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The only characteristic of alpha-synuclein (AS) accumulation in the gastrointestinal (Gl) tract of
Parkinson’s disease (PD) found in pathological studies is the “rostrocaudal gradient,” which describes
the more frequent presence of AS accumulation in the upper Gl tract than in the lower Gl tract. This
study aimed to determine the diagnostic accuracy and identify predictors of AS accumulation in the GI
tract of PD patients. The frequency of AS accumulation in the Gl tract was compared between PD
patients (N = 97) who underwent radical Gl surgery for cancer and individually matched controls

(N =94). We evaluated AS accumulation in the neural structures using phosphorylated AS
immunohistochemistry. A multivariable logistic regression analysis was conducted to determine the
predictors of AS accumulation in the Gl tract of PD patients. The frequency of AS accumulation was
significantly higher in PD patients (75.3%) than in controls (8.5%, p-value < 0.001). The sensitivity and
specificity of the full-layer evaluation were 75.3% and 91.5%, respectively. When the evaluation was
confined to the mucosal/submucosal layer, the sensitivity and specificity were 46.9% and 94.7%,
respectively. The rostrocaudal gradient of AS accumulation was found in PD patients. The duration
from symptom onset to surgery was significantly longer in PD patients with AS accumulation (4.9 + 4.9
years) than in PD patients without AS accumulation (1.8 + 4.1 years, p-value = 0.005). Both disease
duration and rostrocaudal gradient independently predicted the presence of AS accumulation in the GI
tract of PD patients. Our study suggests PD-related AS accumulation in the Gl tract follows a
temporally increasing but spatially static progression pattern.

Parkinson’s disease (PD) is the second most common neurodegenerative
disease and is characterized by a clinical syndrome of bradykinesia, resting
tremor, rigidity, and postural instability. Clinical diagnostic criteria are used
to diagnose PD', and a definitive diagnosis is only possible when the Lewy
pathology, the pathological hallmark of PD, is detected in the brain by
postmortem neuropathological evaluation™. The diagnostic accuracy of the
new diagnostic criteria for PD is 92.5% compared with that of pathological
diagnosis’. However, a reliable biomarker that reflects the pathology and
progression of PD is needed for the precise management of patients in
clinical practice and the development of disease-modifying treatments.

Alpha-synuclein (AS) accumulation in the gastrointestinal (GI) tract
was first discovered in the esophagus’. Later, the so-called Braak’s
hypothesis was proposed that AS accumulation starts in the enteric ner-
vous system of the stomach and subsequently enters the brain via the
vagus nerve based on the findings of AS accumulation in the stomach of
autopsied subjects with pre-symptomatic Braak stages II and III in the
brain®’. A large-scale autopsy study showed the involvement of AS
accumulation in multiple peripheral organs in synucleinopathy’. These
studies have led to the search for the role of AS accumulation in the GI
tract as an in vivo biomarker of PD.
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Many studies have been conducted in the GI tract because it is
considered the origin or earliest site of AS accumulation and the tissue is also
easily obtainable by routine endoscopic procedures” . However, a meta-
analysis revealed that immunohistochemistry or immunofluorescence
staining on tissues of the GI tract using a primary antibody against phos-
phorylated AS (pAS) showed mediocre diagnostic accuracy with a pooled
sensitivity and specificity of 0.43 and 0.82, respectively'’. Moreover, inclu-
ded studies had various ranges of sensitivity and specificity with 0.11-1.0
and 0-1.0, respectively, and significant inconsistency among studies (I of
sensitivity and specificity, 94.0% and 94.1%, respectively) ”. The discrepancy
among studies was explained by the small sample size of single-center
studies, limited area and depth of biopsied tissue, heterogeneous staining
methods, and different definitions of positive staining for AS accumulation
in pathological evaluation. Therefore, the meta-analysis presented limited
information regarding the true diagnostic accuracy of AS accumulation in
the GI tract. To overcome this inevitable limitation of the meta-analysis, a
large-scale multicenter study with a verified staining method was required.
Moreover, many studies have used biopsied tissues alone or in combination
with surgical specimens. we used only surgical specimens, which have many
strengths compared to biopsied tissues, such as covering a full depth of the
intestinal wall, a large evaluation area, and many neural structures, especially
submucosal and myenteric plexuses.

The prion-like progressive nature of AS accumulation has been
reported in many animal studies™ . However, the only characteristic of AS
accumulation in the GI tract found in pathological studies is “rostrocaudal
gradient,” which describes the more frequent presence of AS accumulation
in the upper GI (UGI) tract than in the lower GI (LGI) tract™'*****. The cause
of the rostrocaudal gradient in the GI tract is unknown. Some researchers
argue that this finding is due to the difference of viable neural structures
between the upper and lower GI tract™ or reflection of the brain-to-gut
progression of AS aggregates and the vagal nerve distribution in the GI
tract”. Moreover, the post-mortem study of Tanei et al. found that AS
accumulation in the esophagus was more prevalent in higher pathological
stages of the brain®. This implies the temporally progressive nature of AS
accumulation in the GI tract, which has not been confirmed in antemortem
studies. Therefore, this study aimed to determine the possibility of using AS
accumulation as a diagnostic accuracy and evaluate the predictors of AS
accumulation in the GI tract of patients with PD.

Results

Selection process

A total of 101 patients with PD and 94 controls matched for age at the time of
surgery, sex, and surgical site were selected according to the eligibility criteria
(Supplementary Fig. 1). Because only one block was available for nine
patients and six controls, 193 blocks from patients with PD and 182 blocks
from controls were collected and stained. During the staining process, four
slides from the PD patient group were excluded because of poor staining
quality. In the pathological evaluation, nine and three slides from the PD
patient and control groups, respectively, were excluded because no neural
structures were identified by the NF staining. However, no participants were
dropped out during this process because the other slide could be evaluated.
Finally, 355 pAS-stained slides from 97 patients with PD and 94 matched
controls were analyzed.

Clinical characteristics of participants
The clinical characteristics of the participants are summarized in Table 1
(individual data are available in Supplementary Table 1). The matched
clinical characteristics did not significantly differ between the patient and
control groups. The ages at the final follow-up visit were 75.8 £7.0
and 78.6+7.1 years in patients with PD and controls, respectively (p-
value = 0.007). Accordingly, the duration from surgery to the final follow-up
visit was also significantly longer in the control group (patients vs. controls,
4.8 3.6 vs. 7.7 £2.3; p-value < 0.001).

In the subgroup analyses, 55 patients with PD and 53 matched controls
belonged to the UGI subgroup (Supplementary Table 2), and 42 patients

Table 1| Clinical characteristics of participants

Characteristic Patients Controls p-value
with (N=94)
PD (N =97)
Sex, no. (%)
Male 57 (58.8) 60 (63.8) 0.472
Female 40 (41.2) 34 (36.2)
Age, mean (SD), yr
At surgery 71.0 (6.9) 70.9 (6.8) 0.913
At the final follow-up visit 75.8 (7.0) 78.6 (7.1) 0.007
At symptom onset 66.8 (7.9)
At diagnosis 68.6 (8.0)
Duration, mean (SD), yr
Onset to surgery 4.2 (4.9)
Onset to diagnosis 1.8 (2.3
Onset to the final follow-up visit 9.0 (4.7)
Surgery to the final follow-up visit 4.8 (3.6) 7.7 (2.3) <0.001
Frequency of patients who 12 (12.4)
underwent surgery before the
symptom onset, No. (%)
HY stage at the year of surgery (available in 29 patients), no. (%)
1 4(4.1)
2 7(7.2)
25 9(9.3)
3 9(9.9)
Surgical site, no. (%)
UG (stomach + esophagus)? 55 (56.7) 53 (56.4) 0.965
LGl (colon + rectum) 42 (43.3) 41 (43.6)

PD Parkinson’s disease, HY Hoehn and Yahr, UG/ upper gastrointestinal tract, LG/ lower
gastrointestinal tract.

“Number of patients who received esophagectomy was 2 and none in patients with PD and controls,
respectively.

with PD and 41 matched controls belonged to the LGI subgroup (Supple-
mentary Table 3). In the UGI subgroup, there was no difference in clinical
characteristics between the patient and control groups, except that the
duration from surgery to the final follow-up visit of patients with PD was
shorter (4.8 +3.2 vs. 7.1 +2.0; p-value < 0.001). In the LGI subgroup, the
patient group had a significantly younger age at the final follow-up visit
(75.6 + 6.8 vs.79.5 + 7.6; p-value = 0.016) and shorter duration from surgery
to the final follow-up visit (4.8 £4.0 vs. 8.5+2.6; p-value <0.001). In
addition, LLGI surgery was more frequent in the patient group (71.4%),
whereas RLGI surgery was more frequent in the control group (80.5%,
p-value <0.001).

Frequency of AS accumulation in the Gl tract

On pathological evaluation, AS accumulation was mostly found in the
myenteric and submucosal plexuses (Fig. 1 and Supplementary Fig. 2). The
presence of AS accumulation in the neural structure was identified by his-
tologic evaluation and confirmed by NF staining of the next slide. A definite
“dots and fibers” pattern was confirmed in the pAS-positive slides, and Lewy
body-like aggregation was also found in the slides with semiquantitative
grade 3 (Fig. 11, K).

Table 2 summarizes the frequency and difference of AS accumulation
in the GI tract between the patient and control groups (individual data and
semi-quantitative rating results are available in Supplementary Table 1). The
frequencies of AS accumulation in the entire GI tract were 75.3% (N = 73) in
patients with PD and 8.5% (N = 8) in controls (p-value < 0.001). In the UGI
subgroup analysis, the frequencies of AS accumulation were 83.6% and
15.1% in patients and controls, respectively (p-value < 0.001). In the LGI
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Fig. 1 | Representative images for each grade of AS accumulation of the neural

structures within the submucosa and muscularis propria.

a, ¢, e, g, i, k Representative images of neural structures (ganglia and interganglionic
nerve fibers) that were assigned the same grade by all raters. The rating is based on
the density of dots and fibers within the myenteric and submucosal plexuses or nerve
bundles, as identified via pAS immunostaining (grade 0, negative; grade 1, sparse;

grade 2, moderate; and grade 3, frequent). b, d, f, h, j, 1 For the confirmation of
neuronal cells, NF immunostaining is performed in adjacent sections. The low-
magnification insets display the anatomic locations of the respective neural struc-
tures. All representative slides are sectioned from the stomach except ¢, d from the
rectum. Scale bars: black, 100 um, and gray, 3 mm. AS alpha-synuclein, pAS
phosphorylated AS, NF neurofilament.

Table 2 | Differences of AS accumulation between patients with PD and controls

Region

Patients with PD Controls p-value
Total no. AS+, no. (%) Total no. AS+, no. (%)
Entire Gl tract 97 73 (75.3) 94 8(8.5) <0.001
UGI (stomach + esophagus) 55 46 (83.6) 53 8 (15.1) <0.001
LGl (colon + rectum) 42 27 (64.3) 41 0 <0.001
°RLGI 12 9 (75.0) 33 0 <0.001
°LLGI 30 18 (60.0) 6 0 0.007
°Others 0 0 2 0

PD Parkinson’s disease, AS alpha-synuclein, G/ gastrointestinal, UG/ upper Gl tract; LG/ lower Gl tract, RLGI right LGI, LLG/ left LGI.

“RLGl includes surgical specimens acquired by right hemi-colectomy.

°LLGI includes surgical specimens acquired by anterior resection, lower anterior resection, ultra-lower anterior resection, Miles’ operation, Hartmann’s operation, or left hemi-colectomy.

°Others include surgical specimens acquired by total colectomy and subtotal colectomy.

group, the frequencies were 64.3% and 0% in patients and controls,
respectively (p-value <0.001). The rostrocaudal gradient was also con-
firmed in this study.

Detailed distribution of AS accumulation layer by layer in the
intestinal wall

When the presence of AS accumulation in patients with PD was evaluated
layer by layer in the gut wall, the frequencies were 46.9%, 75.0%, and 35.6%
in the mucosal/submucosal, muscular, and serosal layers, respectively
(Fig. 2A, Supplementary Table 4). A similar trend was observed in the
controls. Therefore, AS accumulation was mostly found in the muscular layer
and was present in all patients with AS+, except for one patient with PD.

More detailed data separating the proximal and distal blocks are
presented in Supplementary Tables 5-7. In the patient group, there
were five patients with AS+ only in the proximal block and 12 in the
distal block. Therefore, the concordance of AS accumulation in the
proximal and distal blocks in patients with PD was moderate (x = 0.541,
p-value <0.001). In the control group, the concordance was excellent
(x=0.927, p-value < 0.001) because most of the controls did not have
AS accumulation.

Diagnostic performance of AS accumulation in the Gl tract for PD
The diagnostic performance of AS accumulation in the GI tract for PD is
summarized in Table 3. When we evaluated the gut specimens with an
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Fig. 2 | Distribution of AS accumulation according to the layer by layer in the
intestinal wall and disease duration of patients with PD. a Detailed distribution of
the frequency of AS accumulation layer by layer in the intestinal wall of patients with
PD. The frequency of Lewy pathology is the highest in the muscular layer, mostly
found in the myenteric plexus. The concordance of AS accumulation in the proximal
and distal blocks in patients with PD is moderate (x = 0.541, p-value < 0.001). In the
control group, the concordance is excellent (x = 0.927, p-value < 0.001) because most
of the controls have AS—. b Distribution of the frequency of AS accumulation in the
discretized subgroups of duration from symptom onset to surgery in patients with
PD. The frequency of AS accumulation in the GI tract of patients with PD increases
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from 67% in the before-PD onset group to 100% in the >11-year group. In the LGI
tract subgroup, the frequency of AS accumulation decreases to 45% in the 0-5-year
group but increases thereafter. The duration from symptom onset to surgery is
confirmed as an independent predictor of AS accumulation in the GI tract in PD in
the multivariate regression analyses, excluding the confounding effect of the surgical
site (rostrocaudal gradient). ¢, d Detailed distribution of the frequency of AS
accumulation layer by layer in the upper and lower GI tract in patients with PD. AS
accumulation is more frequent in the upper GI tract than in the lower GI tract
(rostrocaudal gradient). AS alpha-synuclein, PD Parkinson’s disease, GI gastro-
intestinal, UGI upper gastrointestinal, LGI lower gastrointestinal.

Table 3 | Diagnostic accuracy of AS accumulation in the gastrointestinal tract for Parkinson’s disease

Mucosal/submucosal evaluation (%)

Region Full layer evaluation (%)
Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity
Entire Gl tract 83.3 75.3 91.5 70.5 46.9 94.7
UG (stomach -+ esophagus) 84.3 83.6 84.9 77.6 64.8 90.6
LGl (colon + rectum) 81.9 64.3 100 61.5 23.8 100

AS alpha-synuclein, UG/ upper gastrointestinal tract, LG/ lower gastrointestinal tract.

intact, full layer, the sensitivity and specificity for the diagnosis of PD were
75.3% and 91.5%, respectively. The sensitivity was higher in the UGI tract
(83.6%), whereas the specificity was higher in the LGI tract (100%). The
overall diagnostic accuracy was excellent in both the UGI (84.3%) and LGI
(81.9%) tracts.

We also calculated the diagnostic performance of AS accumulation in
the mucosal/submucosal layer, which is a potentially feasible area when the
tissue is obtained by endoscopic biopsy. The specificity continued to be
excellent, with 90.6% and 100% in the UGI and LGI tracts, respectively.

However, the sensitivity was moderate in the UGI tract (64.8%) and poor in
the LGI tract (23.8%).

Clinical characteristics related to AS accumulation in the Gl tract
of patients with PD

Table 4 summarizes the comparison of the clinical characteristics of patients
with PD and AS+ (AS+ PD) and patients with PD and AS— (AS— PD).
The duration from symptom onset to surgery was significantly longer in the
AS+ PD group (4.9 + 4.9 years) than in the AS— PD group (1.8 + 4.1 years,
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Table 4 | Differences of clinical characteristics between PD
patients with and without AS accumulation in the Gl tract

Characteristic Patients with PD p-value
AS+(N=73) AS-(N=24)

Sex, no. (%)

Male 45 (61.6) 12 (50.0) 0.315

Female 28 (38.4) 12 (50.0)

Age, mean (SD), yr

At surgery 71.4(6.7) 69.7 (7.4) 0.308

At the final follow-up visit 75.9 (6.5) 75.4 (8.5) 0.750

At symptom onset 66.4 (7.5) 68.0 (8.8) 0.410

At diagnosis 68.5 (7.9) 69.0 (8.5) 0.790

Duration, mean (SD), yr

Onset to surgery 4.9 (4.9) 1.8 (4.1) 0.005

Onset to diagnosis 2.0(2.6) 1.0 (1.0 0.006

Onset to the final follow-up visit 9.5 (4.5) 7.4 (5.1) 0.063

Surgery to the final follow-up visit 4.5 (3.4) 5.7 (3.9) 0.178

Frequency of patients who 8(11.0) 4(16.7) 0.484

underwent surgery before the

symptom onset, No. (%)

HY stage at the year of surgery (available in 29 patients), No. (%)

1 3(4.1) 14.2) 0.998

2 5(6.8) 2(8.9

25 7(9.6) 2(8.9

3 7(9.6) 2(8.9

Surgical site, No. (%)

UGl (stomach + esophagus) 46 (63.0) 9(37.5) 0.029

LGl (colon + rectum) 27 (37.0) 15 (62.5)

PD Parkinson’s disease, AS alpha-synuclein, HY Hoehn and Yahr, G/ gastrointestinal, UG/ upper G,
LGl tract lower Gl tract.

p-value = 0.005). The duration from symptom onset to diagnosis was also
longer in the AS+ PD group (AS+ PD vs. AS— PD, 2.0 £2.6 vs. 1.0 £ 1.0;
p-value = 0.006). At the surgical site, specimens from the UGI and LGI tracts
were more frequent in the AS+ PD (63.0%) and AS— PD (62.5%) groups,
respectively (p-value = 0.029). When the clinical characteristics were com-
pared between the UGI and LGI subgroups in the AS+ PD group, the
difference was not statistically significant (Supplementary Table 8). In the
control group, the UGI tract was the more frequent surgical site in controls
with AS+ (Supplementary Table 9).

Predictors of AS accumulation in the Gl tract in PD

In summary, the new characteristic features of AS+ PD, in comparison to
AS— PD, are shorter durations from symptom onset to surgery and from
symptom onset to diagnosis. However, the confounding effect of the surgical
site (rostrocaudal gradient) could not be ruled out. The duration from
symptom onset to diagnosis was excluded in logistic regression analyses
because the time at diagnosis was not meaningful in this retrospective
multicenter design. Therefore, a multivariate logistic regression analysis was
conducted to confirm the factors predicting AS accumulation in the GI tract
in patients with PD (Table 5). Univariate regression analyses showed that
the duration from symptom onset to surgery (B = 0.144, p-value = 0.008)
and surgical site (B=1.044, p-value = 0.032) were significant predictors,
excluding the duration from symptom onset to diagnosis. To adjust for the
confounding effect of the rostrocaudal gradient, two significant predictors
from univariate analyses were entered into Model 1 of the multivariate
logistic regression analysis. The analysis of Model 1 showed that both the
duration from symptom onset to surgery (B = 0.146, p-value = 0.008) and

Table 5 | Multivariable logistic regression analysis of predictors for AS accumulation in the Gl tract in patients with PD

Model 3

Model 2

Model 1

Univariable

Predictor

p-value
0.045
0.042

Exp (B) (95% CI)

B

p-value
0.031

Exp (B) (95% CI)

B

p-value
0.008
0.032

Exp (B) (95% CI)

B

p-value
0.008
0.032

Exp (B) (95% CI)

B

1.138 (1.003, 1.292)
2.899 (1.042, 8.070)
1.279 (0.869, 1.882)

0.129
1.065
0.246

1.133 (1.012, 1.269)
2.899 (1.042, 8.070)
1.279 (0.869, 1.882)
1.005 (0.932, 1.083)

0.125
1.065
0.246
0.005

1.157 (1.038, 1.289)
2.976 (1.096, 8.084)

0.146
1.091

1.155 (1.038, 1.284)
2.840 (1.095, 7.366)
1.452 (0.981, 2.148)

0.144
1.044
0.373

Duration from symptom onset to surgery

Surgical site (UGI vs. LGI)

0.042

0.062 0.212 0.212
0.306

0.406
0.317

Duration from symptom onset to diagnosis

0.906

1.036 (0.968, 1.110)

0.036
—0.025
—0.474

Age at surgery

0.906
0.737

1.005 (0.932, 1.083)
1.194 (0.425, 3.352)

0.005

0.975 (0.919, 1.035)

Age at symptom onset

0.177
0.216

1.194 (0.425, 3.352)  0.737

0.177
0.216

0.622 (0.246, 1.575)

Sex (Male vs. Female)

Nagelkerke R2
Cox & Snell R2

0.183
0.123

0.146
93.285
15.255
0.009

0.146
93.285
15.255
0.009

95.799
12.741
0.002

—2 Log likelihood

Chi-square

Chi-square p-value

PD Parkinson’s disease, AS alpha-synuclein, CI confidence interval, G/ gastrointestinal, UG/ upper Gl tract, LGl lower Gl tract.
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surgical site (B = 1.091, p-value = 0.032) were independent predictors of AS
accumulation in the GI tract in patients with PD. We constructed Models 2
and 3 by including all available independent variables from other clinical
characteristics. We confirmed that the duration from symptom onset to
surgery and surgical site were still significant independent predictors in both
models.

Distribution of the frequency of AS accumulation in the dis-
cretized subgroups of duration from symptom onset to

surgery in PD

We discretized the duration from symptom onset to surgery to describe the
detailed distribution. The PD patient group was divided into four groups
with duration from symptom onset as follows: before symptom onset and
0-5, 6-10, and =11 years (Fig. 2B and Supplementary Table 10) in con-
sideration of the discretization methods of previous studies***. Overall, the
frequency of AS accumulation was 66.7% before symptom onset and gra-
dually increased reaching 100% in the >11-year group. In the LGI subgroup,
the frequency of AS accumulation decreased to 45.0% in the 0-5 year-group
but increased thereafter. The frequency of AS accumulation was the
expected sensitivity in each period.

Discussion

To the best of our knowledge, this is the largest in vivo neuropathological
study in this field. With a multicenter design, we were able to recruit a large
number of patients with PD for various durations and prevent selection bias
in a single-center study. Individual matching of controls allowed a good
comparison of diagnostic accuracy not only in the entire group but also in
the subgroup analyses of the UGI and LGI tracts. The collection of full-depth
surgical specimens, excluding biopsied tissue, ensured a large evaluation
area and an unbiased comparison between patients and controls. Till now, a
scarce number of studies have used only surgical specimens'*'. We found
that the duration from symptom onset to surgery was an independent
predictor of AS accumulation in the GI tract in patients with PD, regardless
of the rostrocaudal gradient, age of symptom onset, age at the time of
surgery, or sex. This is the first in vivo pathological evidence of the tem-
porally progressive nature of AS accumulation in the GI tract of patients
with PD.

Poor sensitivity was a major limitation when using AS accumulation in
the GI tract for the diagnosis of patients with PD. The sensitivity and
specificity of AS accumulation in the GI tract in this study were 75.3% and
91.5%, respectively, which were better than the pooled sensitivity and spe-
cificity of 43% and 82%, respectively, reported in the previous meta-
analysis”. Interestingly, the sensitivity of the mucosal/submucosal evalua-
tion was 46.9% in this study, which was similar to the pooled sensitivity in
the meta-analysis". The interpretation and comparison of data from the
previous meta-analysis are limited because of the methodological hetero-
geneity among the included studies. However, the fact that six studies, half of
the 12 studies included in the meta-analysis, used biopsied tissue may have a
significant impact on the pooled sensitivity'’. Moreover, the evaluated area
of the mucosal/submucosal layer was much larger than that of biopsy, and
AS accumulation was mostly found in the submucosal plexuses and large
nerve bundles, which are not obtainable in routine endoscopic biopsy
procedures. In addition, the concordance of AS positivity between the
proximal and distal blocks in patients with PD was moderate (x = 0.541),
which implies that conventional biopsy would miss the AS-accumulated
neural tissues due to the multifocal nature of the GI synucleinopathy.
Therefore, this study confirmed the fundamental limit of biopsy as a
pathological biomarker of PD, which is consistent with our previous study*.

This study showed better diagnostic accuracy than our previous study,
which used the same staining methods'‘. Higher sensitivity and specificity
would be explained by the use of a more conservative definition of pAS
positivity (exclusion of a “diffuse” pattern, which was used in the previous
study)’"*, avoidance of a selection bias by a large number of participants (97
vs. 33 in the PD patient group), and exclusion of patients with young-onset
PD of age at onset < 50, whereas four patients with young-onset PD (12.1%)

were included of the previous study'’. In another study on the sub-
mandibular gland, we reported that AS accumulation was present in 56.2%
of patients with PD™ but not in three patients with PRKN gene mutation™.
Therefore, a more stringent selection and evaluation of patients with
sporadic PD may contribute to the improvement of diagnostic accuracy.

Disease duration, which was analyzed as the variable duration from
symptom onset to surgery in this study, was found to be a novel predictor of
AS accumulation in the GI tract in PD. This also provides important in vivo
evidence of the temporally progressive nature of AS accumulation in the GI
tract. This finding is in line with a recent study that reported that the higher
the Braak stage in the brain, the higher the positive rate of AS accumulation
in the esophagus (Braak stages 0-3 vs. 4-6, 11% vs. 32%)”. Previous small-
number and biopsy-based in vivo studies attempted to evaluate the temporal
pattern of AS accumulation in the GI tract but reported no significant
relationship between the frequency of AS accumulation and disease
duration®”.

The temporally increasing nature of AS accumulation in the GI tract
has important implications for future studies in this field. To increase the
sensitivity of detecting AS accumulation in biopsied tissue from peripheral
organs, alternative methods, such as pathological AS seed amplification™ or
confirmation-specific AS antibodf 7 have been used. However, a recent
meta-analysis reported that pathological AS seed amplification, which is
thought to be a promising method for detecting peripheral synucleinopathy,
has a pooled sensitivity of 88% for the diagnosis of PD but 64% for idiopathic
rapid eye movement sleep behavior disorder (RBD), which is a well-known
prodromal synucleinopathy™. Differences in the pathological progression of
AS accumulation according to disease duration may be an under-recognized
influencing factor. Therefore, future studies should consider the temporally
progressive nature of AS accumulation when developing new methods
using peripheral tissues in PD. The possibility of detecting AS accumulation
in the peripheral organs during the early or prodromal stages is likely to be
low. This is a major limitation and obstacle to overcome during biomarker
development using tissue of the GI tract. In addition, this result suggests that
the temporal relationship of the frequency of AS accumulation in other
tissues, such as the skin or submandibular gland, should be evaluated
through a large-scale study.

The unexpected higher frequency (66.7%) in “before symptom onset”
period than in “0-5” years after symptom onset (45.5%) in the LGI subgroup
can be explained as follows. First, we may include PD patients who are more
likely to have AS accumulation in the colon in “before symptom onset”
period. Some researchers suggested that several clinical characteristics such
as prodromal RBD, hyposmia, or symmetric symptoms may be related to
the initiation of AS pathology in the GI tract, so-called “body-first” PD***.
However, we could not have those detailed clinical data in this study. Sec-
ond, nerve fibers in the colon may be already lost in the early stage after the
symptom onset in patients with PD™. If it is true, as the disease duration
increases, the frequency of AS accumulation in the colon is expected to
decrease. However, our study showed an increase in AS accumulation after
symptom onset in the LGI subgroup. Moreover, there were many adequate
neural structures in the nerve plexuses in the colon of PD patients with more
than 10 years of disease duration. Finally, this may be a coincidental finding
because only 12 patients with PD underwent surgery before the onset of
symptoms. Prospective colon biopsy studies with detailed clinical evaluation
are necessary to elucidate this result.

This study has several limitations. First, we could not evaluate and
follow up the controls with AS+. We organized and have been following
neurologically normal participants who had undergone surgery on the
stomach because of early gastric cancer in a prospective cohort study (EGC-
PPD cohort study)”. Therefore, we investigated whether the controls with
AS+ participated in the cohort; however, they did not. Second, the acqui-
sition of detailed clinical information, including GI symptoms, RBD, or
Parkinsonian symptom severity and laterality, was difficult because of the
retrospective multicenter design. Therefore, clinicopathological correlation
was insufficient in this study. Finally, we did not evaluate other Parkinsonian
syndromes, such as multiple system atrophy or progressive supranuclear
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palsy. Therefore, the interpretation of diagnostic accuracy of AS accumu-
lation in the GI tract is limited. The role of AS accumulation as a pathologic
biomarker remains to be determined in the following studies comparing
with other diseases.

This study revealed that AS accumulation in the GI tract of patients
with PD was present more prevalently than that estimated in a meta-analysis
using previous studies. The results confirmed higher accuracy of AS accu-
mulation in the UGI tract than in the LGI tract for the diagnosis of PD. This
implies that the stomach is the possible location for future studies using AS
accumulation in the GI tract. However, conventional immunohistochem-
istry of biopsy tissues does not have sufficient diagnostic accuracy. Finally,
our study suggests PD-related AS accumulation in the GI tract follows a
temporally increasing but spatially static progression pattern.

Methods

Study design and participants

This multicenter, matched case-control study was conducted at six tertiary
hospitals in the Republic of Korea. The study design was approved by the
Institutional Review Boards (IRBs) of all participating hospitals (IRB No. of
Seoul National University Hospital [SNUH], principal research institute.
H-1807-161-962). A waiver of informed consent met the requirements and
was granted.

We reviewed the medical records of eligible patients at each hospital
and selected those who were diagnosed with PD and underwent radical
surgery in the GI tract for cancer treatment between 2004 and 2019. The
inclusion criteria for the patient group were as follows: (1) clinical diagnosis
of PD evaluated by experienced movement disorder specialists. Because of
the retrospective multicenter design, the application of the diagnostic cri-
teria for PD was not possible. However, movement disorder experts of the
participating hospitals have at least more than 15 years of experience in the
management of patients with PD. The diagnostic accuracy of the expert’s
clinical diagnosis is better than the diagnostic criteria;* (2) clinical diagnosis
of PD secured at the medical record of a final follow-up visit more than 1
year after the onset of symptoms; (3) age at symptom onset > 50 years, (4)
radically resected surgical specimen of the GI tract available at the pathology
bank of each hospital; and (5) permission to use the specimen for research
purposes by participants. The exclusion criteria were as follows: (1) clinical
diagnosis of other parkinsonian syndromes, such as Parkinson plus syn-
drome or secondary parkinsonism; (2) known genetic causes; (3) presence
of any inflammatory disease in the surgical specimen; (4) presence of
metastatic cancer; and (5) chemotherapy or radiotherapy prior to the
surgery.

Controls were screened in the pathology database of SNUH and
individually matched for age at the time of surgery, sex, and surgical site. The
eligibility criteria for the control group were as follows: (1) absence of
parkinsonism, dementia, or other neurological diseases in the medical
record, which could potentially affect the results; (2) absence of any
inflammatory disease in the surgical specimen; (3) absence of metastatic
cancer; and (4) no chemotherapy or radiotherapy prior to surgery.

Clinical evaluation

Clinical characteristics, including sex, age at the time of surgery, age at
symptom onset of PD, age at diagnosis of PD, age at the final follow-up visit
to the clinic, and surgical site, were identified by chart review. The symptom
onset of PD was defined as the onset year of any of the motor symptoms of
PD. In addition, the Hoehn and Yahr (HY) stage in the year of surgery was
also acquired in patients with PD, if possible'"*. Duration from Parkinso-
nian symptom onset to surgery, onset to diagnosis, and onset to the final
follow-up visit, and surgery to the final follow-up visit were calculated from
the identified age information.

Selection of the specimens

We collected two formalin-fixed paraffin-embedded blocks per patient, one
in the proximal margin and the other in the distal margin of the archived
surgical specimens of the GI tract, which were the most distant normal areas

from the cancer lesions as in previous studies'**’, from the pathology bank of
each hospital. Two serial 3-um slides per collected block were sectioned for
the purpose of pAS and neurofilament (NF) immunostaining. Therefore, a
total of four slides per patient were used in this study. Sectioned slides were
delivered to SNUH within 2 days for immunohistochemistry.

Immunohistochemistry

The collected slides were de-waxed, rehydrated, and incubated with primary
antibodies on automated machines as previously described'“*’. A primary
antibody against pAS (1/1000 anti-pAS at serine 129 monoclonal Ab
[EP1536Y]; Abcam ab51253, Cambridge, UK) was used in conjunction with
the Leica Bond-III system, in accordance with the manufacturer’s instruc-
tion. Bound antibodies were detected using the Bond Polymer Refine
Detection system (Leica Biosystems, Wetzlar, Germany). The next slide was
stained with a primary antibody against NF (1/2000 anti-NF monoclonal
Ab; DAKO clone 2F11, California, USA) using the Ventana BenchMark XT
system. The pAS antibody used in this study has frequent non-specific
staining in the vessel wall’””. Confirmation of neural structures with NF
staining can resolve the shortcomings of pAS staining, which was proven to
be a reliable method in our previous study”.

Pathological evaluation

All stained slides were scanned using a Leica Slide Scanner (Aperio GT 450
DX; Leica Biosystems, Germany), randomized, and anonymized. Digital
slides were evaluated using pathology slide viewing software (Aperio Ima-
geScope ver. 12.4; Leica Biosystems, Germany).

The presence of AS accumulation was conservatively defined as in
previous studies™": (1) pAS immunohistochemistry showing definite and
clear positive staining patterns such as “dots and fibers” or “Lewy body-like
staining” pattern and (2) localization in neural structures confirmed with
the histologic inspection and presence of positive NF staining®. Positive
findings were semi-quantitatively rated as grade 1, 2, or 3, corresponding to
sparse, moderate, or frequent, respectively.

To avoid observer bias, all raters were blinded to the participants’
clinical information. A neuropathologist (S.-LK.) and neurologist (C.W.S.)
independently examined the slides. The neurologist (C.W.S.) participated in
previous studies on GI synucleinopathy'“*"*, and both raters completed a
training program for the pathological evaluation of peripheral AS pathology
in the Systemic Synuclein Sampling Study”. Any discrepancies between the
two raters were resolved in a consensus meeting with the independent
investigators (S.-H.P. and B.S.J.).

Statistical analysis

For descriptive analysis, quantitative and categorical variables are reported
as means + standard deviations and frequencies (%), respectively. The
normality of variables was evaluated using the Kolmogorov-Smirnov test.
When the normality assumption was satisfied, Student’s t-test and Pearson’s
chi-square test were used to analyze continuous and categorical variables,
respectively. If the assumption was not satisfied, the corresponding non-
parametric analyses were conducted. Cohen’s kappa analysis was used to
evaluate the concordance between the slides of the proximal and distal
blocks of one patient.

Considering the rostrocaudal gradient”'“***, subgroup analyses were
conducted by dividing the entire group into the UGI (stomach and eso-
phagus) and LGI (colon and rectum) subgroups according to the surgical
site. The LGI subgroup was further subdivided into the right LGI (RLGI)
and left LGI (LLGI) subgroups because the colon was significantly long. The
RLGI subgroup included patients whose surgical specimens were acquired
via right hemicolectomy, whereas the LLGI subgroup included patients who
underwent anterior resection, lower anterior resection, ultralow anterior
resection, Miles’ operation, Hartmann’s operation, or left hemi-colectomy.
Patients who had surgical specimens acquired by total colectomy or subtotal
colectomy were categorized into the “others” LGI subgroup.

The clinical characteristics were further compared between patients
with positive AS (AS+) and negative (AS—) AS accumulation to identify the
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features related to AS accumulation in the GI tract of the patient and control
groups. Multivariate logistic regression analysis was conducted to confirm
whether the factors associated with AS accumulation were independent
predictors of AS accumulation in the GI tract. Significant variables in the
univariable analyses were included in Model 1 of the multivariable analysis.
We constructed Models 2 and 3 to adjust the duration from symptom onset
to diagnosis, sex, and age at surgery or age at symptom onset. Age at surgery
and age at symptom onset were not included simultaneously in a multi-
variable analysis due to multicollinearity with duration from symptom onset
to surgery. Age at the final follow-up visit and the related duration variables
were not included in the logistic regression analysis. In addition, the HY
stage was not entered because data were available in only 29 patients. Finally,
an exploratory discretized descriptive analysis was conducted for the
duration from symptom onset to surgery. We performed Fisher’s exact test
to evaluate group differences. Statistical significance was defined as a two-
sided p-value of <0.05. All statistical analyses were performed using SPSS
version 26.0.0.0 (IBM Corp., Armonk, NY, USA).

Data availability
All data generated or analyzed during this study are included in this pub-
lished article and its supplementary information files.
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