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Abstract

The dysplasia grading of Barrett’s esophagus (BE), based on the histomorphological assessment of formalin-fixed, paraffin-
embedded (FFPE) tissue, suffers from high interobserver variability leading to an unsatisfactory prediction of cancer risk.
Thus, pre-analytic preservation of biological molecules, which could improve risk prediction in BE enabling molecular
and genetic analysis, is needed. We aimed to evaluate such a molecular pre-analytic fixation tool, PAXgene-fixed paraffin-
embedded (PFPE) biopsies, and their suitability for histomorphological BE diagnostics in comparison to FFPE. In a ring
trial, 9 GI pathologists evaluated 116 digital BE slides of non-dysplastic BE (NDBE), low-grade dysplasia (LGD), high-
grade dysplasia (HGD), and esophageal adenocarcinomas (EAC) using virtual microscopy. Overall quality, cytological and
histomorphological parameters, dysplasia criteria, and diagnosis were analyzed. PFPE showed better preservation of nuclear
details as chromatin and nucleoli, whereas overall quality and histomorphologic parameters as visibility of basal lamina,
goblet cells, and presence of artifacts were scored as equal to FFPE. The interobserver reproducibility with regard to the
diagnosis was best for NDBE and EAC (x;=0.72-0.75) and poor for LGD and HGD (x;=0.13-0.3) in both. In conclusion,
our data suggest that PFPE allows equally confident histomorphological diagnosis of BE and EAC, introducing a novel tool
for molecular analysis and parallel histomorphological evaluation.
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Introduction

Barrett’s esophagus (BE) is a premalignant condition which
predisposes to esophageal adenocarcinomas (EAC). BE is
defined histopathologically as the replacement of stratified
squamous epithelium of the distal esophagus by columnar epi-
thelium that can contain intestinal metaplasia. Routine histo-
morphological assessment of BE and grading of dysplasia from
formalin-fixed, paraffin-embedded (FFPE) biopsies remains the
gold standard for risk stratification for patients according to
their perceived progression risk to EAC [1-3]. The Vienna clas-
sification for grading of BE categorizes lesions as negative for
dysplasia (NDBE), indefinite for dysplasia (IFD), low-grade
dysplasia (LGD), high-grade dysplasia (HGD), and invasive
neoplasia based on architectural and cytological features [2].
These include gland architecture, loss of surface maturation,
and cytological abnormalities such as enlarged nuclei or any
size variability of nuclei and mitosis. Although the Vienna clas-
sification has improved the international diagnostic classifica-
tion of gastrointestinal epithelial neoplastic lesions, the agree-
ment of dysplasia grading is moderate to poor due to substantial
interobserver variability (highest among LGD x=0.11-0.31)
[4-6], even among expert pathologists. Moreover, the predic-
tion of cancer risk from histomorphological grading on BE
remains limited due to the fact that dysplasia does not reliably
predict progression to cancer, and non-dysplastic BE does not
provide any morphological features that could be used for risk
assessment [7, 8]. Notably, abnormal p53 immunohistochem-
istry (IHC) is strongly associated with BE at higher risk of pro-
gression, including patients without evidence of dysplasia [9].
Recent studies showed that molecular markers such as changes
in copy number patterns and the degree of clonal diversity are
promising biomarkers in BE and could predict cancer progres-
sion years ahead [7, 10-14]. These findings indicate a high
potential of objective (molecular) biomarkers for future clini-
cal practice and the need for improved pre-analytic procedures
to allow molecular and genetic analysis.

Formalin has been the standard fixative for many decades,
resulting in substantial archives of formalin-fixed and paraffin-
embedded samples of BE and EAC in pathology departments.
These well-defined repositories are frequently used for molec-
ular cancer research. While (mi)RNA, DNA, and proteins can
be isolated from FFPE samples, the cross-linking property
of formaldehyde leads to poor-quality molecules and varying
degrees of molecular degradation depending on fixation times
[15-17]. Thus, alternative fixation solutions, which allow both
high-quality molecular and histomorphological analyses,
may have an advantage over FFPE when including molecular
analyses as a diagnostic adjunct. The formalin-free PAXgene
tissue preservation technology simultaneously preserves tissue
morphology and antigenicity as well as nucleic acids, proteins,
and phosphoproteins in tissue samples [18-25]. The PAXgene
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tissue system uses a non-cross-linking, non-carcinogenic com-
bination of different alcohols, acids, and a soluble organic
component to preserve both morphology and biomolecules.

As a prerequisite for the implementation of PAXgene in the
clinical routine of BE diagnostics, the non-inferiority of tissue
preservation using PAXgene compared to the current gold stand-
ard formalin still needs to be shown by independent and blinded
trials. Thus, the aim of this study was to evaluate the quality of
histo- and cytomorphological features and interobserver vari-
ability of PAXgene-fixed paraffin-embedded (PFPE) biopsies in
comparison to routine formalin-fixed paraffin-embedded (FFPE)
samples. In an international ring trial, nine experienced Bar-
rett’s pathologists from Europe, the USA, and Australia blindly
reviewed a balanced number of PFPE and FFPE biopsies from
across the diagnostic spectrum (NDBE, LGD, HGD, and EAC).
Using virtual microscopy and a standardized evaluation form,
the study compares overall quality, different cyto- and histomor-
phological features, and diagnostic reproducibility between the
PAXgene system and state-of-the-art FFPE technique for BE
and EAC diagnostics.

Materials and methods
Assessors

Twenty-one international gastrointestinal (GI) pathologists
were approached to join the study through direct professional
contacts. Nine pathologists responded, were recruited to the
study, and completed the case set of hematoxylin and eosin
(H&E)— and PAS-stained slides (three pathologists from Ger-
many, two from the USA, and one from Australia, France, the
Czech Republic, and the Russian federation each). All participat-
ing pathologists had at least 5 years of professional experience
in gastrointestinal pathology and a work setting of an academic
teaching hospital. Participating pathologists received emails
detailing the study objective and study design and were provided
with personal log-in credentials to the online platform (Aperio
eSlide Manager) and the online evaluation survey, described
in the digital case assessment section. The lead study author
(MB) provided assistance with participating pathologists’ log-
in queries and evaluated the study progress. Pathologists of the
Institute of Pathology of the Technical University of Munich
(including two study authors WW and JSH) with experience in
BE dysplasia assessment and the PAXgene tissue technology
reviewed all digital slides.

Case selection, scanning, and digital case
assessments

The senior study author (JSH) selected a representative
case mix of 116 BE biopsy cases from across the diagnostic
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spectrum. Inclusion criteria were diagnosis confirmed by
a second GI pathologist (internal or external, including
the study author WW) and tissue slides as well as tissue
block available. All cases were treatment-naive. The study
case collection consisted of a total of 59 FFPE cases (15
NDBE, 15 LGD, 15 HGD, and 14 EAC) and 57 PFPE cases
(14 NDBE, 15 LGD, 14 HGD, and 14 EAC). FFPE cases
(from 2013 to 2017) and PFPE cases (from 2014 to 2017)
were retrieved from the BarrettNET registry [26] enrolled
at Klinikum rechts der Isar, Technical University of Munich.
For FFPE processing, biopsies were fixed in 10% neutral-
buffered formalin immediately after endoscopy. For PFPE
processing, biopsies were fixed using the PAXgene Tissue
Fix (PreAnalytiX GmbH, Hombrechtikon, Switzerland)
according to the manufacturer’s protocol for 2—4 h and
transferred into PAXgene tissue stabilizer to stop the fixa-
tion process. Using a standard protocol, PAXgene-treated
and formalin-fixed tissues were dehydrated and embedded
in paraffin. In the case of PAXgene, low-melting tempera-
ture paraffin was used. Sections from all 116 samples were
stained with hematoxylin and eosin (H&E) and periodic
acid-Schiff (PAS) for 111 samples. Slides were scanned
at X 40 resolution, comparable to X400 magnification of
conventional light microscopy, using a NanoZoomer Digital
Pathology (NDP) slide scanner (Hamamatsu, Japan). Scans
were checked for focus and acuity and rescanned if neces-
sary. Subsequently, slides were anonymized, randomized,
and blinded for the fixation method and uploaded to the
password-protected Aperio eSlide Manager (Leica Biosys-
tems). A short user manual for the Aperio eSlide Manager
and morphometric features was provided with the study pro-
tocol that was sent to each participating pathologist. Each
participant was asked to evaluate all virtual cases on quality
criteria, relevant features for BE/EAC diagnostics, and dys-
plasia grading and to give a final diagnosis according to the
Vienna classification based on the provided H&E and PAS
staining (more details regarding evaluated items in Table 1).
Results were entered into an electronic evaluation survey for
each eSlide (Lime survey).

Ethical approval

The patient studies were conducted in accordance with the
Declaration of Helsinki. The ethical committee of the Techni-
cal University of Munich approved the study. Written informed
consent was obtained from all patients as part of the BarrettNET
registry [26].

Statistical analysis

Comparisons of tissue quality features, architectural changes,
and cytological abnormalities between fixation methods

Table 1 Evaluated items. Table shows evaluated items for each case
with respective answer possibilities

Criteria Answer possibilities

Quality criteria

o Chromatin Excellent, good, satisfactory, weak, poor
e Nucleoli Excellent, good, satisfactory, weak, poor
o Mitosis Excellent, good, satisfactory, weak, poor
e Basal lamina Excellent, good, satisfactory, weak, poor
e Mucin or goblet cells  Excellent, good, satisfactory, weak, poor
e Retraction artifact Significant, moderate, minor, not present

e Edge artifact Significant, moderate, minor, not present

Overall quality Excellent, good, satisfactory, weak, poor
BE/EAC-specific features

e Atypical mitosis Yes, no

e Abnormal shapes Yes, no

e Border irregularities Yes, no

e Pseudostratification Yes, no

e Crowding Yes, no

o Invasiveness Yes, no

Maintained, lost
NDBE, LGD, HGD, IFD, EAC
Sure, most probably, unsure

e Surface maturation
Final diagnosis
Certainty of diagnosis

NDBE, non-dysplastic Barrett’s esophagus; LGD, low-grade dysplasia;
HGD, high-grade dysplasia; /FD, indefinite for dysplasia; FAC, esoph-
ageal adenocarcinoma

were assessed by the chi-square tests. p values < 0.05 were
considered significant.

The interobserver reproducibility was assessed by consid-
ering the histological diagnosis (NDBE, LGD, HGD, IFD,
EAC) as the pivotal variable. The interobserver variability
between participating pathologists was evaluated by com-
puting Fleiss” kappa statistics (k) together with the rela-
tive 95% confidence interval (CI) [27]. The values mostly
vary between 0 (no agreement) and 1 (absolute agreement).
A negative value may be obtained in situations where the
actual agreement is less than a chance one. The magnitude of
the agreement for each «, was interpreted on the basis of the
Landis and Koch classification criteria [28]. All statistical
analyses were performed in R (version 4.1.2).

Results

Study design

Nine pathologists from six countries (Germany, France,
the USA, Australia, Russia, Czech Republic) agreed to par-
ticipate in the ring trial. Links to the randomized virtual
slides and to the evaluation surveys were distributed to the
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Fig.1 Study design. Similar
numbers of NDBE, LGD, HGD,
and EAC cases were either
PAXgene-fixed or formalin-

fixed and paraffin-embedded. 14 N DB E
The diagnosis and fixation

method was blinded for each 15 LG D
participant. Each participating 14 HGD
pathologist (n=9) was asked to

evaluate all 116 virtual cases. 14 EAC

NDBE, non-dysplastic Barrett’s

PAXgene-fixed and paraf-
fin-embedded cases:

Formalin-fixed and paraf-
fin-embedded cases:
15 NDBE
15 LGD
15 HGD
14 EAC

dysplasia; HGD, high-grade
dysplasia; EAC, esophageal .
adenocarcinoma; TUM, Techni- G l ass Sl Id es
cal University Munich ¢

esophagus; LGD, low-grade ¢

Virtual slides

N

v

Glass slides

v

Virtual slides

¥

Evaluation by two pathologist of TUM
(virtual initial diagnosis)

v

Blinding of diagnosis and fixation

Evaluation of all virtual cases (hn=116) by 9 independent pathol-

ogists

participants together with the study protocol and detailed
instructions. Each participant was asked to evaluate all 116
biopsies virtual cases, for which the diagnosis and fixation
method was blinded. A total of 95 cases were evaluated by all
nine participants, 20 cases by eight participants, and one case
by seven participants. Each participant was asked to evalu-
ate the quality of seven basic histo- and cytomorphological
parameters and the quality of seven histomorphological fea-
tures, relevant for BE/EAC diagnostics and dysplasia grading
(see Table 1). Overall quality and a final diagnosis should
be given for each case. In total, 7049 items were evaluated
by the pathologists regarding histo- and cytomorphological
quality parameters and 7154 items regarding relevant fea-
tures for BE/EAC diagnostics and dysplasia grading. In total,
1022 overall quality scores and final diagnosis were assessed,
respectively. The study design is illustrated in Fig. 1.

Comparison of overall quality and histological
and cytological features between PFPE and FFPE
biopsies

A total of seven quality parameters for histological and
nuclear features (quality of basal lamina, quality of mucin
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or goblet cells, retraction artifacts, edge artifacts and qual-
ity of chromatin, quality of nucleoli, quality of mitosis)
and the overall quality were assessed by the participat-
ing pathologists in 116 cases. The resulting 7049 qual-
ity scores were separately analyzed in FFPE and PFPE
samples. Nuclear quality was judged significantly superior
in PFPE than in FFPE samples. In detail, the quality of
chromatin and nucleoli was significantly better in PFPE
samples than in FFPE samples (p =0.02, p=0.01), with
over 65% of PFPE samples being classified as either excel-
lent or good (Fig. 2), compared to ~ 50% of FFPE samples.
Moreover, the quality of mitosis was judged better in PFPE
than in FFPE, which did not reach the significance level
though (p =0.06). Exemplary slides in high magnifica-
tion to show nuclear details for both fixation methods are
shown in Fig. 3B. Further histological parameters evalu-
ated such as the quality of basal lamina, mucus, and goblet
cells and the overall quality were classified as either excel-
lent or good in the majority of samples and did not differ
between PFPE and FFPE (Fig. 2, p=0.65, 0.49, and 0.48
respectively). Less than 5% of samples were judged as
poor. The analysis of the parameters retraction and edge
artifacts revealed no differences between PPFE and PFPE



Virchows Archiv (2023) 482:887-898

891

Chromatin Nucleoli Mitosis
100- chi-square p=0.02 100- chi-square p=0.01 100- chi—square p=0.06
8 8 ke
E 75 g 75- g 75-
3 3 3 = poor
5 5 5 7 weak
g g 50- e 50- satisfactory
8 8 8 good
S S S M excellent
< e 25- g 25-
[] Q [
o Q Q
0- 0-
F F P
Basal lamina Mucin or goblet cells Overall quality
chi—square p=0.65 chi-square p=0.49 chi-square p=0.48
100- 100- I 100-
g 8 8
1 Q. [-3
75- g 75- g 75-
E s 8 M poor
o 5 5 [ weak
g 50- g 50- g 50- satisfactory
= 8 S good
‘q;;; c S B excellent
S 25- o 25- 2 25-
@ g g
a -
0- 0- 0- .
F P F F P
Edge artefacts Retraction artefacts
100 chi-square p=0.92 100 chi-square p=0.9
° I B T _ ]
8 3
£ 75- £ 75- .
S b ¥ significant
S 5 M.oderate
g 50- 2 Minor
s s [ Not present
S S Not evaluated
g 25- e
g g
o.
F P F

Fig.2 Comparison of quality parameters between PFPE and FFPE
samples in Barrett’s esophagus and EAC diagnostics. Bar charts show
different quality parameters for tissue architecture and cytological

samples (Fig. 2, p=0.92 and 0.9, respectively). In more
than 75% of FFPE and PFPE samples, edge and retraction
artifacts were not present or only minor. Figure 3A dis-
plays exemplary virtual slides used in the trial show-
ing HE-stained PFPE and FFPE for non-dysplastic BE,
LGD, HGD, and EAC samples, representing those cases
with the best overlap of the diagnosis within the different
pathologists.

parameters for formalin-fixed paraffin-embedded (F) and PAXgene-
fixed paraffin-embedded (P) samples. Chi-square tests were per-
formed, and p values were annotated in the charts

Comparison of relevant features for Barrett’s
esophagus diagnostics and dysplasia grading
between PFPE and FFPE

Next, we evaluated differences in the presence/absence of
morphological features relevant for BE diagnostics and grad-
ing of dysplasia in FFPE and PFPE samples (Fig. 4). The
presence of cytomorphological features important for the
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Fig.3 H&E staining of NDBE,
LGD, HGD, and EAC tissue in
PFPE and FFPE fixation. PFPE
(left column) and FFPE tissue
(right column) of A NDBE (top
row), LGD (2nd row), HGD
(3rd row), and EAC (bottom
row). All scale bars represent
200 um. B Higher magnification
of EAC sample showing nuclear
details. Scale bars represent

60 pm

@ Springer

NDBE

LGD

HGD

EAC

EAC




Virchows Archiv (2023) 482:887-898

893

Atypical mitosis Abnormal shape

chi-square p=0.85 chi-square p=0.79

percentage of samples
o
o
percentage of samples
percentage of samples

0-

Pseudostratification Crowding

chi-square p=0.22 chi-square p=0.08

percentage of samples
a
o
percentage of samples
percentage of samples

Fig.4 Comparison of specific features for BE and EAC diagnostics
in PFPE and FFPE. Bar charts show the presence and absence of
diagnostically relevant features for BE and EAC diagnostics in forma-

assessment and grading of dysplasia, such as atypical mito-
sis, abnormal nuclear shape, and nuclear membrane irreg-
ularities, did not differ between FFPE and PFPE samples
(p=0.85, p=0.79, and p=0.58). Moreover, the frequency
of morphological features such as pseudostratification, gland
crowding, invasiveness, and surface maturation (scores as
present or absent) did not vary between FFPE and PFPE
samples (p=0.22, p=0.08, p=0.52, p=0.82).

Interrater reproducibility of diagnosis

A final diagnosis was given according to the Vienna clas-
sification criteria [2] for each case, resulting in a total of
1022 diagnoses: 378 NDBE (37%), 71 LGD (7%), 168 HGD
(16%), 333 EAC (33%), and 72 IFD (7%). We assessed the
frequency of diagnosis given by individual pathologists in
FFPE and PFPE samples (Fig. 5), which were not signifi-
cantly different between fixation methods for most patholo-
gists (chi-square test p >0.05). Exceptions were pathologists
4 and 8, who showed significant differences in the frequen-
cies of diagnoses between the FFPE and PFPE sample
cohort (chi-square test p=0.005 and p=0.01). These two
pathologists showed differences mainly in the categories
IFD, LGD, and HGD, which are the categories with known
high interobserver variability. Of note, the exclusion of these
evaluations did not increase interobserver reliability neither
for PFPE samples nor for FFPE samples (data not shown).

Invasiveness
chi-square p=0.52

100- 100- 100- 100-
75- 75- 75- 75-
] 50- 50- = I,f,s 50-
25- 25- 25- 25-
0- . . 0- . . 0- . . 0-

F P F P F P
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chi-square p=0.58

100- 100- 100-
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0- | | 0- | | . .
F P F P F P

7 Yes
B No

Surface maturation
chi-square p=0.82

1 1ost

B maintained

percentage of samples

lin-fixed paraffin-embedded (F) and PAXgene-fixed paraffin-embed-
ded (P) samples. Chi-square tests were performed, and p values were
annotated at the top of each chart

Overall, we observed a decrease in the frequency of IFD
diagnosis in PFPE compared to FFPE with a mean of 9.8%
and 6.1% of samples being diagnosed as IFD in PFPE and
FFPE, respectively, which was not significant though (z-test
p value=0.2). Concerning the parameter “How sure are
you about the diagnosis?,” all participating pathologists felt
equally confident in their diagnosis when evaluating PFPE
or FFPE samples and were “sure” in their diagnosis in~75%
of the samples (Fig. 5).

Next, we assessed interrater reliability for individual diag-
noses and fixation methods. The overall level of agreement on
the entire sample cohort (FFPE and PFPE biopsies) was mod-
erate, with a Ky value of 0.54 (CI 0.52-0.56). As expected, the
level of agreement was highest for NDBE and EAC (k,=0.72
and k,=0.75, respectively) and poorest for LGD (x;=0.15).
Next, we analyzed interrater agreement separately for PFPE
and FFPE samples (Table 2). Regarding all cases included,
interobserver variability was not remarkably different between
FFPE and PFPE samples (PFPE k,=0.53; FFPE: k,=0.54).
Kappa scores were marginally higher for HGD and EAC in
PFPE samples (PFPE: kygp)=0.3, Kggac)=0.75; FFPE:
Koy =0-24, Kgeacy=0.74), while slightly higher values were
noted for LGD in FFPE samples (PFPE: kg gy =0.13, FFPE:
KrLop)=0.18). When combining the diagnoses of HGD and
LGD to a common category of “any dysplasia,” better inter-
rater reliability was achieved with marginally higher kappa
scores for PFPE than for FFPE (PFPE: kygyqpiasia) =0.49, FFPE:
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FFPE
100-

75-

percentage of samples
N o
o o

Pathologist ID

Diagnosis NDBE LGD

Fig.5 A Distribution of diagnoses of participating pathologists. Bar
charts show distributions of diagnoses of each pathologist for FFPE
samples (left) and PFPE samples (right). NDBE, non-dysplastic Bar-
rett’s esophagus; LGD, low-grade dysplasia; HGD, high-grade dys-
plasia; EAC, esophageal adenocarcinoma. B Subjective certainty of

Table 2 Interrater variability: The table shows kappa Fleiss scores for
the entire study cohort including all diagnostic categories

Categories PFPE FFPE
All cases (n=116) 0.53 0.54
NDBE 0.72 0.72
EAC 0.75 0.74
HGD 0.30 0.24
LGD 0.13 0.18
Any dysplasia 0.49 0.42
HGD or EAC 0.63 0.75

NDBE, non-dysplastic Barrett’s esophagus; EAC, esophageal adenocar-
cinoma; HGD, high-grade dysplasia; LGD, low-grade dysplasia

Kpdysplasia) = 0-42). We further evaluated kappa scores in a com-
bined category for HGD and EAC and observed a substantial
improvement of interrater reliability in both PFPE and FFPE
(PFPE: Kf(HGD/EAC) = 0.63, FFPE: KﬂHGD/EAC) = 0.75).

Discussion

The Vienna classification remains the most commonly used
predictor of esophageal adenocarcinoma risk. As it is based
on morphological and cytological characteristics, high histo-
morphology quality is required for subsequent risk stratifi-
cation and treatment decision [1-3]. However, due to the
poor interobserver reproducibility of Barrett’s esophagus
diagnostics, novel strategies for progression risk prediction
are in demand, including molecular/genetic biomarkers and
artificial intelligence. The formalin-free PAXgene system,
as an alternative tissue preservation method to the stand-
ard formalin fixation, enables histopathological analysis
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pathologists’ diagnoses. Bar charts show a level of subjective cer-
tainty in pathologists’ diagnoses for formalin-fixed paraffin-embedded
(F) and PAXgene-fixed paraffin-embedded (P) samples. Chi-square
tests were performed, and p values were annotated in the charts

and preserves biological molecules at the highest quality,
which could improve multimodal analytics. Thus, we per-
formed an international ring trial to evaluate the quality of
histo- and cytomorphological features of PAXgene-fixed,
paraffin-embedded (PFPE) biopsies and their suitability for
histomorphological Barrett’s esophagus diagnostics in com-
parison to the gold standard formalin-fixation and paraffin-
embedding (FFPE). Nine gastrointestinal pathologists from
six countries and three continents blindly evaluated digitized
slides from 57 PFPE and 59 FFPE biopsies from across the
diagnostic spectrum of Barrett’s esophagus. Overall quality,
the quality of cytological and histomorphological features,
and the presence of artifacts were scored, and a diagnosis
was given for each biopsy.

The evaluation of in total 7049 quality scores revealed
that the quality of histo- and cytomorphological features was
judged as equal or even better in PFPE compared to FFPE.
The quality of nuclear features was perceived as being of
significantly better quality in PFPE than in FFPE. Features
such as chromatin and nucleoli were scored significantly
better in PFPE than in FFPE. As already described in previ-
ous ring trials for colorectal cancer [25] and non-neoplastic
tissue of different organs [21], both hematoxylin and eosin
(H&E) and periodic acid-Schiff (PAS) staining were more
intense in PPFE than FFPE samples, resulting in a stronger
contrast. This might explain the perception of a higher
nuclear quality of PFPE samples, as details such as chroma-
tin, nucleoli, and mitosis are easy to recognize. Nevertheless,
this did not translate to improved interobserver agreement
in our study cohort. The classification of Barrett’s dysplasia
follows international standards, such as the Vienna classifi-
cation. It is based on different degrees of morphological and
cytological changes and assigns those to different grades of
dysplasia. Even though such a classification leads to better
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agreement between different pathologists, the interobserver
agreement is still unsatisfactory. This is due to the fact that
morphological changes are classified in semi-quantitative
degrees (very subtle, mild, severe), and the integration of
those semi-quantitative changes results in a final classifica-
tion or diagnosis and presupposes a weighting of the indi-
vidual changes. It is therefore not surprising that even among
international experts, despite the application of the same
standards, an individual scope of interpretation leads to a
different diagnostic evaluation, especially in the category of
low-grade dysplasia and in the use of the category indefinite
for dysplasia (best seen for pathologists 4 and 8).

Previous studies showed that the histomorphology of tis-
sues fixed in PAXgene fixative for only 3 h was comparable
to that of tissues fixed in formalin for 6-8 h, indicating the
potential in improving laboratory workflow through time
shortening from sample acquisition to diagnosis in clinical
routine pathology [21]. Despite tremendous efforts in the
screening of BE patients, the time-effectiveness and cost-
effectiveness of current surveillance strategies in reducing
EAC mortality are debatable [29, 30] as >90% of patients
presenting with EAC have no prior diagnosis of BE [29, 31],
and the majority of patients with BE enrolled in surveillance
programs will never progress to cancer [32, 33]. One reason
is the challenge of the high variability of dysplasia grad-
ing among pathologists [4-6]. In this ring trial of 116 study
cases equally balanced concerning diagnostic categories
(NDBE, LGD, HGD, EAC), most pathologists showed no
significant difference in their diagnosis frequencies between
the cohort of PFPE and FFPE samples. Comparing the inter-
observer variability, we observed only moderate interrater
reproducibility in the overall cohort; however, there was no
significant difference between PFPE and FFPE. Not surpris-
ingly, there was substantial agreement between pathologists
for the diagnosis of NDBE and EAC and low agreement in
LGD and HGD, both in FFPE and PFPE. Thus, the results
of this ring trial confirm previous studies reporting a high
interobserver variability in dysplasia grading, highest among
LGD (x=0.11-0.3) [4-6].

One strategy to reduce interobserver variability would
be the integration of molecular or genetic markers. p53 IHC
in addition to standard H&E staining has been shown to
significantly increase interobserver agreement [34], and
abnormal p53 IHC has been shown to correlate with a risk
of progression [9]. p53 IHC showed equal immune reactiv-
ity on PFPE sections compared to FFPE sections, if antigen
retrieval was performed [35]. Moreover, the integration of
artificial intelligence systems is based on deep learning to
support pathologist grading. Artificial intelligence (AI) sys-
tems have been shown to significantly improve the grading
of other (pre)malignant entities [36—-39]. Our study showed
significantly better preserved nuclear features such as chro-
matin and nucleoli together with the increased contrast in

PFPE samples, which could potentially increase the amount
of valuable information for Al systems for higher perfor-
mance in image analysis and risk prediction. This could
potentially impact diagnostic accuracy, as it was shown by
digital analysis, that chromatin texture was the best discrimi-
nator for the diagnosis of Barrett’s dysplasia [40].

Over the last decades, molecular analyses have been imple-
mented to discriminate patient groups for risk stratification and
treatment decision to allow personalized molecular prevention.
Recent studies in the field of BE showed that DNA-derived
markers such as the detection of changes in copy number pat-
terns and chromosomal instability are promising biomarkers
[10-12]. Some studies suggest that the risk of BE progression
can be predicted by the degree of clonal diversity [13, 41].
Although this study focuses on the histomorphological aspects
of PAXgene tissue fixation, investigations of previous PAXgene
studies have already investigated the quality of nucleic acids
and proteins derived from PFPE tissues. These studies verified
that the formalin-free PAXgene fixation technology preserves
DNA similar to DNA derived from snap-frozen tissue [24, 42,
43]. Moreover, RNA quality and reliability of gene expression
data are similar in PFPE and snap-frozen samples [23], whereas
gene expression profiling from FFPE tissue—derived RNA is
affected by a high level of fragmentation [24, 44]. In proteomic
testing, proteins derived from PFPE tissue showed a reactiv-
ity pattern analogous to proteins derived from frozen tissue,
whereas proteins isolated from FFPE tissue showed reduced
activity [18]. Therefore, the formalin-free PAXgene method
offers the opportunity for both high-quality analysis of a broad
spectrum of biomolecules along with histomorphological anal-
ysis from the same tissue sample.

This international ring trial performed by nine experi-
enced GI pathologists evaluated the suitability of the for-
malin-free PAXgene tissue system for BE diagnostics. Our
results show that histomorphological tissue quality is better
preserved in BE biopsies using the PAXgene tissue stabiliza-
tion system, as the quality was judged equal or even better in
PFPE than in FFPE biopsies. With a rising spectrum of diag-
nostic tools in medical care such as genetic, epigenetic, and
proteomic techniques and Al image analysis for improve-
ment of diagnosis standardization and treatment decisions,
the non-cross-linking formalin-free PAXgene fixation could
therefore substantially contribute to the advancement in
molecular-guided BE and EAC diagnostics and surveillance.

Acknowledgements The authors acknowledge funding from BMBF
(01EX1221B, PM25), Deutsche Krebshilfe Max Eder Program
(108296), and Deutsche Krebshilfe Mildred-Scheel-Postdoktoranden-
programm (57406718).

Author contribution Conceptualization: MQ, JSH, MB; slide selec-
tion: JSH, WW; slide digitalization: MB, JH, LF, LS; slide evaluation:
MW, EK, KK, JFF, BM, MPK, MV, MW, DP, data analyses: MB,
writing, review, and editing: JSH, MQ, MB; supervision: JSH, MQ,
RS, WW, KFB.

@ Springer



896

Virchows Archiv (2023) 482:887-898

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Ethics approval All procedures performed were in accordance with
the ethical standards of the institutional ethical committee and with
the Declaration of Helsinki.

Consent to participate Written informed consent was obtained from
all patients as part of the BarrettNET registry.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Shaheen NJ, Falk GW, Iyer PG, Gerson LB, American College of
G (2016) ACG clinical guideline: diagnosis and management of
Barrett’s esophagus. Am J Gastroenterol 111(7):1077

2. Schlemper RJ, Riddell RH, Kato Y, Borchard F, Cooper HS,
Dawsey SM, Dixon MF, Fenoglio-Preiser CM, Flejou JF, Geboes
K, Hattori T, Hirota T, Itabashi M, Iwafuchi M, Iwashita A, Kim
YI, Kirchner T, Klimpfinger M, Koike M, Lauwers GY, Lewin
KJ, Oberhuber G, Offner F, Price AB, Rubio CA, Shimizu M,
Shimoda T, Sipponen P, Solcia E, Stolte M, Watanabe H, Yamabe
H (2000) The Vienna classification of gastrointestinal epithelial
neoplasia. Gut 47:251-255. https://doi.org/10.1136/gut.47.2.251

3. Fitzgerald RC, di Pietro M, Ragunath K, Ang Y, Kang JY, Watson
P, Trudgill N, Patel P, Kaye PV, Sanders S, O’Donovan M, Bird-
Lieberman E, Bhandari P, Jankowski JA, Attwood S, Parsons SL,
Loft D, Lagergren J, Moayyedi P, Lyratzopoulos G, de Caestecker
J, British Society of G (2014) British society of gastroenterology
guidelines on the diagnosis and management of Barrett’s oesopha-
gus. Gut 63:7-42. https://doi.org/10.1136/gutjnl-2013-305372

4. Vennalaganti P, Kanakadandi V, Goldblum JR, Mathur SC, Patil
DT, Offerhaus GJ, Meijer SL, Vieth M, Odze RD, Shreyas S,
Parasa S, Gupta N, Repici A, Bansal A, Mohammad T, Sharma
P (2017) Discordance among pathologists in the United States
and Europe in diagnosis of low-grade dysplasia for patients with
Barrett’s esophagus. Gastroenterology 152:564-570.e4. https://
doi.org/10.1053/j.gastro.2016.10.041

5. Salomao MA, Lam-Himlin D, Pai RK (2018) Substantial interob-
server agreement in the diagnosis of dysplasia in Barrett esopha-
gus upon review of a patient’s entire set of biopsies. Am J Surg
Pathol 42:376-381. https://doi.org/10.1097/PAS.0000000000
000988

6. Montgomery E, Bronner MP, Goldblum JR, Greenson JK, Haber
MM, Hart J, Lamps LW, Lauwers GY, Lazenby AJ, Lewin DN,
Robert ME, Toledano AY, Shyr Y, Washington K (2001) Repro-
ducibility of the diagnosis of dysplasia in Barrett esophagus: a

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

reaffirmation. Hum Pathol 32:368-378. https://doi.org/10.1053/
hupa.2001.23510

Schmidt M, Hackett RJ, Baker AM, McDonald SAC, Quante M,
Graham TA (2022) Evolutionary dynamics in Barrett oesophagus:
implications for surveillance, risk stratification and therapy. Nat
Rev Gastroenterol Hepatol 19:95-111. https://doi.org/10.1038/
s41575-021-00531-4

Visrodia K, Singh S, Krishnamoorthi R, Ahlquist DA, Wang KK,
Iyer PG, Katzka DA (2016) Magnitude of missed esophageal
adenocarcinoma after Barrett’s esophagus diagnosis: a systematic
review and meta-analysis. Gastroenterology 150:599-607.e597-
quiz €514-595. https://doi.org/10.1053/j.gastro.2015.11.040
Redston M, Noffsinger A, Kim A, Akarca FG, Rara M, Staple-
ton D, Nowden L, Lash R, Bass AJ, Stachler MD (2022) Abnor-
mal TP53 predicts risk of progression in patients with Barrett’s
esophagus regardless of a diagnosis of dysplasia. Gastroenterol-
ogy 162:468-481. https://doi.org/10.1053/j.gastro.2021.10.038
Killcoyne S, Gregson E, Wedge DC, Woodcock DJ, Eldridge
MD, de la Rue R, Miremadi A, Abbas S, Blasko A, Kosmidou C,
Januszewicz W, Jenkins AV, Gerstung M, Fitzgerald RC (2020)
Genomic copy number predicts esophageal cancer years before
transformation. Nat Med 26:1726—-1732. https://doi.org/10.1038/
s41591-020-1033-y

Bird-Lieberman EL, Dunn JM, Coleman HG, Lao-Sirieix P, Ouk-
rif D, Moore CE, Varghese S, Johnston BT, Arthur K, McManus
DT, Novelli MR, O’Donovan M, Cardwell CR, Lovat LB, Mur-
ray LJ, Fitzgerald RC (2012) Population-based study reveals new
risk-stratification biomarker panel for Barrett’s esophagus. Gastro-
enterology 143(927-935):€923. https://doi.org/10.1053/j.gastro.
2012.06.041

Findlay JM, Middleton MR, Tomlinson I (2016) Genetic biomark-
ers of Barrett’s esophagus susceptibility and progression to dys-
plasia and cancer: a systematic review and meta-analysis. Dig Dis
Sci 61:25-38. https://doi.org/10.1007/s10620-015-3884-5
Maley CC, Galipeau PC, Finley JC, Wongsurawat VJ, Li X,
Sanchez CA, Paulson TG, Blount PL, Risques R-A, Rabinovitch
PS, Reid BJ (2006) Genetic clonal diversity predicts progression
to esophageal adenocarcinoma. Nat Genet 38:468—473. https://
doi.org/10.1038/ng1768

Li X, Paulson TG, Galipeau PC, Sanchez CA, Liu K, Kuhner MK,
Maley CC, Self SG, Vaughan TL, Reid BJ, Blount PL (2015)
Assessment of esophageal adenocarcinoma risk using somatic
chromosome alterations in longitudinal samples in Barrett’s
esophagus. Cancer Prev Res (Phila) 8:845-856

Greytak SR, Engel KB, Bass BP, Moore HM (2015) Accuracy of
molecular data generated with FFPE biospecimens: lessons from
the literature. Cancer Res 75:1541-1547. https://doi.org/10.1158/
0008-5472.CAN-14-2378

Engel KB, Moore HM (2011) Effects of preanalytical vari-
ables on the detection of proteins by immunohistochemistry in
formalin-fixed, paraffin-embedded tissue. Arch Pathol Lab Med
135:537-543. https://doi.org/10.1043/2010-0702-RAIR.110.
5858/2010-0702-RAIR.1

Bass BP, Engel KB, Greytak SR, Moore HM (2014) A review of
preanalytical factors affecting molecular, protein, and morphologi-
cal analysis of formalin-fixed, paraffin-embedded (FFPE) tissue:
how well do you know your FFPE specimen? Arch Pathol Lab
Med 138:1520-1530. https://doi.org/10.5858/arpa.2013-0691-RA
Ergin B, Meding S, Langer R, Kap M, Viertler C, Schott C, Ferch
U, Riegman P, Zatloukal K, Walch A, Becker KF (2010) Prot-
eomic analysis of PAXgene-fixed tissues. J Proteome Res 9:5188—
5196. https://doi.org/10.1021/pr100664e

Groelz D, Sobin L, Branton P, Compton C, Wyrich R, Rainen L
(2013) Non-formalin fixative versus formalin-fixed tissue: a com-
parison of histology and RNA quality. Exp Mol Pathol 94:188-
194. https://doi.org/10.1016/j.yexmp.2012.07.002


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/gut.47.2.251
https://doi.org/10.1136/gutjnl-2013-305372
https://doi.org/10.1053/j.gastro.2016.10.041
https://doi.org/10.1053/j.gastro.2016.10.041
https://doi.org/10.1097/PAS.0000000000000988
https://doi.org/10.1097/PAS.0000000000000988
https://doi.org/10.1053/hupa.2001.23510
https://doi.org/10.1053/hupa.2001.23510
https://doi.org/10.1038/s41575-021-00531-4
https://doi.org/10.1038/s41575-021-00531-4
https://doi.org/10.1053/j.gastro.2015.11.040
https://doi.org/10.1053/j.gastro.2021.10.038
https://doi.org/10.1038/s41591-020-1033-y
https://doi.org/10.1038/s41591-020-1033-y
https://doi.org/10.1053/j.gastro.2012.06.041
https://doi.org/10.1053/j.gastro.2012.06.041
https://doi.org/10.1007/s10620-015-3884-5
https://doi.org/10.1038/ng1768
https://doi.org/10.1038/ng1768
https://doi.org/10.1158/0008-5472.CAN-14-2378
https://doi.org/10.1158/0008-5472.CAN-14-2378
https://doi.org/10.1043/2010-0702-RAIR.110.5858/2010-0702-RAIR.1
https://doi.org/10.1043/2010-0702-RAIR.110.5858/2010-0702-RAIR.1
https://doi.org/10.5858/arpa.2013-0691-RA
https://doi.org/10.1021/pr100664e
https://doi.org/10.1016/j.yexmp.2012.07.002

Virchows Archiv (2023) 482:887-898

897

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Gundisch S, Schott C, Wolff C, Tran K, Beese C, Viertler C, Zat-
loukal K, Becker KF (2013) The PAXgene((R)) tissue system
preserves phosphoproteins in human tissue specimens and enables
comprehensive protein biomarker research. PLoS One 8:¢60638.
https://doi.org/10.1371/journal.pone.0060638

Kap M, Smedts F, Oosterhuis W, Winther R, Christensen N, Reis-
chauer B, Viertler C, Groelz D, Becker KF, Zatloukal K, Langer
R, Slotta-Huspenina J, Bodo K, de Jong B, Oelmuller U, Riegman
P (2011) Histological assessment of PAXgene tissue fixation and
stabilization reagents. PLoS One 6:€27704. https://doi.org/10.
1371/journal.pone.0027704

Oetjen J, Aichler M, Trede D, Strehlow J, Berger J, Heldmann S,
Becker M, Gottschalk M, Kobarg JH, Wirtz S, Schiffler S, Thiele
H, Walch A, Maass P, Alexandrov T (2013) MRI-compatible pipe-
line for three-dimensional MALDI imaging mass spectrometry
using PAXgene fixation. J Proteomics 90:52—-60. https://doi.org/
10.1016/j.jprot.2013.03.013

Staff S, Kujala P, Karhu R, Rokman A, Ilvesaro J, Kares S, Isola
J (2013) Preservation of nucleic acids and tissue morphology in
paraffin-embedded clinical samples: comparison of five molecular
fixatives. J Clin Pathol 66:807-810. https://doi.org/10.1136/jclin
path-2012-201283

Viertler C, Groelz D, Gundisch S, Kashofer K, Reischauer B,
Riegman PH, Winther R, Wyrich R, Becker KF, Oelmuller U,
Zatloukal K (2012) A new technology for stabilization of biomol-
ecules in tissues for combined histological and molecular analy-
ses. ] Mol Diagn 14:458-466. https://doi.org/10.1016/j.jmoldx.
2012.05.002

Gundisch S, Slotta-Huspenina J, Verderio P, Ciniselli CM, Piz-
zamiglio S, Schott C, Drecoll E, Viertler C, Zatloukal K, Kap
M, Riegman P, Esposito I, Specht K, Babaryka G, Asslaber M,
Bodo K, den Bakker M, den Hollander J, Fend F, Neumann J, Reu
S, Perren A, Langer R, Lugli A, Becker I, Richter T, Kayser G,
May AM, Carneiro F, Lopes JM, Sobin L, Hofler H, Becker KF
(2014) Evaluation of colon cancer histomorphology: a comparison
between formalin and PAXgene tissue fixation by an international
ring trial. Virchows Arch 465:509-519. https://doi.org/10.1007/
s00428-014-1624-4

Wiethaler M, Slotta-Huspenina J, Brandtner A, Horstmann J,
Wein F, Baumeister T, Radani N, Gerland S, Anand A, Lange
S, Schmidt M, Janssen KP, Conrad A, Johannes W, Strauch K,
Quante AS, Linkohr B, Kuhn KA, Blaser R, Lehmann A, Kohl-
mayer F, Weichert W, Schmid RM, Becker KF, Quante M (2019)
BarrettNET-a prospective registry for risk estimation of patients
with Barrett’s esophagus to progress to adenocarcinoma. Dis
Esophagus 32. https://doi.org/10.1093/dote/doz024

Fleiss JL. LB, Paik MC (1981) Statistical methods for rates and
proportions. John Wiley and Sons, New York

Landis JR, Koch GG (1977) The measurement of observer agree-
ment for categorical data. Biometrics 33:159-174

Verbeek RE, Leenders M, ten Kate FJW, van Hillegersberg R, Vleg-
gaar FP, van Baal JWPM, van Oijen MGH, Siersema PD (2014)
Surveillance of Barrett’s esophagus and mortality from esophageal
adenocarcinoma: a population-based cohort study. Am J Gastroenterol
109:1215-1222. https://doi.org/10.1038/ajg.2014.156

Spechler SJ, Sharma P, Souza RF, Inadomi JM, Shaheen NIJ,
American Gastroenterological A (2011) American Gastroentero-
logical Association technical review on the management of Bar-
rett’s esophagus. Gastroenterology 140:e18-52- quiz e13. https://
doi.org/10.1053/j.gastro.2011.01.031

Wenker TN, Tan MC, Liu Y, El-Serag HB, Thrift AP (2018) Prior
diagnosis of Barrett’s esophagus is infrequent, but associated
with improved esophageal adenocarcinoma survival. Dig Dis Sci
63:3112-3119. https://doi.org/10.1007/s10620-018-5241-y
Hvid-Jensen F, Pedersen L, Drewes AM, Sgrensen HT, Funch-
Jensen P (2011) Incidence of adenocarcinoma among patients

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43

44,

with Barrett’s esophagus. N Engl ] Med 365:1375-1383. https://
doi.org/10.1056/NEJMoal103042

Zeki S, Fitzgerald RC (2014) Targeting care in Barrett’s oesopha-
gus. Clin Med (Lond) 14 Suppl 6:s78-83. https://doi.org/10.7861/
clinmedicine.14-6-s78

Kaye PV, Ilyas M, Soomro I, Haider SA, Atwal G, Menon S, Gill
S, Richards C, Harrison R, West K, Ragunath K (2016) Dysplasia
in Barrett’s oesophagus: p53 immunostaining is more reproduc-
ible than haematoxylin and eosin diagnosis and improves overall
reliability, while grading is poorly reproducible. Histopathology
69:431-440. https://doi.org/10.1111/his.12956

Kap M, Smedts F, Oosterhuis W, Winther R, Christensen N, Reis-
chauer B, Viertler C, Groelz D, Becker K-F, Zatloukal K, Langer
R, Slotta-Huspenina J, Bodo K, de Jong B, Oelmuller U, Riegman
P (2011) Histological assessment of PAXgene tissue fixation and
stabilization reagents. PLoS One 6:€27704. https://doi.org/10.
1371/journal.pone.0027704

Bulten W, Kartasalo K, Chen PC, Strom P, Pinckaers H, Nagpal
K, Cai Y, Steiner DF, van Boven H, Vink R, Hulsbergen-van de
Kaa C, van der Laak J, Amin MB, Evans AJ, van der Kwast T,
Allan R, Humphrey PA, Gronberg H, Samaratunga H, Delahunt
B, Tsuzuki T, Hakkinen T, Egevad L, Demkin M, Dane S, Tan
F, Valkonen M, Corrado GS, Peng L, Mermel CH, Ruusuvuori
P, Litjens G, Eklund M, consortium Pc, (2022) Artificial intel-
ligence for diagnosis and Gleason grading of prostate cancer: the
PANDA challenge. Nat Med 28:154—-163. https://doi.org/10.1038/
s41591-021-01620-2

Campanella G, Hanna MG, Geneslaw L, Miraflor A, Werneck
Krauss Silva V, Busam KJ, Brogi E, Reuter VE, Klimstra DS,
Fuchs TJ (2019) Clinical-grade computational pathology using
weakly supervised deep learning on whole slide images. Nat Med
25:1301-1309. https://doi.org/10.1038/s41591-019-0508-1
Chen PC, Gadepalli K, MacDonald R, Liu Y, Kadowaki S, Nagpal
K, Kohlberger T, Dean J, Corrado GS, Hipp JD, Mermel CH,
Stumpe MC (2019) An augmented reality microscope with real-
time artificial intelligence integration for cancer diagnosis. Nat
Med 25:1453-1457. https://doi.org/10.1038/s41591-019-0539-7
Kather JN, Pearson AT, Halama N, Jager D, Krause J, Loosen
SH, Marx A, Boor P, Tacke F, Neumann UP, Grabsch HI, Yoshi-
kawa T, Brenner H, Chang-Claude J, Hoffmeister M, Trautwein
C, Luedde T (2019) Deep learning can predict microsatellite insta-
bility directly from histology in gastrointestinal cancer. Nat Med
25:1054-1056. https://doi.org/10.1038/s41591-019-0462-y

El Hallani S, Guillaud M, Korbelik J, Marginean EC (2015)
Evaluation of quantitative digital pathology in the assessment
of Barrett esophagus-associated dysplasia. Am J Clin Pathol
144:151-164. https://doi.org/10.1309/AJCPKOY IMMFSIDKU
Martinez P, Timmer MR, Lau CT, Calpe S, Sancho-Serra MDC,
Straub D, Baker A-M, Meijer SL, Kate FJWT, Mallant-Hent RC,
Naber AHJ, van Oijen AHAM, Baak LC, Scholten P, Bohmer
CJIM, Fockens P, Bergman JJGHM, Maley CC, Graham TA,
Krishnadath KK (2016) Dynamic clonal equilibrium and predeter-
mined cancer risk in Barrett’s oesophagus. Nat Commun 7:12158.
https://doi.org/10.1038/ncomms 12158

Mathieson W, Marcon N, Antunes L, Ashford DA, Betsou F,
Frasquilho SG, Kofanova OA, McKay SC, Pericleous S, Smith
C, Unger KM, Zeller C, Thomas GA (2016) A critical evaluation
of the PAXgene tissue fixation system: morphology, immunohis-
tochemistry, molecular biology, and proteomics. Am J Clin Pathol
146:25-40. https://doi.org/10.1093/ajcp/aqw023

Yamaguchi T, Mukai H, Yamashita S, Fujii S, Ushijima T (2015)
Comprehensive DNA methylation and extensive mutation anal-
yses of HER2-positive breast cancer. Oncology 88:377-384.
https://doi.org/10.1159/000369904

Sanchez-Navarro I, Gamez-Pozo A, Gonzalez-Baron M, Pinto-
Marin A, Hardisson D, Lopez R, Madero R, Cejas P, Mendiola

@ Springer


https://doi.org/10.1371/journal.pone.0060638
https://doi.org/10.1371/journal.pone.0027704
https://doi.org/10.1371/journal.pone.0027704
https://doi.org/10.1016/j.jprot.2013.03.013
https://doi.org/10.1016/j.jprot.2013.03.013
https://doi.org/10.1136/jclinpath-2012-201283
https://doi.org/10.1136/jclinpath-2012-201283
https://doi.org/10.1016/j.jmoldx.2012.05.002
https://doi.org/10.1016/j.jmoldx.2012.05.002
https://doi.org/10.1007/s00428-014-1624-4
https://doi.org/10.1007/s00428-014-1624-4
https://doi.org/10.1093/dote/doz024
https://doi.org/10.1038/ajg.2014.156
https://doi.org/10.1053/j.gastro.2011.01.031
https://doi.org/10.1053/j.gastro.2011.01.031
https://doi.org/10.1007/s10620-018-5241-y
https://doi.org/10.1056/NEJMoa1103042
https://doi.org/10.1056/NEJMoa1103042
https://doi.org/10.7861/clinmedicine.14-6-s78
https://doi.org/10.7861/clinmedicine.14-6-s78
https://doi.org/10.1111/his.12956
https://doi.org/10.1371/journal.pone.0027704
https://doi.org/10.1371/journal.pone.0027704
https://doi.org/10.1038/s41591-021-01620-2
https://doi.org/10.1038/s41591-021-01620-2
https://doi.org/10.1038/s41591-019-0508-1
https://doi.org/10.1038/s41591-019-0539-7
https://doi.org/10.1038/s41591-019-0462-y
https://doi.org/10.1309/AJCPK0Y1MMFSJDKU
https://doi.org/10.1038/ncomms12158
https://doi.org/10.1093/ajcp/aqw023
https://doi.org/10.1159/000369904

898 Virchows Archiv (2023) 482:887-898

M, Espinosa E, Vara JA (2010) Comparison of gene expression Publisher's note Springer Nature remains neutral with regard to
profiling by reverse transcription quantitative PCR between fresh jurisdictional claims in published maps and institutional affiliations.
frozen and formalin-fixed, paraffin-embedded breast cancer tis-

sues. Biotechniques 48:389-397. https://doi.org/10.2144/00011

3388

@ Springer


https://doi.org/10.2144/000113388
https://doi.org/10.2144/000113388

	Histological evaluation of PAXgene tissue fixation in Barrett’s esophagus and esophageal adenocarcinoma diagnostics
	Abstract
	Introduction
	Materials and methods
	Assessors
	Case selection, scanning, and digital case assessments
	Ethical approval
	Statistical analysis

	Results
	Study design
	Comparison of overall quality and histological and cytological features between PFPE and FFPE biopsies
	Comparison of relevant features for Barrett’s esophagus diagnostics and dysplasia grading between PFPE and FFPE
	Interrater reproducibility of diagnosis

	Discussion
	Acknowledgements 
	References


