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A B S T R A C T

It is believed that the majority of oral cancers develop from oral potentially malignant lesions (OPML). Though
they can be easily detected during screening, risk stratification is difficult. During screening clinicians often find
it difficult to distinguish OPMLs from benign lesions, and predicting OPML at risk of malignant transformation is
particularly challenging. DNA aneuploidy has been known to be a marker of malignancy in a number of sites
including the oral cavity.

We performed a systematic review to evaluate the effectiveness of DNA-ICM using brushings in differentiating
OPMLs from benign/inflammatory lesions during screening and in predicting malignant transformation.
MEDLINE, Pubmed, EMBASE electronic databases were systematically searched using a combination of key-
words and subject headings. A total of 11 articles satisfied our inclusion criteria. These studies reported a wide
range of sensitivity (16–96.4%) and specificity (90–100%) due to the differences in study design, definitions of
high risk or low risk lesions and DNA-ICM protocol used. No long-term longitudinal studies were identified to
assess the role of DNA-ICM using brushings in predicting malignant transformation. No studies evaluated the
role of DNA-ICM in community screening settings. A number of studies combined DNA-ICM with other tech-
niques like cytology or argyrophilic nucleolar organizer region counts leading to improved test results. In spite of
DNA aneuploidy being accepted as a marker of malignancy, there is limited evidence of DNA-ICM using
brushings being successful as an adjunct oral cancer screening tool. Longitudinal studies and large community
screening studies need to be undertaken to draw stronger conclusion.

Introduction

Oral cancer is the sixth most common cancer in the world, with
more than 350,000 cases diagnosed annually [1]. This disease has a
high mortality rate (∼50% 5-year survival) due to the advanced stage
at which it is diagnosed [2]. In high risk countries such as India,
60–80% of patients present with advanced disease as compared to 40%
in developed countries [3].

The majority of oral cancers are presumed to develop from oral
potentially malignant lesions (OPML) [4]. Lesions can be easily de-
tected by visual inspection during screening. However, differentiating
OPML from benign lesions can be challenging. Diagnosis of these
OPMLs is based on histopathology and is defined by the presence or
absence of dysplasia. Epithelial dysplasia consists of specific alterations

in cell and tissue. Cell architectural changes includes the nuclear ar-
chitecture, where the nucleus becomes enlarged (nuclear hyperplasia),
dark-stained (hyperchromatism), and has an increased nuclear-to-cy-
toplasmic ratio due to an enlarged eosinophilic nucleolus [5]. Ac-
cording to 2017 WHO classification, dysplasia is graded as mild,
moderate or severe, dependent on the architectural and cytologic
changes being limited to the lower third, lower two-thirds, and more
than two-thirds of the epithelium, respectively [6]. In OPMLs with
dysplasia, only a small percentage (13%) progress to cancer [7]. The
higher the grade of dysplasia, the greater the risk of progression [8].

Even though histopathology is considered the gold standard for
predicting malignant transformation, a number of shortcomings are
associated with it [9]. Histopathological grading has shown poor re-
producibility and high inter and intra-observer variance rates [10].
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Moreover, oral cancer can develop without the presence of dysplasia,
while severe dysplasias may not progress [11]. Risk stratification
among mild and moderate dysplastic lesions has always been challen-
ging due to their low transformation rates. Clinical risk indicators like
size, appearance and site of the lesion may correlate with increased risk
of progression, however it is difficult to predict the outcome for an
individual patient [7]. The lack of reliable clinical indicators of ma-
lignant transformation warrants the use of additional biomarkers of
progression.

Primary oral cancer screening is conducted in a dental office. One
limitation of the conventional visual oral examination (CVOE) is that
the majority of the clinically suspicious lesions are benign or in-
flammatory in nature and mimic OPMLs in presentation.

CVOE alone cannot differentiate high risk OPMLs from low risk or
benign lesions during screening [12]. Adjunct screening devices like
fluorescence visualisation (FV) and toluidine blue (TB) staining have
been introduced to give clinicians additional information to aid in their
decision-making regarding; (i) the probability that this lesion is dys-
plastic; and (ii) the risk of transformation if dysplastic [13,14]. FV is
used to visualize alterations in tissue due to morphological and bio-
chemical changes [13]. In high-risk settings, some studies have shown
FV is capable of detecting occult oral lesions not detectable by CVOE
alone [15,16]. However, shortcomings include high false positive for
benign inflammatory lesions due to their increased vascularity [17]. A
systematic review concluded that FV’s usefulness is limited in the hands
of an inexperienced clinician in primary care screening settings [18].
FV has not been found, to date, to aid in the identification of progres-
sing OPMLs.

TB is an acidophilic stain which binds to the increased number of
nucleic acids or penetrates into the tissue due to altered cell adhesion in
high-risk dysplastic tissues [19]. A recent systematic review reported
the sensitivity of TB staining for the detection of oral cancers ranges
from 78 to 100% and the specificity from 31 to 100% [20]. Several
authors have expressed conflicting views on the usefulness of TB as an
adjunct screening tool as it shows low sensitivity in detecting lesions
with dysplasia and frequently shows false positives for benign condi-
tions [12]. In contrast, dysplastic OPML that stain TB positive have
shown an increased risk of malignant transformation [21]. Thus, there
is still a need for an objective, non-invasive, high throughput screening
tool that can serve as an adjunct to CVOE.

DNA content imbalance has been recognised as an accepted bio-
marker of malignancy in a variety of sites including the cervix, colon
and oral cavity [22,23,24]. In addition, it has shown increasing use-
fulness in predicting prognosis in prostate cancers [25]. Aneuploidy
detected in biopsy tissue has been useful in predicting malignant
transformation in oral lesions [26] and in Barrett’s oesophagus [27].
The hazard ratio for malignant transformation was 3.3 when abnormal
DNA content was found in tissue from oral lesions [26].

DNA ploidy analysis has been done using a variety of assays in-
cluding DNA flow cytometry (FCM) and Image Cytometry (ICM)
[24,29]. DNA-FCM measures the DNA content in nuclei or cells in a
suspension while DNA-ICM obtains measurements from cells or nuclei
affixed to a glass slide. DNA-ICM has been reported to show higher
sensitivity than FCM in detecting a small percentage of near-diploid
aneuploid cells [28,29].

Samples for DNA content analysis can be prepared from tissue or
cell samples. DNA content analysis studies using tissue from fresh
frozen or formalin-fixed paraffin-embedded (FFPE) tissue, uses pri-
marily two methods: (i) A nuclei suspension created from thin FFPE
sections after proteolytic digestion; [30] or (ii) sections from the FFPE
tissue are directly fixed to the glass slide [31]. In comparison, cells can
also be collected by brushing a lesion. Cells are obtained from the su-
perficial and intermediate layers of the oral mucosa. Traditionally,
brushings have been used for exfoliative cytology to detect abnormal
tumour cells in the cervix or oral cavity [32,33]. Brushings for DNA-
ICM pose an advantage over biopsy tissue as cells can be obtained for

screening non-invasively. However, cell preparation from brushings can
be inadequate and is limited to the superficial or intermediate layers of
the oral mucosa making it difficult to detect mild dysplastic changes.

The aims of this review are to assess the role of DNA-ICM using oral
lesion brushings as an adjunct screening tool to differentiate high risk
OPMLs from benign conditions during screening, and to identify his-
tologically proven dysplasias at an increased risk of progression to
malignancy.

Materials and methods

Search strategy

A literature search of Medline, PubMed and Embase databases was
conducted using a combination of text words and medical subject
headings (MeSH). The search terms used included oral or mouth neo-
plasms, oral precancers, premalignant or potentially malignant, oral
dysplasia, DNA ploidy, DNA cytometry-flow or image. Boolean opera-
tors ‘AND’ or ‘OR’ were used to combine the keywords. Two review
authors individually searched the literature and extracted data from the
chosen articles. Discrepancies were resolved through discussion with
the third author. A manual sorting was done by reading the titles and
abstracts. The systematic review was registered in PROSPERO
(CRD42019128725).

The following questions were addressed:

• Does DNA-ICM serve as an adjunct screening tool in differentiating
high risk lesions from benign or inflammatory oral lesions?

AND

• Does DNA-ICM identify oral potentially malignant lesions (OPMLs)
at a risk of malignant transformation?

The questions were addressed using the PICO method:

P (Population): Oral potentially malignant lesions
I (Intervention): DNA content analysis by DNA-ICM using brushings
collected from the lesions
C (Comparison): Histopathology
O (Outcome):
1. DNA-ICM can serve as an adjunct screening tool in differentiating
high risk lesions from benign or inflammatory oral lesions
2. DNA-ICM can predict risk of malignant transformation in OPMLs

Inclusion and exclusion criteria

Inclusion criteria

• Primary oral potentially malignant lesions (OPML).

• DNA-ICM was used for DNA content analysis.

• Samples were collected using brushings.

Exclusion criteria

• Assessing the use of DNA-ICM in previously histologically confirmed
oral cancers or inflammatory conditions like oral lichen planus.

• Other methods of DNA content assessment such as DNA-FCM were
used.

• FFPE or fresh frozen tissue sections were used for DNA content
analysis.

• Articles not written in English.

Data collection

A standardized data collection method was used for each study and
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the following data was extracted: Author, study year, study objective,
study design, number of cases and controls, grade of dysplasia/histo-
pathology results, study endpoint (malignant transformation), type of
brush, sample preparation method, staining type, scanner used, and the
sensitivity or specificity of the methods. For studies which did not re-
port sensitivity and specificity, values were calculated using a 2× 2
table. Sensitivity and specificity of each study measured DNA-ICM’s
ability to distinguish between high-risk lesion/high-grade dysplasia and
low-risk lesion/low-grade dysplasia in comparison to histopathology
results. To assess the performance of DNA-ICM as an adjunct screening
tool we used Littenberg’s model of medical technology evaluation [34].
It considers biologic plausibility, technical feasibility, diagnostic per-
formance and patient and societal outcomes. For biologic plausibility
we looked at how DNA-ICM detects aneuploidy. Technical feasibility
highlights the requirements needed to ensure accurate DNA-ICM re-
sults. Diagnostic performance relates to the sensitivity and specificity of
the systems, recognizing the variety of study designs and biases that
may affect the results. Finally, patient and societal outcomes were as-
sessed in relation to ease of sample collection and projected ease and
cost of using this technology as a screening tool.

Results

A total of 362 articles were identified through a literature search of
PubMed, Medline and Embase. Three articles were included from re-
ferences of the other studies. 153 articles were rejected after reading
the titles and abstracts. A total of 44 articles were assessed for elig-
ibility. Twelve studies which looked at oral lichen planus (supplemen-
tary data) and 133 studies primarily involving oral cancer were ex-
cluded. Six studies not written in English, 10 conference abstracts, 6
duplicates and 2 studies not looking at ploidy were excluded. Among
the 44 shortlisted articles, 1 review, 1 case report and 3 retracted stu-
dies were excluded. The remaining articles were divided on the basis of
DNA content analysis method used: DNA-ICM, DNA-FCM or other
method of ploidy detection. Twenty- eight studies used DNA-ICM while
11 studies used DNA-FCM alone or in combination with other methods
like fluorescence in situ hybridization (FISH) and array comparative
genomic hybridization (aCGH). Out of the 28 DNA-ICM studies, 11
studies fulfilled the inclusion criteria of using brushings while the re-
maining used FFPE tissues. (Figure 1)

Table 1 summarizes the objective, sample size, patient selection
criteria, type of brush, DNA-ICM system used, and the sensitivity and
specificity reported by each study. The studies were conducted in spe-
cialist hospitals or clinics based on community referrals for suspicious
lesions in the mouth. None of the studies looked at the effectiveness of
DNA-ICM as an adjunct screening tool in a community screening set-
ting.

None of the studies fulfilled our research question of whether DNA
aneuploid OPMLs were more likely to show malignant transformation
over time. No studies were longitudinal in design nor study the lesions
over time until progression. The majority of the studies looked at the
effectiveness of DNA-ICM in screening high risk OPMLs or differ-
entiating malignant lesions from low risk or benign lesions.

The majority of studies [35–43] utilised automated DNA-ICM sys-
tems while two studies manually quantified DNA amount [44,45].
Histopathology was used as the gold standard in all the studies. The
sensitivity of DNA-ICM in detecting high-risk lesions ranged from l6%
[45] to 96.4% [42] while specificity ranged from 90% [39] to 100%
[38,40,42–45]. However, the definition of high-grade lesions varied.
Some studies [37–41] considered severe dysplasia, carcinoma-in situ
and squamous cell carcinoma (SCC) as high risk while others included
only SCC [42,44,45,43]. Further, in some studies poor differentiation
between clinical diagnosis of leukoplakia and histopathological grade
of dysplasia made it difficult to compare results [42,43]. Two studies
[35,36] looked at effectiveness of DNA-ICM in differentiating between
high and low grade dysplasia. Combining DNA-ICM with other

diagnostic methods like cytology and argyrophilic nucleolar organizer
region counts improved sensitivity and specificity rates
[37,38,42,44,43].

Discussion

Littenberg’s model of medical technology evaluation was used to
estimate the effectiveness of DNA-ICM system. This model assesses new
technology on four levels; does the technology make biological sense,
can it be used in the proposed population, does it have an impact on the
disease, and does it have an effect on the patient and society [34].

Biologic plausibility
In a normal cell, there are two copies of all 23 chromosomes, re-

ferred to as diploid (2c). Cells with one copy of the 23 chromosomes are
known as haploid (1c). Cells that have complete multiples of the hap-
loid set (1c) are called euploid, while aneuploid cells do not contain an
integer multiple of the basic set of chromosomes [46]. DNA aneuploidy
is the cytometric equivalent of chromosomal aneuploidy and is believed
to drive carcinogenesis. There is debate whether chromosomal in-
stability is the cause or effect of genetic mutation [47]. Cellular
changes, including visible changes to the DNA organization in the cell,
have been observed in breast and oral malignancies [48,40].

DNA-ICM is used to detect the presence of DNA aneuploidy. Cells
are collected using a brush and deposited on a slide. The slides are
stained using a DNA stoichiometric stain which stains the nucleus
proportional to the DNA content of the cell [46]. Measurement of the
DNA content of the nuclei is done by measuring the integrated optical
density (IOD). The IOD, the cytometric equivalent of the cell’s DNA
content, is scaled to ‘c’ units using internal epithelial or lymphocyte
cells as reference. To assess the presence of aneuploidy, a minimum
number of epithelial cells need to be quantified. DNA-ICM system
guidelines should follow the European Society for Analytical Cellular
Pathology guidelines [50].

Technical feasibility
Assessment using DNA-ICM primarily depends on the clinician’s

ability detect a lesion and assess its risk prior to the decision to obtain a
brushing. Other factors that affect the success of DNA-ICM includes the
type of brush, sample preparation and staining, cellularity, and the use
of an automated scanner to precisely measure cell DNA content with
minimum human intervention.

Cell collection and preparation technique varied across the studies.
All studies used a cytobrush to collect cells except Kaur et al who used a
toothbrush [43]. Sample preparation used one of two techniques. In the
majority of studies, the brush was directly rolled on a glass slide and
fixed using a spray [37,38,39,42,43,44,45]. The remaining studies used
liquid based cytology (LBC). In LBC, the brush is placed into a vial with
a cell preservative and transferred to the lab [35,36,40,41]. Once in the
lab, a thin monolayer of cells is deposited on the slide. This technique
reduces blood, mucus and debris in the preparation [51].

For reliable results, a minimum number of cells need to be collected
to detect the presence of aneuploidy. In most automated DNA-ICM
systems, a minimum of 300–400 cells are required to provide a sa-
tisfactory diagnosis. Brushings from hard to access areas such as the
posterior pharyngeal wall, or floor of mouth often result in low cell
count. Remmerbach et al argued that the failure to detect a carcinoma
on the posterior pharyngeal wall in their study was the result of in-
adequate cell collection due to limited access [42].

Diagnostic performance
The majority of the studies reported sensitivity and specificity as

outcome when differentiating between high-risk and low-risk lesions as
defined by histopathology. The wide variation in values can be attrib-
uted to the lack of an established DNA-ICM protocol, absence of a
standardized definition of high-risk and low-risk lesions, and poor study
design. Sensitivity was poor in studies that did not use an automated
system. The study by Pektas et al reported the poorest sensitivity rates;
DNA aneuploidy was detected in only 2 of 12 malignant lesions. The
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authors compared their results with FCM studies and concluded that the
low aneuploidy rates may be due to differences in cytometric assess-
ment or tissue preparation methods [45]. However, it can be concluded
that the poor performance is due to the lack of use of an automated
DNA-ICM system. Similar conclusions can be drawn from the study by
Kaur et al, where they manually measured the IOD of 100 traced nuclei
obtained from photographs of Feulgen stained slides. In addition, as-
sessment of a limited number of nuclei may be responsible for the low
sensitivity rate of 68.7% [44]. Manual measurement of IOD are sub-
jective and prone to error which explains the poor sensitivity rates of
these studies. Similar findings were also reported by Böcking et al.
where computerized assessment of nuclear morphometric features and
DNA quantification showed higher sensitivity and specificity than
manual DNA quantification [49].

Remmerbach et al reported the highest sensitivity rates of 96.4%
[42]. However, these findings should be interpreted with caution as
only OSCC was considered high risk and no pathological diagnosis was
mentioned for the 83 leukoplakias classified as low risk. There was no
break-down in the cases on the basis of severity of dysplasia.

MacAulay et al.’s study is the only study that used a training and test
set to validate the performance of the DNA-ICM system [40]. The au-
thors developed a series of machine learning algorithms of increasing
complexity based on a combination of DNA amount and nuclear orga-
nization/texture features. The final results were derived from the test
set which makes their findings more reliable and robust. In the same
study, they also looked at the addition of FV in detecting OPMLs. This

secondary aim was to test the potential of DNA-ICM to reduce the
number of false positives, i.e. benign lesions showing FV loss. Sensi-
tivity and specificity among the benign confounding set was lower
compared to the malignant set. They concluded that inflammation or
trauma increases the variability in cell features and their inclusion in
the training set seemed to improve results.

Both Yang et al, and Xiao et al, looked at the association of grade of
dysplasia in leukoplakia with DNA content [35,36] They reported a
sensitivity of 68% and 58% respectively and a specificity of 67% in both
studies, in detecting aneuploidy among high-grade dysplasia in com-
parison to low-grade dysplasia. Using the supplementary data from the
Xiao et al study, we found the sensitivity and specificity values of de-
tecting low-grade (mild dysplasia) and high-grade dysplasias (moderate
and severe) varied significantly. The sensitivity of detecting mild dys-
plasia in comparison to benign lesions with no dysplasia was 34.4%
while the specificity was 100%. Moderate and severe dysplasias
grouped together in comparison to benign lesions with no dysplasia
showed a sensitivity of 58.6% and specificity of 100%. The low sensi-
tivity rates should be interpreted carefully as they were trying to dif-
ferentiate between grades of dysplasia in contrast to other studies
which compared benign lesions to malignant/dysplastic lesions. Dif-
ferentiating between grades of dysplasia is difficult to achieve and
highly sensitive algorithms are required. However, the authors were not
clear if the data between the two studies were unique as: (i) both these
studies were undertaken at the Ninth People’s Hospital, China; (ii) re-
cruited patients visited the department during the same time period and

Studies identified through 
database search (n=362)

Studies excluded after reading 
title/abstract (n=153)

Studies excluded involving other 
inflammatory conditions (n=12) 

Full-text articles assessed for eligibility
 (n=44) 

Studies excluded involving 
oral cancers (n=133) 

Studies excluded using DNA- 
FCM or using other ploidy 

methods (n=11)

Studies using DNA- ICM (n=28)

Studies using brushings (n=11) 

Studies excluded using FFPE tissues  
(n =17) 

Studies selected after reading 
title/abstract (n=212) 

Identification 

Screening

Eligibility 

Included 

Excluded case report (n=1) 
Excluded review article (n= 1) 

Retracted studies (n=3) 

Articles not in English (n=6) 
Studies do not use ploidy (n=2) 

Duplicated study (n=5) 
Conference abstracts (n=10) 

Studies identified through 
references (n=3)

Fig. 1. Study selection flowchart.
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both studies report similar sample sizes; and (iii) the authors of the
second study fail to cite the findings of the initial study.

Four studies looked at combining conventional oral cytology with
DNA-ICM to improve sensitivity and specificity with histopathological
diagnosis [37,38,42,44]. An improvement in sensitivity and specificity
was noted when the methods were combined. Remmerbach et al used a
novel semiautomated multimodal cell analysis (MCA) technology
which can track individual cells when stained with Papanicolau,
Feulgen and silver nitrate [43]. They used conventional cytology to spot
abnormal and atypical cells which were then restained with Feulgen
followed by silver nitrate to demonstrate argyrophilic nucleolar orga-
nizing region counts (AgNOR). AgNOR counts and size have shown to
be correlated with increasing proliferation rates and with malignant
potential [52]. The reported sensitivity and specificity rates of the three
techniques combined were high however the author concluded that this
system would not apply for routine screening as it is time-consuming
and expensive. MCA technology would only be useful when a small
number of abnormal or atypical cells are identified through cytology
and application of the sequential stains would reduce the false negative
and false positive rates.

Patient and societal outcomes
Most of the studies had better specificity than sensitivity rates. This

is worrisome as it is likely that DNA-ICM may fail to detect true posi-
tives. However, the studies showing poor results demonstrate flaws in
sample processing or used manual DNA quantification methods. DNA-
ICM using FFPE tissues from oral lesions [27,53] have demonstrated
superior results which indicates that the problem may lie with the
sample collection and processing techniques used with brushings. A
recent meta-analysis conducted by Alaizari et al. concluded that lesions
found to be aneuploid using DNA-ICM had a 3.12-fold increased risk of
turning into cancer. The meta-analysis was conducted on 5 longitudinal
studies utilising FFPE tissue samples with malignant transformation as
the end point. In contrast, the primary aim of our review was to in-
vestigate the effectiveness of DNA-ICM using brushings. Brushings are
widely accepted by patients as they do not cause pain or bleeding
making it an acceptable and cost-effective screening tool. DNA-ICM
using brushings could help triage lesions in community settings and
thus reduce morbidity associated with unnecessary biopsies. It should
be noted that this technology is not a replacement for biopsy but a
second step in the community screening pathway which can help
clinicians identify lesions which need further investigation. This would
allow the high-risk lesions to receive timely intervention without
pressuring the health care system in low resource countries. In addition,
DNA-ICM could supplement biopsies by providing further information
on the risk of malignant transformation in low-grade dysplasias. As
reported by MacAulay et al use of an automated DNA-ICM system re-
quires minimal human intervention and can process a large number of
samples in a short period of time [22]. Community screening studies
involving a large number of patients using automated DNA-ICM sys-
tems are required to draw stronger conclusions.

Limitations

There are a number of limitations identified in the studies which
need to be emphasized. The variation in sample collection, lesion risk
definitions, analysis, and interpretation methods did not allow us to
pool the sensitivity and specificity values. The definition of the disease
state for determining sensitivity and specificity, and the poor definition
of cases (clinical vs. histopathological diagnosis) makes it difficult to
draw conclusions. Most studies are cross-sectional in nature, do not
provide lesion outcome information and hence, are not useful to predict
malignant transformation.

QUADAS-2 tool was used to assess the risk of bias for the selected
studies [54] (Fig. 2). Patient selection applicability concern was com-
monly identified as studies recruited patients with oral suspicious le-
sions referred to speciality hospitals for treatment. It is assumed that
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lesions referred to hospital settings are highly suspicious and more
likely to be dysplasia or SCC. To adequately assess DNA-ICM’s effec-
tiveness as a screening tool, there is a need for community-based studies
where a higher prevalence of benign lesions mimicking OPMLs may be
encountered. Index test bias was also identified; three studies reassessed
histology when the histology did not match cytology or DNA-ICM re-
sults. Reference test applicability was also commonly identified due to
the inconsistent definition of low-risk lesions, none of which matched
our research question.

Non-English articles were excluded from this review which may
have led to omission of some important studies in this area.

Conclusion

In spite of DNA aneuploidy being accepted as a marker of malig-
nancy, there is poor evidence to date of DNA-ICM using brushings being
successful as an adjunct oral cancer screening tool. Studies with large
sample sizes that follow established DNA quantification protocols for
oral brushings are required (Fig. 3). In addition, there needs to be a
clear distinction between histological and clinical diagnosis. There

should be clear definitions of low and high-risk lesions. For screening
studies, it is suggested that high-risk be defined as dysplasia or SCC.

Prospective studies are needed to establish the role of DNA-ICM in
predicting malignant transformation of oral lesions using brushings.
Repeated measures over time would also provide information on when
changes in ploidy occur prior transformation. It is clear that further
work is needed in this field before being adopted as an adjunct
screening tool in clinical/community practice.
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Fig. 3. A simplified flow chart showing the ideal DNA-ICM protocol using brushings.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
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