 115 bp.
cfDI calculated as

ratio of ALU
247/115.

ALU 247/115 did not vary
before or after
chemotherapy.

No Deligezer et al.,
2008 [27]

73 BC
20 HC

BC = 47
HC = 40 Serum

qPCR on ALU
247 bp, ALU 115 bp.
cfDI calculated as

ratio of ALU
247/115.

ALU 247/115 was higher in
BC (prior to adjuvant

chemotherapy) than in HC.
Diagnostic (BC vs. HC) Deligezer et al.,

2008 [28]

39 BC
49 HC

BC = 64
HC = No data Plasma

qPCR on ALU
247 bp, ALU 115 bp.
cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was higher in
primary BC than in HC.

Diagnostic
(BC vs. HC)

Agostini et al.,
2012 [23]



Int. J. Mol. Sci. 2025, 26, 900 5 of 20

Table 1. Cont.

Number of
Patients or
Controls

Average/
Interval Age (yr) of
Patients or Controls

Analysed
Samples

Methods and
Targets Main Results Clinical Value of cfDI Citations

65 BC BC = 47 Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU
247/115 by two

different algorithms
(cfDI 1 and cfDI 2).

ALU 247/115 did not
predict the response to

NACT as either cfDI 1 or
cfDI 2.

No Lehner et al., 2013
[29]

65 BC
47 MBC
12 BBD
28 HC

BC = 47
MBC = 61
BBD = 45
HC = 42

Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU
247/115 by two

different algorithms
(cfDI 1 and cfDI 2).

ALU 247/115 cfDI 1 was
lower in BBD than in HC; it
was higher in local BC and
MBC than in BBD. cfDI 2
was lower in BBD than in
HC and lower in local BC

than in MBC. It is
noteworthy that both cfDI 1

and cfDI 2 did not
differentiate between local

BC and HC.

Prognostic (Metastatic
Disease)

Stötzer et al., 2014
[24]

201 MBC
82 BC

100 HC

MBC = 59
BC = 55

HC = No data
Plasma

qPCR on ALU
260 bp, ALU 111 bp,
LINE1 266 bp, and
LINE1 97 bp. cfDI
calculated as the

ratio of ALU
260/111 and LINE1

266/97.

ALU 260/111 and LINE1
266/97 were lower in

primary BC, CTC-negative
and CTC-positive MBC
patients than in HC. In
MBC, a lower cfDI was

correlated with a worse PFS
and OS.

Diagnostic
(BC or MBC vs. HC)

and Prognostic (Metastatic
Disease and Grade; PFS and

OS)

Madhavan et al.,
2014 [30]

148 BC
51 HC

BC = 45
HC = 58 Serum

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was higher in
primary BC patients

compared to HC. Of note,
cfDI decreased after surgery

and was related to DFS.

Diagnostic
(BC vs. HC)

and Prognostic
(DFS)

Iqbal et al.,
2015 [31]

95 BC
95 BBD
70 HC

BC = 58 BBD = 55
HC = 56 Plasma

qPCR on β-actin
400 bp and 100 bp

fragments and
calculated as the
ratio of β-actin

400/100.

β-actin 400/100 was higher
in BC than in BBD or HC.

Diagnostic
(BC vs. BBD or HC)

Kamel et al., 2016
[32]

58 relapsed BC
21 non-relapsed

BC
10 HC

Relapsed BC = 57
non-relapsed BC = 59

HC = No data
Serum

qPCR on BCAS1
266 bp and BCAS1

129 bp, MYC 264 bp
and MYC 128 bp,

and PIK3CA 274 and
PIK3CA 129 bp. cfDI

calculated as the
ratio of BCAS1
266/129, MYC
264/128, and

PIK3CA 274/129.

MYC 264/128 and PIK3CA
274/129 were lower in BC

patients than in HC.

Diagnostic
(BC vs. HC)

(only for cfDI MYC and
PIK3CA)

Maltoni et al.,
2017 [33]

84 no-MBC
(early BC = 57;

locally advanced
BC = 27)
30 BBD

No-MBC = 49
BBD = 42 Plasma

qPCR on ALU
260 bp, ALU 111 bp.
cfDI calculated as
the ratio of ALU

260/111.

ALU 260/111 was lower in
no-MBC than BBD; cfDI

plus CTCs can better
differentiate no-MBC from

BBD.

Diagnostic
(no-MBC vs. BBD)

Wang et al., 2017
[34]

175
Non-recurrent

BC 37 Recurrent
BC

Non-recurrent BC = 55
Recurrent BC = 57 Plasma

qPCR on ALU
260 bp, ALU 111 bp,
LINE1 266 bp, and
LINE1 97 bp. cfDI
calculated as the

ratio of ALU
260/111 and LINE1

266/97.

ALU 260/111 and LINE1
266/97 were lower in
recurrent BCs than in

non-recurrent BCs.

Prognostic (Recurrent BC vs.
non-recurrent BC)

Cheng et al., 2017
[35]

268 MBC MBC = No data Plasma

qPCR on ALU
260 bp, ALU 111 bp,
LINE1 266 bp, and
LINE1 97 bp. cfDI
calculated as the

ratio of ALU
260/111 and LINE1

266/97.

ALU 260/111 and LINE1
266/97 were reduced in

MBC with visceral
metastasis and increased in

MBC after one cycle of
endocrine therapy.

Prognostic (Metastatic
Disease) and Predictive
(Response to Therapy)

Cheng et al., 2018
[36]

40 BC
40 BBD
40 HC

BC = 48 BBD = 46
HC = 45 Serum

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was higher in
BC than in BBD and HC and

correlated with LN
metastasis and tumour

stage.

Diagnostic
(BC vs. BBD or HC)

Prognostic (including LN
Metastasis and Tumour

Stage)

Tang et al., 2018
[37]



Int. J. Mol. Sci. 2025, 26, 900 6 of 20

Table 1. Cont.

Number of
Patients or
Controls

Average/
Interval Age (yr) of
Patients or Controls

Analysed
Samples

Methods and
Targets Main Results Clinical Value of cfDI Citations

46 TNBC
50 non-TNBC

50 HC

TNBC = 47
non-TNBC = 41

HC = 48
Plasma

qPCR on β-actin
394 bp and β-actin

99 bp. cfDI
calculated as the
ratio of β-actin

394/99.

β-actin 394/99 was higher
in TNBC and in non-TNBC
than in HC and correlated
with the LN and TN stage.

Diagnostic
(TNBC and non-TNBC vs.

HC)
and Prognostic (LN

Metastasis and Tumour
Stage)

Salimi et al., 2019
[38]

29 BC BC = 44 Plasma

qPCR on ALU
260 bp, ALU 111 bp,
LINE1 266 bp, and
LINE1 97 bp. cfDI
calculated as the

ratio of ALU
260/111 and LINE1

266/97.

ALU 260/111 and LINE1
266/97 were higher in BC
patients after NACT than

before NACT.

Predictive (Response
NACT)

Wang et al., 2019
[39]

110 BC
35 BBD
90 HC

BC = 35
BBD = 34
HC = 32

Plasma

qPCR on LINE1
259 bp, LINE1 97 bp.

cfDI calculated as
the ratio of LINE1

259/97.

LINE1 259/97 was higher in
BC than BBD and HC;

LINE1 259/97 was lower in
BC after ACT than before

ACT.

Diagnostic (BC vs. BBD or
HC)

Predictive
(before and after ACT)

Miao et al., 2019
[40]

32 BC
32 HC

BC = 51
HC = 53 Serum

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was
significantly higher in BC

stage III than in BC stage II.
Prognostic (Tumour Stage) Arko-Boham et al.,

2019 [41]

40 BC
10 HC BC = 51 HC = 62 Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was higher in
BC than in HC.

Diagnostic
(BC vs. HC)

Hussein et al.,
2019 [42]

64 BC
49 HC BC = 49 HC = 64 Plasma

qPCR on ALU 263 bp
and ALU 58 bp. cfDI

calculated as the
ratio of ALU 263/58.

ALU 263/58 was higher in
BC patients than HC.

Diagnostic
(BC vs. HC)

Park et al., 2021
[43]

204 non-MBC BC = 55 Serum

Electrophoretic
analysis with the

ScreenTape D5000
System to detect

fragments > 1000 bp
and <1000 bp. cfDI

calculated as the
ratio of peak areas of

fragments >
1000 bp/<1000 bp.

Higher cfDI correlated with
poorer survival at 10-year

follow-up in ER + BC.

Prognostic
(OS in ER+)

Lamminaho et al.,
2021 [44]

32 BC
32 HC BC = 51 HC = 62 Serum

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 increased
after the third cycle of

chemotherapy but was not
significant. No significant
difference in cfDI before
and after chemotherapy.

No Adusei et al., 2021
[45]

38 BC
6 HC

BC = 49
HC = No data Plasma

High Sensitivity
D1000 ScreenTape

Station on fragments
of 321 to 1000 bp and
150 to 220 bp. cfDI
calculated as the

ratio of fragments of
321 to 1000 bp

fragments/150 to
220 bp fragments.

At t2, the cfDI increased and
correlated with the
achievement of a

pathological complete
response after NACT. The
combination of cfDI and

MRI increases the
predictive value.

Predictive (Response to
NACT)

Cirmena et al.,
2022 [46]

50 BC
50 BBD
50 HC

BC = 49 BBD = 48
HC = 46 Serum

qPCR on ALU
247 bp and ALU

115 bp. cfDI
calculated as the

ratio ALU 247/115.

ALU 247/115 was
significantly higher in BC

than BBD and HC and
correlated with LN

metastasis and tumour
stage.

Diagnostic (BC vs. BBD or
HC) and Prognostic (LN
Metastasis and Tumour

Stage)

Elhelaly et al.,
2022 [47]

20 BC
20 BBD
60 HC

BC = 25–70
BBD = 25–70

HC = 20
Serum

qPCR on ALU 247
and ALU 115. cfDI
calculated as the

ratio of ALU
247/115.

ALU 247/115 was higher in
BC than in HC. It also

distinguishes between HC
and BBD.

Diagnostic
(BC vs. HC and BBD vs.

HC)

Hafeez et al., 2023
[48]
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Table 1. Cont.

Number of
Patients or
Controls

Average/
Interval Age (yr) of
Patients or Controls

Analysed
Samples

Methods and
Targets Main Results Clinical Value of cfDI Citations

167 BC
(55% HR+,
26% TNBC)
(8% MBC)

BC = 56 Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was lower in
the post-operative BC than
in pre-operative BC; ALU

247/115 was higher in MBC
than post-operative BC;

ALU 247/115 was higher in
HER2+ than TNBC; ALU

247/115 was higher in mild
immune-infiltrated ER−

than dense
immune-infiltrated ER−;

high ALU 247/115
correlated with low DFS.

Prognostic
(post-operative BC vs. MBC;

HER2+ vs. TNBC; mild
immune infiltrated ER− vs.
dense immune infiltrated

ER−; DSF)

Nair et al., 2023
[49]

106 BC
103 HC BC = 62 HC = 52 Plasma

ddPCR on ALU
260 bp, ALU 111 bp,
LINE1 266 bp, and
LINE1 97 bp. cfDI
calculated as the

ratio of ALU
260/111 and LINE1

266/97.

ALU 260/111 and LINE1
266/97 were lower in BC
compared to HC. LINE1

266/97 was the most useful
biomarker.

Diagnostic
(BC vs. HC)

Bortul et al., 2023
[50]

36 BC
21 HC

BC = 50
HC ≤ 50 Plasma

qPCR on ALU
247 bp, ALU 115 bp,
mtND4, and ND1.
cfDI calculated as
the ratio of ALU

247/115 and mt ND4
and ND1 as 2-DCt.

In the post-treated patients,
ALU 247/115 and mtDNA

(ND4/ND1) decreased
compared to the pre-treated
patients, but they were not

significant.

No Cèlik et al., 2024
[51]

38 BC BC = 46 Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was higher in
patients who achieved a
pathological complete

response and correlated
with a better DFS.

Predictive (Response
NACT) Prognostic (DFS)

Giro et al., 2024
[52]

10 BC
26 BBD
22 HC

BC = 45
BBD = 44 HC = 44 Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was higher in
high-grade and ER+

tumours.

Prognostic (Tumour grade
and ER+)

Gameel et al., 2024
[53]

The first pioneering work was that of Umetani et al. [26] in 2006, who investigated
the prognostic ability of cfDI in serum to predict the progression of BC. For this purpose,
the authors analysed ALU 260/111 in 83 BC and 51 healthy control women (HC). The
results showed that cfDI levels were significantly higher in AJCC stage II, III, and IV BC
than in healthy women. They also demonstrated a linear correlation between tumour stage
and size, with the ROC curve allowing differentiation between stage II to IV BC and HC
(AUC = 0.79). Their data show that cfDI can predict preoperative lymph node metas-
tases [26]. Deligezer et al. then used ALU 247/115 to investigate whether this target
could mark the effects of chemotherapy in BC patients. They found that this cfDI did not
differ in patients before and after chemotherapy but was significantly higher in BC than
in HC [27,28].

In 2012, Agostini et al. [23] analysed preoperative plasma cfDI as a biomarker for
regional lymph node metastases in BC. For this purpose, the authors analysed ALU 247/115
in a small sample of BC patients and healthy women. The results showed that cfDI
levels were higher in BC patients than in healthy controls. In addition, cfDI showed a
moderate ability to detect patients with lymph node metastases [23]. However, Lehner et al.
demonstrated that cfDI of ALU 247/115 was not related to the response to neoadjuvant
treatment in BC patients [29], but in 2014 Stötzer et al. [24] investigated cfDI as a diagnostic
biomarker for BC progression in a large sample population of BC patients. To this end,
the authors investigated ALU 247/115 in localised BC, metastatic breast cancer (MBC),
benign breast disease (BBD), and healthy female controls (HC). They used two different
cfDI determinations: cfDI 1 as the result of the ratio of the qPCR amount of fragments and
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cfDI 2 as the ratio of qPCR Cp as the ∆∆Cp formula. The results showed that cfDI 1 was
significantly higher in HC than in BBD and higher in BC and MBC than in BBD. The cfDI
2 confirmed higher values in HC than in BBD and was higher in MBC than in local BC
and BBD. However, both cfDI values were not suitable to identify BC compared to HC. On
the contrary, it should be noted that the concentrations of ALU fragments allowed a better
differentiation between BC and HC (AUC > 95%) and that for MBC, the classical CA 15-3
and CEA had the best diagnostic value [24]. Interestingly, during the same year, Madhavan
et al. [30] evaluated cfDI as an early diagnostic biomarker in a large cohort of primary BC
(PBC) and MBC patients, using other targets. The authors studied ALU 260/111 and LINE1
266/97 in a large cohort of MBC, PBC, and healthy females (HC). In contrast to the other
two groups, the results obtained from this group showed that cfDI was significantly lower
in PBC patients than healthy controls. The ROC curves showed a discriminating ability to
distinguish HC from PBC (AUC = 0.75), HC from CTC-positive MBC (AUC = 0.93), and
HC from CTC-negative MBC (AUC = 0.81). Also, discrimination ability was found for PBC
from CTC-negative and CTC-positive MBC (AUC = 0.71 and 0.86, respectively) and for
CTC-negative MBC from CTC-positive MBC (AUC = 0.93). In MBC the lowest level was
shown in CTC-positive MBC, and the cfDI correlated with worse PFS and OS too [30].

Iqbal et al. [31] evaluated cfDI as a prognostic biomarker for BC prediction. For this
purpose, the authors investigated ALU 247/115 in PBC and healthy females. The results
contemplated that cfDI was significantly higher in PBC patients than HC. Interestingly,
tumour size and cfDI together showed a marked association with disease-free survival
(DFS) [31].

Kamel et al. [32] investigated the diagnostic potential of cfDI in BC using
β-actin fragments (400 bp and 100 bp) in a large group of BC patients at different stages prior
to therapeutic intervention. They found cfDI β-actin 400/100 was significantly higher in BC
patients with respect to benign disease patients (BBD) or matched HC. The ROC curves
of cfDI showed 95% CI for discriminating BC from BBD or HC. Also, cfDI was shown to
increase with the increase in BC stage, although it did not relate with histopathological
type or grade [32].

Maltoni et al. [33] investigated the role of cfDI as a prognostic biomarker using different
targets such as BCAS 1 266/129, MYC 264/128, and PIK3CA 274/129 in relapsed BC, non-
relapsed BC, and HC. The results showed that cfDI of MYC and of PIK3CA were significantly
lower in patients than in HC, but no significant results were obtained in distinguishing
between relapsed and non-relapsed BC patients [33].

Wang et al. [34] investigated the cfDI of ALU 260/111 in non-metastatic BC com-
pared to patients with benign breast disease. They found that cfDI was significantly lower
in BC patients than in benign controls. In addition, they found that the cfDI of ALU
260/111 had a ROC curve with an AUC of 0.67 and was a better biomarker than CTCs,
cfDNA concentration, and CEA153. Interestingly, cfDI and CTCs together improve sensi-
tivity and specificity and reduce the false positivity of cfDI alone from 50% to 10.7% [34].
Cheng et al. [35] showed that cfDI was lower in a large group of recurring BCs compared
to a non-recurring BC group. To this end, the authors analysed ALU 260/111 and LINE1
266/97 and showed that the cfDI of ALU, LINE1, or both in the ROC had an AUC of 0.71,
0.704, and 0.732, respectively. These data also suggested that cfDI was an independent
marker of recurrence in BC [35]. Cheng et al. [36] then investigated cfDI as a biomarker
for response to therapy by measuring ALU 260/111 and LINE1 266/97 in a large group
of MBC patients. The results showed an increase in cfDI (p = 1.21 × 10−7 for ALU and
p = 1.87 × 10−3 for LINE1) after one cycle of therapy in MBC patients. Of note, cfDI
was an independent prognostic marker [36]. Then, Tang et al. [37] investigated the func-
tion of cfDI as a diagnostic biomarker in BC by ALU 247/115 in small sample groups
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of BC, BBD, and HC. The results showed that cfDI was significantly higher in BC than
in BBD and HC (cfDI did not differ between BBD and HC). The ROC curve showed an
AUC of 0.97, and cfDI correlated with lymph node metastasis and tumour stage [37].
Salimi et al. [38] investigated the role of cfDI biomarkers for BC progression in triple-
negative breast cancer (TNBC). The authors analysed the ratio of β-actin 394 bp/β-actin
99 bp in TNBC and non-TNBC patients as well as in healthy women. The results showed
that cfDI was significantly higher in TNBC and non-TNBC patients than in healthy controls
and was associated with lympho-nodal metastasis and tumour stage. In particular, the ROC
curve showed an AUC = 0.997. Finally, the cfDI significantly increases in TNBC compared
to non-TNBC, thus discriminating between the two BC types [38].

Wang et al. [39] investigated whether cfDI of ALU 260/111 and LINE1 266/97 can
predict response to neoadjuvant chemotherapy (NACT) in a small group of BC patients. The
results showed that cfDI was significantly higher in patients after NACT than in patients
before NACT. Interestingly, the increase in cfDI in NACT-treated patients was associated
with tumour shrinkage and a reduction in Ki67 levels [39]. Miao et al. came to the opposite
conclusion by using a cfDI determined by LINE1 259/97 in a study population of young
BC patients, most of whom had high TNM and tumour size and were undergoing adjuvant
chemotherapy. They found that cfDI was higher in BC patients before chemotherapy than
in BBD or HC. Then, they proved that cfDI decreases after chemotherapy, but they collected
blood samples 4 weeks after the completion of chemotherapy [40].

Arko-Boham et al. [41] investigated the role of cfDI of ALU247/115 as a biomarker
to identify BC and prostate cancer compared to healthy individuals in small populations.
The results showed that cfDI levels were lower in BC than in HC but without statistical
significance. In contrast, a statistically higher cfDI value was found in stage II BC [41].

Hussein et al. [42] investigated the role of cfDI ALU 247/115 as a diagnostic and
prognostic biomarker in a small group of BCs. The results showed that ALU 247/115
was significantly higher in BC patients than in HC with a ROC AUC = 0.825, but it could
not be differentiated between metastatic and non-metastatic patients [42]. Park et al. [43]
investigated the role of cfDI of ALU 263/58 as a diagnostic biomarker in BC patients and
HC. It was found that the ALU-derived cfDI was significantly higher in patients compared
to controls with an AUC of 0.724. However, the methylation status of the LINE1 target
provided a better test to differentiate cases from healthy controls [43].

Lamminaho et al. [44] analysed cfDI in a large cohort of non-metastatic BC patients at
the time of diagnosis. The cfDI was determined by the ratio of cfDNA fragments greater
than 1000 bp to those with less than 1000 bp, measured by electrophoretic separation using
the ScreenTape D5000 system. The results showed that a higher cfDI was correlated with
significantly poorer survival, but only at a follow-up of 10 years. They showed that a high
cfDI was an independent prognostic factor for OS and Breast Cancer Specific Survival
(BCSS). This was seen in ER + BC patients in the multivariate analysis. Interestingly,
a multivariate logistic regression analysis with cfDI, tumour characteristics, and age at
diagnosis strongly improved the predictive results [44].

Adusei et al. [45] investigated in a small cohort of BC patients whether cfDI can be
used to predict response to chemotherapy using ALU 247/115. The results showed that
cfDI increased after the third cycle of chemotherapy (T2) compared to the second cycle (T1),
but without statistical significance. No statistical significance was also found in cfDI of BC
cases compared to HC [45].

Cirmena et al. [46] used the quantification of electrophoretic fragments of cfDNA
from plasma to evaluate cfDI as a biomarker for response to neoadjuvant chemotherapy
(NACT). To this end, the authors used the highly sensitive D1000 Screen Tape Station to
measure fragments of 321 to 1000 bp versus fragments of 150 to 220 bp in a small sample
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of BC patients and HC. The results showed that at time 2 after NACT treatment, cfDI was
significantly higher in pathological complete responders than in non-complete responders.
Of note, cfDI with magnetic resonance imaging data analysed by ROC showed a predictive
value for complete response of 0.875 [46].

In an observational study, Elhelaly et al. [47] investigated the role of cfDI ALU 247/115
as a biomarker for the early detection of BC and the discrimination of BBD. In their cohort
of age-matched cases and controls, cfDI was significantly higher in BC than in BBD or
control, but it did not discriminate between BBD and HC. The ROC showed an AUC
of 0.727 [47].

Hafeez et al. [48] investigated cfDI as a prognostic biomarker for BC. To this end,
the authors analysed ALU 247/115 in a small population study of BC, BBD, and healthy
women. The results showed that cfDI was significantly higher in BC and BBD than in HC.
cfDI was higher in early-stage BC and advanced BC than in BBD, but without statistical
significance. To distinguish BC from HC, the ROC of cfDI showed an AUC = 0.71 [48]. Then,
Nair et al. [49] analysed cfDI of ALU 247/115 as a prognostic factor in 167 BC patients with
different molecular subtypes and stages of disease. They found that cfDI was significantly
higher in preoperative BC patients than in postoperative patients, and interestingly, higher
cfDI was associated with a mild immune infiltrate and thus a poorer prognosis. This evi-
dence was confirmed by the negative correlation with DFS: DFS decreased from 82 months
to 58 months in BC patients with high cfDI values. However, the authors emphasised that
higher ALU 247 bp levels may be an independent factor for BC prognosis [49]. In contrast
to other groups using qPCR, Bortul et al. [50] investigated cfDI with droplet digital PCR
(ddPCR) in a large cohort of BC in 2023. For this purpose, they detected ALU 260/111 and
LINE-1 266/97 with ddPCR in 106 BC and 103 HC. The results showed that both cfDI were
significantly lower in BC compared to HC. In fact, cfDI LINE1 proved to be more accurate
in discriminating cases from controls in ROC (AUC = 0.77) [50].

In 2024, Celik et al. [51] analysed for the first time ccfDNA levels, mtDNA, and DNA
integrities together in a small sample of BC patients undergoing NACT compared to healthy
controls. The authors investigated whether cfDI of ALU 247/ALU115 and mitochondrial
nicotinamide dinucleotide adenine dehydrogenase 4 and 1 (ND4/ND1) can be used to
predict response to chemotherapy alone or together with other biomarkers. cfDI ALU
247/ALU 115 was not significantly different in patients before treatment compared to
controls but was significantly lower in patients after treatment compared to controls. In
contrast, the copy number of mtDNA (ND4/ND1) was significantly higher in patients
than in controls both before and after treatment [51]. Also, in 2024, Giro et al. [52] investi-
gated cfDI ALU 247/ALU 115 in a small sample of BC patients 15 days after neoadjuvant
chemotherapy. They found that cfDI was significantly higher in patients who achieved a
pathological complete response (pCR) and correlated significantly with disease-free sur-
vival (DFS) [52]. Finally, Gameel et al. [53] investigated the potential of cfDI ALU 247/115
in a small sample population of BC, BBD, and HC as a biomarker for predicting recurrence.
Although cfDI was higher in BC patients than in HC, the differences were not statistically
significant [53].

2.2. cfDI as Biomarker in Prostate Cancer

The efficiency of cfDI as a tumour biomarker was also investigated in prostate cancer
(PCa), but the number of articles was lower than in BC (9 and 25, respectively). Unfortu-
nately, the standard screening method using PSA analysis has too high sensitivity and too
low specificity, which poses a diagnostic challenge as it may lead to overdiagnosis and
treatment of latent cancer [54]. Therefore, efforts are focused on the evaluation of other
biomarkers such as cfDI, the studies of which are summarised in chronological order in
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this section (Table 2). Analogously to the BC section, in the table, the average age of the
cohorts was rounded to decimal numbers. Main results refer to significant results; if no
significant results are available, a trend is indicated as non-significant. Clinical value refers
to the potential clinical application if significant results are demonstrated. All studies used
qPCR to quantify the longer and shorter fragments for cfDI determination.

Table 2. Summary of methods and main results of articles on the integrity of circulating cell-free DNA
in prostate cancer. Abbreviations: BDUT: benign disease of urogenital tract; BPH: benign prostate
hyperplasia; cfDI: circulating cell-free DNA integrity; HC: healthy control; MPCa: metastatic prostate
cancer; nMPCa: non-metastatic prostate cancer; PCa: prostate cancer.

Number of Patients
or Controls

Average Age (yr)
Patients or Controls Analysed Samples Methods and

Targets
Main

Results
Clinical

Value of cfDI Citations

61 PCa
62 BPH PCa = 69 BPH = 66 Plasma

qPCR on LEP 356 bp
and LEP 105 bp. cfDI

calculated as the
ratio of LEP 356/105.

There was no
difference in LEP
356/105 between

PCa and BPH.

No Boddy et al.,
2006 [55]

123 PCa
20 HC under 40 yrs
(Ctr1) 25 patients

with radical
prostatectomy (Ctr2)

22 patients with
negative prostate

biopsy (Ctr3)

PCa = 59 Ctr1 = 32
Ctr2 = 58 Ctr3 = 61 Plasma

qPCR on 1.3, 1.8, and
2.4 kb fragments

from four genomic
loci (12 conditions).
cfDI calculated as

the sum of the
individual results,

expressed as 0
(qPCR negativity) or
1 (qPCR positivity).

The cfDI of the PCa
group was higher

than that of the Ctr1
and Ctr2 groups but
not higher than that
of the Ctr3 group.

Diagnostic
(PCa vs. HC or after

Radical
Prostatectomy)

Hanley et al.,
2006 [56]

96 PCa
112 BPH PCa = 63 BPH = 60 Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU
247/ALU 115.

ALU 247/115 was
higher in PCa than in
BPH. This difference
was retained also in
PCa and BPH with

PSA > 4 ng/mL.

Diagnostic
(PCa vs. BPH)

Feng et al.,
2013 [57]

29 PCa
25 HC PCa = 65 HC = 66 Urine

qPCR on fragments
longer than 250 bp

from c-MYC, BCAS1,
and HER2 genes.
cfDI calculated as

the sum of the three
genes quantification.

The cfDI was higher
in PCa than in HC.

Diagnostic
(PCa vs. HC)

Casadio et al.,
2013 [58]

67 PCa
64 BDUT

PCa = 68
BDUT = 62 Urine

qPCR on fragments
longer than 250 bp of

the genes c-MYC,
AR, and HER2. cfDI

calculated as the
sum of the

quantification of the
three genes.

There was no
difference in cfDI
between PCa and

BDUT.

No Salvi et al., 2015 [59]

50 PCa
(28 MPCa, 22

nMPCa) 25 BPH
30 HC

PCa = 66
BPH = 69
HC = 62

Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was
higher in PCa than
in BPH or HC. The
cfDI was slightly
higher in nMPCa

than in MPCa.

Diagnostic
(PCa vs. BPH or HC)

and Prognostic
(Metastatic Disease)

Fawzy et al.,
2016 [60]

30 PCa (10 MPCa, 20
nMPCa),
40 BPH
30 HC

PCa = 64
BPH = 61
HC = 61

Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was
higher in PCa than

in BPH or HC. There
was no difference in
cfDI between MPCa

and nMPCa.

Diagnostic
(PCa vs. BPH or HC)

Khani et al.,
2019 [61]

31 PCa
30 HC

PCa = 71
HC = 56 Serum

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

ALU 247/115 was
higher in PCa than

in HC. The cfDI
increases with
tumour stage.

Diagnostic (PCa vs.
HC)

and Prognostic
(Tumours Stage)

Arko-Boham et al.,
2019 [41]

11 PCa
9 BPH PCa = 68 BPH = 65 Plasma

qPCR on ALU 247 bp
and ALU 115 bp.

cfDI calculated as
the ratio of ALU

247/115.

There was no
difference in ALU
247/115 between

PCa and BPH.

No Condappa et al.,
2020 [62]

In 2006, Boddy et al. [55] investigated cfDI for the first time as a biomarker to differen-
tiate PCa patients from patients with benign prostatic hyperplasia (BPH). They quantified
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the plasma levels of 356 bp and 105 bp sequences of the leptin gene (LEP) in PCa and BPH
patients. Leptin is a pleiotropic peptide hormone secreted by adipose tissues and has been
associated with various cancers related to obesity [63]. The authors expressed the cfDI as
∆Ct between the average Cts of LEP 356 bp over 105 bp fragments. This ratio value showed
no significant difference between PCa and BPH groups [55]. In the same year, Hanley
et al. [56] compared the plasma cfDI of PCa patients with those of three different control
groups: (1) healthy volunteers (HC) under 40 years of age (Ctr1); (2) patients with radical
prostatectomy and low PSA six months after surgery (Ctr2); (3) patients with negative
prostate biopsy (Ctr3). The authors used primer sets to identify fragments of 1.3, 1.8,
and 2.4 kb from four genomic loci by qPCR. Each of the twelve resulting amplifications
(3 fragments for four loci) was assigned a score of 0 (qPCR negativity) or 1 (qPCR positiv-
ity). The cfDI was expressed as the sum of the individual scores and ranged from 0 to 10
(2 conditions were excluded as they did not amplify within the 95% error range). The
results showed that PCa patients had a significantly higher cfDI compared to Ctr1 and
Ctr2, but not compared to Ctr3. A cfDI cut-off of 7 identified 89 of 123 PCa patients, corre-
sponding to a sensitivity of 69.9%. In addition, in another group of 30 PCa patients with
negative age-adjusted PSA, this cut-off identified 19 out of 30 PC (63.3%) that were not
detected by PSA analysis [56]. To our knowledge, this is the first article to report promising
results on cfDI as a biomarker for PCa. In 2013, Feng et al. [57] investigated cfDI as a
biomarker to differentiate between PCa patients and BPH patients. In this case, the authors
quantified the plasma levels of ALU 247 bp and 115 bp by qPCR and expressed cfDI as the
ratio ALU 247/115. The results showed a significantly higher ALU 247/115 ratio in PCa
patients than in BPH patients. This significant difference also persisted in PCa and BPH
patients with a PSA level of more than 4 ng/mL. In addition, cfDI showed a sensitivity
of 81.7% and a specificity of 78.8% in differentiating PC from BPH with PSA ≥ 4 ng/mL
(AUC = 0.910) [57]. Casadio et al. [58] investigated the diagnostic value of cfDI by analysing
urine samples from PCa patients and HC. The authors amplified sequences longer than
250 bp of the oncogenes c-MYC, BCAS1, and HER2 by qPCR and expressed the cfDI as the
sum of the three resulting quantifications. The analysis revealed a significantly higher cfDI
value in the urine of PCa patients compared to HC. At a cut-off value of 0.04 ng/µL, the
cfDI value in urine showed an AUC of 0.80 (sensitivity: 0.79; specificity: 0.84), indicating a
good accuracy of this value in differentiating PCa from HC [58]. These results emphasise
that urine is a valuable alternative liquid biopsy for PCa screening compared to plasma and
serum. Similarly, Salvi et al. [59] investigated the efficiency of cfDI in urine to differentiate
PCa from benign diseases of the urogenital tract (BDUT). The design of the cfDI analysis
was the same as Casadio et al. [58], with the only difference that the oncogenes considered
were c-MYC, AR, and HER2. The analysis showed no significant difference between PCa
and BDUT. Furthermore, the ROC curve analysis showed a lower AUC for cfDI in urine
than for PSA (0.50 vs. 0.84) [59], suggesting that the latter is the better choice to distinguish
PCa from BDUT.

Another comprehensive analysis by Fawzy et al. [60] compared cfDI, expressed as the
ALU 247/115 ratio, between PCa, BHP, and HC. The qPCR analysis revealed a significantly
higher cfDI value for the PCa group than for the other groups. The PCa group was further
subdivided into metastatic PCa (MPC) and non-metastatic PCa (nMPCa). In this case, the
cfDI value was slightly but significantly lower in MPC than in nMPCa [60].

The diagnostic value of cfDI in differentiating PCa from BHP and HC was further
investigated by Khani et al. [61] in an Iranian cohort of PCa and BHP patients and HC
subjects. Here, too, the ALU 247/115 ratio was determined as a cfDI parameter. The analysis
revealed a higher cfDI in PCa patients compared to BHP patients and HC, confirming the
results of Fawzy et al. Interestingly, there was no difference in cfDI between the MPCa
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patients and the nMPCa patients [61]. Arko-Boham et al. [41] compared the diagnostic
value of cfDI in serum in two different hormone-related cancers: PCa and BC. In PCa, the
authors analysed the ALU 247/115 ratio in the serum of PCa patients and HC. The results
again showed a significantly higher ratio in PCa patients compared to HC. In addition, the
cfDI correlated positively with high tumour stage and stage [41].

The most recent article investigating cfDI in PCa was published in 2020 by Condappa
et al. [62], who analysed cfDI in the plasma of PCa and BHP patients. As usual in recent
years, cfDI was assessed as an ALU 247/115 ratio. The results showed no difference in
cfDI between PCa and BHP patients, regardless of the results of other similar studies [62].
This discrepancy could be explained by the smallest analysed patient pool of the studies
discussed so far (11 PCa and 9 BHP).

3. Discussion
Liquid biopsy is a valid, non-invasive, or minimally invasive method that uses biolog-

ical fluids to identify biomarkers of tumour development and growth, clonal formation
at the site of metastasis and metastases, prognosis of DSF and OS, and can be helpful in
predicting response to therapy.

Despite its potential, liquid biopsy faces challenges, including the standardisation of
detection methods and the validation of clinical utility. Ongoing research aims to integrate
liquid biopsy into the routine treatment of BC and PCa patients to improve early detection,
surveillance, and personalised therapy [16,64]. Various studies have quantified total cfDNA
levels with the following target genes in both BC and PCa: β-globin, β-2 Microglobin,
GAPDH, hTERT, ALU, or LINE1. Higher levels of the measured cfDNA could be used to
distinguish benign from malignant BC [21–25]. It is worth noting that changes in cfDNA
levels can be altered by other pathological conditions such as inflammation and infection,
which may influence the results [65]. In addition, diurnal variations in individual cfDNA
levels have been demonstrated in both healthy individuals and those with cancer [66].
In contrast, cfDI, which is a ratio between longer and shorter fragments of a target, is
in principle less affected by the variability of cfDNA quantity from sample to sample.
Therefore, the comparison between groups could be more reliable. Of course, the choice of
target also has an important influence.

Certainly, with respect to ctDNA mutation targets, the cfDI can overcome limitations
related to the mutational rate. In addition, the cfDI could provide an incredible advantage
also in terms of sensibility by using repetitive elements as targets, such as ALU and LINE1,
that represent about 10 and 17% of the genome, respectively [67]. Here, the current literature
on the importance of cfDI in BC and PCa is analysed, and patients are grouped based on the
studies examining the nature of the repetitive elements or target genes that determine cfDI.

A graphical summary of the literature results in BC can be found in Figure 2.
In BC, the majority of studies addressed the cfDI of repetitive short interspersed

nuclear element (ALU) and long interspersed nuclear element (LINE1) sequences, which
accounted for 79% of all studies.

Regarding the cfDI of ALU 260/111 as a diagnostic biomarker, the first study by
Umetani showed an increase in serum cfDI in BC at stages from II to IV, accounting for
51 BC patients compared to 51 HC [26]. On the contrary, two other studies on plasma of a
large sample population of 188 primary BC and 185 HC showed opposite results with a
cfDI decrease in BC compared to HC, confirmed also in 201 MBC compared to HC [30,50].
The discrepancy between the work of Umetani et al. [26] and that of Madhavan et al. [30]
and Bortul et al. [50] could be due to differences in the type of samples (serum versus
plasma) and in the number and clinicopathological conditions of the cohorts. Consistent
with the decrease in cfDI in BC compared to HC, recurrent BC patients had a lower cfDI
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than non-recurrent BC patients [35]. Interestingly, cfDI ALU 260/111 had prognostic value
in terms of tumour stage, metastatic disease, PFS, and OS [26,30,36]. Finally, a higher cfDI
was observed in MBC patients after one cycle of chemotherapy [36] and in BC patients with
complete response to NACT compared to no-responder patients [39] as a biomarker for the
success of the therapy, which measures the increase in circulating DNA due to the death
of cancer cells. Differently from ALU 260/111, the cfDI ALU 247/115 showed concordant
results in all studies where it was found higher in 522 BC or MBC than in 381 HC or breast
benign disease (BBD) [23,31,37,42,48]. A prognostic role of cfDI ALU 247/115 was found to
be in accordance with the diagnostic findings for tumour stage and grade, metastasis, and
disease-free survival [24,31,37,41,47,49,52,53] and a predictive role for complete response
to NACT or chemotherapy [45,51,52]. It is noteworthy that no differences were found in
studies using serum or plasma. A study, in which other targets were used in ALU sequences
(ALU 263/58), also showed a higher cfDI in BC [39].
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LINE1 as a target for cfDI is less studied than ALU, but cfDI LINE1 266/97 showed
potential for early detection and screening of BC [50], recurrence [35], and response to
therapy [36,39]. Overall, all studies confirmed a lower cfDI in BC at the time of diagnosis
compared to HC or at the time of disease recurrence compared to non-recurrence and
interestingly showed an increase in cfDI in BC responders to therapy compared to non-
responders. The cfDI LINE1 259/97 gave opposite results: The cfDI was higher in BC
than in HC or BBD, and consistent with this, it decreased after adjuvant therapy in BC
patients who responded to therapy [40]. This raises puzzling questions about these different
results when repetitive sequences are used as targets for cfDI. The overall impression is that

https://BioRender.com/r57r367
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the target region and the length of the amplified fragment might be the reason for these
differences. For example, with more bp in longer fragments, more variability in the results
can be attended to because of the susceptibility of circulating DNA to fragmentation and
degradation in the pre-analytical phases.

In the studies where specific genes were the target for cfDI at diagnosis, there was also
heterogeneity in the results: the cfDI of β-actin 400/100 was higher in BC than in HC [32],
and that of β-actin 394/99 was higher in TNBC than in non-TNBC [38]. However, when
MYC or PIK3CA targets were used, the cfDI was lower in BC than in HC [33].

Finally, emerging evidence of the cfDNA fragmentomic is confirming cfDI as a prog-
nostic [44] and predictive biomarker [46].

A graphical summary of the literature results in PCa can be found in Figure 3.
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In the case of PCa, it is initially noticeable that the number of studies on PCa (n = 9)
is very low compared to BC [30], some of which were not significant (n = 3). This is
not surprising, as PCa, despite its high incidence in men, is a cancer that affects older
people, often as an indolent form, and it is only in the last decade that the interest in early
detection of aggressive cancer, active surveillance of localised cancer, and follow-up of
patients with castration-resistant forms has increased. Of particular interest are metastatic
castration-resistant PCa patients, for whom new targeted therapy options are available to
control the disease [68,69]. Of note, most studies in PCa are based on the analysis of ALU
repeat sequences. Interestingly, results of cfDI of ALU 247/115 confirm the same trend
found in BC: cfDI was higher in PCa than in HC or benign hyperplasia (BPH) [41,57,60],
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confirmed also by specific gene analysis [58]. In addition, a study using fragmentomic
analysis supported a higher cfDI in PCa than in HC [56]. Finally, we would like to point
out that in PCa it is possible to analyse cfDI in urine and not in blood, so this test is without
any risk [58,59].

4. Limitations and Future Directions
The growing therapeutic scenario in the clinical management of BC and PCa patients

raises the question of the utility of integrating cfDI analysis into clinical practice. The
majority of the studies showed that cfDI differs between patients and controls, emphasising
the potential usefulness of this biomarker. Compared to NGS technologies, cfDI has the
advantage of being a more sensitive and cost-effective method that, in combination with
other biomarkers, could help the clinical management of both BC and PCa patients. Data
from the literature have shown that the potential clinical value of cfDI varies depending on
the target. Therefore, identifying the best target for BC and PCa is a priority. In addition, the
lack of standardised pre-analytical and analytical protocols for cfDI determination remains
a limitation. This fact and the nature of the different targets analysed in terms of bp could
have an impact on the different results regarding the increase or decrease in cfDI between
patients and controls. In addition, for repetitive sequences, which are the most studied
targets, there is a lack of robust evidence in large cohorts to deepen the power of cfDI in
discriminating BC or PCa patients from HC and benign diseases. Further studies on the
role of cfDI as a biomarker for disease progression and response to therapy are also needed.

Overall, the results suggest that cfDI in BC could be used as one of the parameters
together with other liquid biopsy biomarkers (e.g., cfDNA, ctDNA, CTCs, etc.) or classical
biochemical, radiological, and/or anthropometric data to improve early diagnosis and
screening programmes for specific populations (e.g., women with family history) for
prognosis and predictive medicine. Since MBC can be cured as a chronic disease, there
is also an interest in exploring the prognostic and predictive value of cfDI in MBC. In
this regard, cfDI together with ctDNA mutations could be an important complementary
tool to obtain relevant information on tumour progression and response to therapy. Very
important is the potential of cfDI to differentiate between TNBC and non-TNBC patients,
which emphasises the utility of cfDI. It is noteworthy that five studies in BC have found
cfDI to be a dynamic biomarker for tracking response to therapy. They show that cfDI levels
change during chemotherapy and weeks after the end of chemotherapy [36,39,40,46,52].
An interesting question to address is whether cfDI could be a biomarker for response to
immunotherapy and, in particular, to immune checkpoint inhibitors, as tumour mutational
burden in ctDNA has been shown to be useful [70]. Unfortunately, to our knowledge,
there are no data on the efficacy of cfDI as a biomarker of response to immunotherapy in
BC. A future challenge could be to investigate the usefulness of cfDI for predicting and
monitoring response to immunotherapy in BC patients. This is justified by the fact that
in colorectal cancer, cfDI measured at the β-actin gene (400 bp over 100 bp fragments)
predicted response to immunotherapy in terms of PFS, which was higher in a subset of
patients with low cfDI than in those with high cfDI levels [71]. Waki et al. [72] also showed
that the cfDI of ALU 247/115 was related to vaccine response to vaccination in non-small
cell lung cancer. In this case, a high cfDI value was associated with longer survival before
and after vaccination.

In contrast, in PCa, there is a paucity of evidence of the potential of cfDI as a diagnostic
tool useful for surveillance of high-risk men or for the screening population. However, it
should be noted that the majority of the studies analysed examined cfDI ALU 245/115,
and the results are consistent with the results of the studies in BC. This encourages further
investigations based on BC studies also in PCa patients. Studies on cfDI as a dynamic
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biomarker in metastatic castration-resistant prostate cancer to monitor the effect of new
targeted therapies could be of great interest. Molecular diagnosis prognosis and therapy
response by liquid biopsy is an increasing need for the best treatment of BC and PCa
patients. Efforts to standardise analysis through precise pre-analytical protocols and the
use of high-quality and cost-effective technologies such as ddPCR in conjunction with large
multicentre studies are needed to define the potential of cfDI as a biomarker for BC and
PCa clinical practice.
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