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Visual hallucinations (VH) are common in Parkinson’s disease (PD), yet their mechanisms remain 
poorly understood. Several studies have investigated structural brain correlates of Parkinsonian VH, 
but critical gaps in knowledge persist. An inverse relationship between auditory hallucinations and 
paracingulate sulcus (PCS) length, associated with reality-monitoring mechanisms, has been reported. 
This study examines the relationship between PCS length and VH in PD patients. Sixty-five PD patients 
(aged 48–81 years) meeting diagnostic criteria were included. The University of Miami Parkinson’s 
Disease Hallucinations Questionnaire was used to classify patients into PD with VH (PDVH, n = 32) or 
PD without VH (PDnonVH, n = 33) groups. PCS length was measured using sagittal T1-weighted MRI 
scans, and total intracranial volume was calculated. Clinical and neuropsychometric assessments 
were also performed. No significant demographic or clinical differences were found between groups. 
Total PCS length was significantly shorter in the PDVH group (68.56 ± 38.03 mm) compared to the 
PDnonVH group (106.36 ± 48.77 mm; p < .01). Right and left PCS lengths were also shorter in the PDVH 
group (p < .01). Visual immediate and long-term memory scores were significantly lower in the PDVH 
group (p < .01, p < .05, respectively), while Spatial Boundaries Subtest recognition scores were higher 
(p < .05). In the PDVH group, semantic fluency scores positively correlated with PCS length (p < .05). 
Reduced PCS length increased the likelihood of VH (β =−0.020, Odds Ratio = 0.980, p < .01). PCS length 
may serve as a biomarker indicative of anatomical structures associated with reality-monitoring 
mechanisms and biological predisposition to hallucinations in patients with PD. 
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Visual hallucinations (VH) are the most common type of hallucination observed in Parkinson’s disease (PD)1 
Despite their prevalence, the causes and mechanisms of VH in PD remain poorly understood2–5 Initially, it 
was hypothesized that VH in PD was primarily linked to dopaminergic dysregulation6 However, subsequent 
studies employing structural, metabolic, and functional imaging techniques have identified cortical atrophy and 
dysfunction models, supporting the hypothesis that hallucinations arise from disease-related brain changes5 
Nevertheless, the structural predispositions of the brain that might predict Parkinsonian VH remain largely 
unexplored.

Conversely, in schizophrenia, a significant inverse relationship has been demonstrated between auditory 
hallucinations and the length of the paracingulate sulcus (PCS), a structure located in the medial prefrontal 
cortex. This relationship has also been observed in VH associated with schizophrenia7.
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The PCS is a sulcus running dorsal and parallel to the cingulate sulcus, located on the medial wall of the 
frontal lobes, dorsal to the corpus callosum8,9 First described by Elliot Smith in 1907, the PCS has gained clinical 
significance due to its association with reality-monitoring mechanisms and the specific sulcal morphologies 
implicated in psychiatric disorders10–12 Studies in this domain have linked the length of the PCS to its 
surrounding medial frontal and anterior cingulate structures, which are thought to underpin reality-monitoring 
mechanisms13,14 Reality monitoring refers to the ability to distinguish between internally generated and 
externally presented information, enabling individuals to differentiate between thoughts or imagined events and 
real-world occurrences13,15,16.

Buda et al. proposed that variability in PCS dimensions, particularly a larger prefrontal cortex (PFC) 
surface area, might correlate with individual differences in reality-monitoring abilities in healthy populations17 
This finding suggests that specific structural variations in the PFC could underlie individual differences in 
introspective abilities, such as reality monitoring.

Impairments in reality monitoring have been attributed to the deficits observed in visual imagery and 
memory tasks among PD patients experiencing VH18 Collerton and colleagues proposed a model to explain 
the mechanisms of complex visual hallucinations, with most theories pointing directly19 or indirectly20–22 to 
dysfunctions in reality-monitoring mechanisms in Parkinsonian hallucinations23.

We hypothesize that the occurrence of VH in PD patients may be associated with shorter PCS length. 
Specifically, we propose that PCS length could serve as a neuroanatomical biomarker for biological predisposition 
to VH and its severity in PD. This study investigates the relationship between PCS length and VH in PD patients 
with and without hallucinations. Furthermore, we aim to explore the potential association between PCS 
length and neuropsychometric test scores, shedding light on the role of reality-monitoring dysfunction in the 
development of visual hallucinations.

Materials and methods
Study design and participants
This retrospective cross-sectional study utilized anonymized cranial magnetic resonance imaging (MRI) data 
acquired with a 3 T MRI scanner, along with relevant clinical information from the Functional Imaging Archive 
of Istanbul Medipol University. Data were collected from patients followed at the neurology clinic of Medipol 
Mega Hospital (Bağcılar, Istanbul). Ethical approval for the study was obtained from the Istanbul Medipol 
University Ethics Committee (Approval No. E6229477 × 8). As this study is retrospective in nature and involved 
the use of anonymized data, the requirement for informed consent was waived by the Institutional Review Board 
(IRB) in accordance with national regulations and the Declaration of Helsinki.

A total of 65 individuals aged between 48 and 81 years who met the diagnostic criteria for Parkinson’s disease 
(PD) were included in the study. The required sample size was determined a priori using G*Power 3.1, based 
on a large effect size assumption, with an alpha level of 0.05 and a desired power of 0.80. The diagnosis of PD 
was confirmed by an expert clinician (LH) according to the Movement Disorder Society’s diagnostic criteria24 
Exclusion criteria included a history of any current or previous neurological disorders other than PD, psychiatric 
illness, head trauma, irreversible auditory or visual impairments, poorly controlled comorbidities (e.g., diabetes 
mellitus, hypertension), unstable medical treatment, the presence of pyramidal signs, cerebellar involvement, 
gaze palsy, or autonomic dysfunction.

To evaluate hallucinations, the University of Miami Parkinson’s Disease Hallucination Questionnaire (UM-
PDHQ), a 20-item screening tool, was administered.²⁵ Although the UM-PDHQ assesses hallucinations across 
multiple sensory modalities, in the current study it was used to screen for the presence of visual hallucinations 
specifically. Only patients who reported visual hallucinations on the UM-PDHQ and whose symptoms were 
clinically confirmed were included in the PD with VH (PDVH) group (n = 32). Patients who did not report any 
hallucinations were classified into the PD without VH (PDnonVH) group (n = 33). Data analysis was conducted 
on the full sample of 65 participants (Fig. 1).

Clinical and neuropsychometric assessment
Clinical features of PD were assessed using the motor section of the Unified Parkinson’s Disease Rating Scale 
(UPDRS-III)25 and the Hoehn-Yahr scale to determine disease stage26 Total daily levodopa equivalent doses 
(LED) were calculated based on patients’ medication regimens27 Cognitive evaluation included the Standardized 
Mini-Mental State Examination (MMSE)28 for general cognition. Memory was assessed using the Oktem Verbal 
Memory Processes Test (VMPT)29 and the Visual Subtest of the Wechsler Memory Scale30Executive functions 
were evaluated using the Stroop Test31, the Clock Drawing Test32, and the Verbal Fluency Test33 For visuospatial 
functions, the Benton Facial Recognition Test (BFRT)34 was employed. Neuropsychometric tests were conducted 
by researchers blinded to group assignments (PDVH or PDnonVH).

Measurement of the PCS
The length of the PCS in the medial prefrontal cortex was measured manually using the Freesurfer software. 
The measurement protocol was based on Garrison et al., whose study established significant findings related 
to auditory hallucinations7 To ensure consistency, all measurements were performed by a single researcher, 
minimizing inter-rater variability. To account for individual differences in brain size, PCS length was normalized 
by intracranial volume (ICV), allowing for standardized comparisons across participants. This normalization 
was performed using the ratio of PCS length to ICV, following previously established methodologies. In addition, 
both intra-rater and inter-rater reliability were assessed using Intraclass Correlation Coefficient (ICC)s based on 
a two-way mixed-effects model with absolute agreement. Intra-rater reliability, evaluated in 18 participants, 
yielded perfect agreement. Inter-rater reliability, assessed in 22 participants by an independent rater, also 
demonstrated excellent consistency (ICCs ≥ 0.999).
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MRI data were analyzed in Freesurfer’s (version 6.0.0) native space using the Multimodality Viewer to 
examine sagittal T1-weighted images. The anterior commissure (AC) and posterior commissure (PC) were 
identified and marked. The images were then aligned horizontally along the AC-PC plane, and the origin was set 
to the level of the anterior commissure.

The cingulate sulcus, defined as the first major sulcus located dorsally to the corpus callosum, was identified. 
The paracingulate sulcus was identified as a distinct sulcus running parallel, horizontally, and dorsally to the 
cingulate sulcus (Fig. 2). Manual tracings were performed using the line-polyline option to measure PCS length. 
All measurements were conducted by the same researcher to ensure consistency, and intracranial volume 
comparisons were used for standardization following Garrison et al.7.

Statistical analysis
All statistical analyses were performed using IBM SPSS Statistics for Windows, Version 26.0 (IBM Corp., 
Armonk, NY). The primary aim of the analysis was to evaluate whether the length of the PCS could predict 
the presence of VH in PD patients. This was assessed using a binary logistic regression model. Additionally, 
preliminary analyses were conducted to examine group differences and variable relationships to support the 
main hypothesis.

Fig. 2.  Paracingulate sulcus measurement.

 

Fig. 1.  Flow diagram of participant selection.
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Descriptive statistics were calculated to summarize the demographic and clinical characteristics of the 
participants. To assess the normality of continuous variables, skewness and kurtosis values were examined, and 
histogram plots were visually inspected. Independent samples t-tests were used to compare continuous variables, 
such as PCS lengths, between the PDVH (PD with VH) and PDnonVH (PD without VH) groups. To further 
investigate PCS asymmetry and potential lateralization effects, a two-way mixed analysis of variance (ANOVA) 
was conducted with laterality (left vs. right PCS length) as the within-subjects factor and group (PDVH vs. 
PDnonVH) as the between-subjects factor. For categorical variables, such as gender distribution and disease 
stage, Chi-square (χ²) tests were conducted to assess group associations.

To evaluate the reliability of manual PCS measurements, both intra-rater and inter-rater reliability analyses 
were performed using the ICC, calculated with a two-way mixed-effects model assuming absolute agreement.

The relationship between PCS lengths and neuropsychometric test scores was explored using Pearson’s 
correlation analysis to identify potential linear associations. This analysis aimed to determine whether variations 
in PCS length were related to differences in cognitive performance.

To test the main hypothesis, a binary logistic regression model was employed to evaluate whether PCS 
length could significantly predict the presence of visual hallucinations. Visual hallucination status (presence 
vs. absence) was entered as the binary dependent variable, and PCS length was included as the independent 
variable. The enter method was used in the regression model to ensure a comprehensive assessment of the 
independent variable’s impact. A p-value of < 0.05 was considered statistically significant for all analyses.

Results
The PDVH and PDnonVH groups did not differ significantly in terms of age, gender, education, global 
cognition, motor impairment severity, levodopa equivalent doses, or intracranial volumes measured by MRI 
volumetry. The only statistically significant difference was observed in the UM-PDHQ scores, which reflect the 
hallucination experience parameter (p <.001) (Table 1).

When the total, right, and left PCS lengths were evaluated, the PDVH group exhibited significantly shorter 
mean lengths for total PCS, right PCS, and left PCS compared to the PDnonVH group (p <.01, p <.01, p <.001, 
respectively) (Table 2; Fig. 3).

To investigate PCS asymmetry (left vs. right) and its potential lateralization across groups, a two-way 
ANOVA was conducted with laterality (left vs. right PCS length) as the within-subjects factor and group (PDVH 
vs. PDnonVH) as the between-subjects factor. The main effect of laterality was not statistically significant (F(1, 
39) = 2.770, p =.104, η2

p = 0.066), indicating no overall difference between left and right PCS lengths across all 
participants. The interaction between laterality and group was also not significant (F(1, 39) = 0.028, p =.867, η2

p = 
0.001), suggesting that PCS asymmetry did not differ between the PDVH and PDnonVH groups. However, a 
significant main effect of group was observed (F(1, 39) = 16.546, p <.001, η2

p = 0.298), with the PDnonVH group 
exhibiting greater overall PCS length compared to the PDVH group (95% CI [11.63, 34.64], p <.001, Bonferroni-
corrected).

When the neuropsychometric subtest performance of the PDVH and PDnonVH groups was compared, 
the PDVH group demonstrated significantly poorer scores on the WMS Visual Immediate Memory (p <.05) 
and the Visual Delayed Memory (p <.05) Conversely, the VMPT recognition scores of the PDVH group were 
significantly higher than those of the PDnonVH group (p <.05) (Table 3).

Additionally, according to the correlation analysis between PCS lengths and neuropsychometric variables 
in the PDVH group, semantic fluency showed a moderate positive correlation with right PCS length (r =.503, 
p <.05), a weak positive correlation with left PCS length (r =.442, p <.05), and a strong positive correlation 

PDVH
Mean (SD)
(n = 32)

PDnonVH
Mean (SD)
(n = 33) t-value/χ2 p-value

Age (years) 67.88 ± 8.95 71.39 ± 8.00 1.672 0.100

Education (years) 5.33 ± 4.05 6.10 ± 4.17 0.719 0.475

Gender (Female/Male)a 16/16 12/21 1.232 0.267

Disease Duration (months) 91.55 ± 48.84 69.52 ± 44.93) −1.880 0.065

UPDRS 39.84 ± 19.70 31.87 ± 17.05 −1.700 0.094

HYE Stagea 2.5 (IQR = 1.0–2.5) 2 (IQR = 1.5–2.4) 11.991 0.062

MMSE 20.97 ± 6.89 21.85 ± 3.41 0.655 0.515

L-DOPA Dose (mg/day) 870.20 ± 458.60 700.9 ± 190.70 −1.274 0.217

umPDHQ Score 7.09 ± 3.76 0 −10.667 < 0.001

Total Intracranial Volume (mm³) 1.58 × 106 (188.262) 1.50 × 106 (229.502) −1.370 0.176

Table 1.  Demographic and clinical characteristics of participants. Note: PDVH, Parkinson’s Disease with 
Visual Hallucinations; PDnonVH, Parkinson’s Disease without Visual Hallucinations; UPDRS, Unified 
Parkinson’s Disease Rating Scale; HYE, Hoehn and Yahr Stage; IQR = interquartile range; MMSE, Mini-Mental 
State Examination; LDOPA, Levodopa Equivalent Daily Dose; umPDHQ, University of Miami Parkinson 
Disease Hallucinations Questionnaire. Values are presented as mean (standard deviation) unless otherwise 
indicated. a indicates the Chi-square (χ²) test was used for categorical variables (Gender and HYE stage). 
Statistically significant at p <.05.
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with total PCS length (r =.506, p <.05). These findings suggest that longer PCS lengths, particularly in the right 
hemisphere and overall, are associated with better semantic fluency performance. However, no significant 
correlations were observed between PCS lengths and neuropsychometric variables in the PDnonVH group.

Furthermore, across the entire sample, significant negative correlations were observed between PCS lengths 
and hallucinatory burden, as measured by the total score of the UM-PDHQ. Specifically, UM-PDHQ scores were 
negatively correlated with right PCS length (r = –.483, p <.01), left PCS length (r = –.472, p <.01), and total PCS 
length (r = –.393, p =.001). These results indicate that shorter PCS length is associated with greater hallucinatory 
burden in PD.

Binary logistic regression analysis was conducted to examine the effect of PCS length (mm) on the presence 
of visual hallucinations (PDVH vs. PDnonVH). The overall model was statistically significant (χ²(1) = 11.238, 
p =.001) and demonstrated a good fit to the data, as indicated by the Hosmer-Lemeshow goodness-of-fit test 
(χ²(7) = 4.015, p =.778). PCS length was a significant predictor of visual hallucinations (β = −0.020, SE = 0.007, 
Wald = 9.072, p =.003, OR = 0.980, 95% CI [0.968, 0.993]). For each unit decrease in PCS length, the odds of 
experiencing visual hallucinations increased by a factor of 1.020, corresponding to a 2% increase in odds. The 
model explained 21.2% of the variance in the presence of visual hallucinations (Nagelkerke R² = 0.212) and 
correctly classified 67.7% of cases.

Discussion
Our study revealed that the total, right, and left PCS lengths were significantly shorter in the PD with VH 
(PDVH) group compared to the PD without VH (PDnonVH) group. Neuropsychometric tests showed that 
the PDVH group performed significantly worse on tests of visual immediate memory and visual long-term 
memory, while their recognition scores on the Verbal Memory Processes Test were significantly higher than 
those of the PDnonVH group. Correlation analysis demonstrated a significant positive relationship between 
semantic fluency scores and total PCS length. Furthermore, binary logistic regression analysis indicated that 

Fig. 3.  Comparison of PCS lengths between PDVH and PDnonVH groups (Mean ± SD).

 

PDVH
Mean (SD)
(n = 32)

PDnonVH
Mean (SD)
(n = 33) t-value p-value

Right PCS 38.26 ± 17.02 60.01 ± 22.64 3.728 0.001

Left PCS 46.63 ± 23.77 71.05 ± 23.20 3.924 < 0.001

Total PCS 68.56 ± 38.03 106.36 ± 48.77 3.477 0.001

Table 2.  Comparison of PCS lengths between groups. Note: PDVH, Parkinson’s Disease with Visual 
Hallucinations; PDnonVH, Parkinson’s Disease without Visual Hallucinations; UPDRS. Values are presented 
as mean (standard deviation) unless otherwise indicated. Statistically significant at p <.05. Mean lengths of 
the right, left, and total PCS in Parkinson’s disease with visual hallucinations (PDVH) and Parkinson’s disease 
without visual hallucinations (PDnonVH) groups. Error bars represent standard deviations. PCS lengths were 
significantly shorter in the PDVH group compared to the PDnonVH group for all categories (Right PCS: 
p <.001; Left PCS: p <.001; Total PCS: p <.001).
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each unit reduction in PCS length was associated with a 0.980-fold increase in the likelihood of experiencing 
visual hallucinations.

Models of cortical atrophy and dysfunction have been proposed to explain the emergence of parkinsonian 
visual hallucinations. Within this framework, the hypothesis that hallucinations result from the progression 
of disease-related brain changes in combination with the use of dopaminergic medications remains current5 
However, the aim and emphasis of our study is to investigate a potential biological predisposition that may 
underlie, or even precede, the findings reported in these previously established studies.

A remarkable feature of human cognition and behavior is the notable variability among individuals, which 
is intriguingly linked to differences in brain structure35 Developmental disorders, such as neuropsychiatric 
and neurodevelopmental conditions, as well as specific learning disorders, have been associated with brain 
asymmetries36 A recent study even identified a strong correlation between the morphology of the intraparietal 
sulcus and performance on memory and language tasks37.

Recent evidence has increasingly linked the PCS to reality-monitoring processes, not only in pathological 
conditions like schizophrenia but also in the general population. Reality-monitoring, broadly defined, refers to 
the ability to distinguish between real and imagined information. This process has been shown to be impaired 
in patients with schizophrenia who experience hallucinations7,17,38 The main finding of our study that the PCS is 
significantly shorter in PD patients with hallucinations represents, to our knowledge, the first report of its kind. 
Our results align with findings reported in patients with schizophrenia experiencing auditory hallucinations7,14,39 
The question of how cognitive abilities are influenced by underlying biological parameters or structural variability 
in pathological contexts is, in our view, a fascinating area of inquiry. Examining Parkinsonian hallucinations 
from this perspective offers a promising avenue for predicting clinical outcomes.

In studies examining normal populations, PCS variations and their associations with cognitive functions have 
been a topic of interest. Wei et al. demonstrated that the PCS is lateralized to the left hemisphere in individuals 
from various racial backgrounds, with longer and more pronounced PCS morphology observed in the left 
hemisphere9 This asymmetry was found to be independent of racial differences. In our study, a similar trend was 
observed, with the left PCS length being greater than the right PCS length in both PDVH and PDnonVH groups. 
However, a two-way mixed ANOVA revealed that this asymmetry was not statistically significant, nor did the 
pattern of asymmetry differ between the PDVH and PDnonVH groups. This suggests that PCS asymmetry is 
unlikely to play a significant role in the predisposition to visual hallucinations in PD, although the observed 
trend may warrant further investigation in larger samples.

Early studies by Fornito et al. suggested that PCS length correlates with structures forming its superior and 
inferior boundaries, such as the superior frontal gyrus and the cingulate gyrus40 They reported that the presence 
of the PCS is associated with an approximately 88% increase in paralimbic volume and a 39% decrease in anterior 
cingulate cortex (ACC) volume. Thus, morphological findings related to the PCS may be linked to functions 
associated with the inferior frontal and cingulate gyri40 More recent studies have further shown that the presence 
of the PCS in healthy adults is associated with distinct structural and functional connectivity characteristics41.

PDVH Mean 
(SD) PDVH 95% CI

PDnonVH 
Mean (SD)

PDnonVH 
95% CI 95% CI of Difference t-value p-value

Adjusted 
p-value 
(FDR)

Phonemic Fluency 15.28 (7.75) [12.08, 18.48] 16.38 (12.06) [11.80, 20.96] [−4.377, 6.575] 0.4 0.688 0.688

Semantic Fluency 11.38 (4.78) [9.66, 13.10] 12.73 (4.38) [11.17, 14.29] [−0.923, 3.627] 1.19 0.239 0.478

VMPT Free Recall 3.97 (3.66) [2.65, 5.29] 5.64 (4.22) [4.14, 7.14] [−0.289, 3.624] 1.7 0.094 0.094

VMPT Recognition 6.50 (3.36) [5.29, 7.71] 4.52 (3.09) [3.42, 5.62] [−3.587, 0.382] −2.48 0.016 0.032*a

WMS Visual Immediate 3.25 (2.65) [2.22, 4.28] 5.61 (3.54) [4.28, 6.94] [0.720, 4.006] 2.88 0.006 0.012*

WMS Visual Delayed 2.71 (2.55) [1.72, 3.70] 4.58 (4.26) [3.03, 6.13] [0.051, 3.682] 2.07 0.044 0.044*

Stroop Interference 79.61 (39.31) [60.05, 99.17] 83.45 (56.01) [58.62, 108.28] [−27.841, 35.528] 0.25 0.807 0.807

Stroop Errors 14.44 (16.32) [6.32, 22.56] 10.14 (15.89) [2.36, 17.92] [−14.656, 6.040] −0.84 0.405 0.81

Benton Face Recognition 30.41 (12.61) [25.58, 35.24] 33.64 (11.21) [29.66, 37.62] [−2.827, 9.272] 1.07 0.291 -

Clock Drawing Test 2.62 (1.99) [1.86, 3.38] 2.32 (1.54) [1.74, 2.90] [−1.213, 0.617] −0.65 0.517 -

Table 3.  Comparison of neuropsychometric features between groups. Note: PDVH = Parkinson’s Disease 
with Visual Hallucinations; PDnonVH = Parkinson’s Disease without Visual Hallucinations; VMPT = Oktem 
Verbal Memory Processes Test; WMS = Wechsler Memory Scale. Values are presented as mean (standard 
deviation) with 95% confidence intervals (CI) for each group. t-values and p-values are based on independent 
samples t-tests (equal variances assumed unless Levene’s test indicated otherwise). Adjusted p-values were 
calculated using the Benjamini-Hochberg method for test pairs derived from the same instrument (Phonemic 
and Semantic Fluency; VMPT; WMS; Stroop) to control the false discovery rate; other tests report unadjusted 
p-values. Statistically significant adjusted p-values (p <.05) are indicated with an asterisk (*). a Although 
recognition scores appear higher in the PDVH group, this difference is likely related to the scoring structure 
of the VMPT. The recognition phase is administered only for items not freely recalled. Therefore, higher 
recognition scores may reflect poorer free recall rather than superior memory function, as the total memory 
score (max = 15) combines both free recall and recognition performance.
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In the literature, variations in PCS morphology, including asymmetry, have been associated with individual 
differences in cognitive abilities40,42 For instance, Fornito and colleagues found that leftward PCS asymmetry 
was associated with better performance in verbal and nonverbal executive functions42 Similarly, PCS presence 
was linked to increased paracingulate cortical volume and decreased anterior cingulate cortical gray matter 
volume in the same hemisphere. Leftward asymmetry was also associated with superior spatial working memory 
performance43 In pathological contexts, Park et al. demonstrated reduced leftward PCS asymmetry in individuals 
with genetic risk for psychosis and in patients with schizophrenia, even in the absence of psychotic symptoms. 
This reduction in asymmetry was associated with poorer working memory performance44.

In our study, we identified a significant positive correlation between PCS length and semantic fluency 
scores, reflecting executive function performance. While it may not be entirely appropriate to compare 
neurodegenerative conditions like Parkinson’s disease with populations at high genetic risk for schizophrenia, 
this finding may indicate an underlying biological predisposition in PD.

The “source monitoring framework,” which includes reality-monitoring, suggests that distinguishing the 
origins of information whether generated internally by cognitive functions (e.g., thought, imagination) or 
derived externally through sensory perception involves complex decision-making processes45 Determining 
whether a sensory experience originates externally or internally is prone to error in both healthy and pathological 
conditions.

Buda et al. investigated the relationship between PCS and reality-monitoring processes by categorizing 
healthy participants into four groups based on the presence or absence of the PCS in the left or right 
hemisphere17 Participants lacking the PCS in both hemispheres exhibited significant impairments in reality-
monitoring performance and introspective metacognitive accuracy compared to other groups. Using voxel-
based morphometry, the study also reported a significant negative correlation between anterior medial 
prefrontal cortex (amPFC) gray matter volume and reality-monitoring performance. These findings suggest a 
distinct neuroanatomical basis for individual differences in reality-monitoring ability, potentially mediated by 
structural variability in the PFC17.

Similar evidence has emerged from schizophrenia research, where PCS and amPFC are implicated in 
perceptual reality monitoring. PCS morphology has been shown to differentiate schizophrenia patients from 
healthy controls40 Schizophrenia patients with hallucinations, regardless of modality (e.g., auditory, visual, tactile), 
exhibit shorter PCS lengths compared to those without hallucinations7 Additionally, Garrison et al. demonstrated 
reduced activation of the left amPFC, associated with the PCS, during a reality-monitoring task in schizophrenia 
patients16 Perret et al. further reported that impaired reality-monitoring abilities in schizophrenia patients with 
auditory hallucinations were significantly associated with reduced right PCS length and decreased gray matter 
volume in the temporal and parietal regions of the reality-monitoring network13 Powers et al. extended these 
findings to nonclinical populations, showing reduced right PCS length in participants experiencing auditory 
hallucinations compared to those without hallucinations46 These findings collectively support a growing body 
of evidence linking the PCS to hallucinations and reality-monitoring processes, particularly in schizophrenia.

The neuroscience literature provides strong support for the association between the morphological 
characteristics of the PCS and deficits in reality-monitoring. A recent meta-analysis by Lavallé et al. 
demonstrated a significant relationship between reduced PCS length and impaired reality-monitoring47 This 
association appears to be grounded in evidence from functional neuroimaging studies, particularly regarding 
the role of the medial prefrontal cortex (mPFC), of which the PCS is a structural component. The mPFC plays a 
critical role in the metacognitive evaluation of sensory signals, thereby contributing not only to perceptual and 
cognitive control aspects of reality-monitoring but also to self-referential processing an essential mechanism 
for accurate source attribution. Findings from neuroimaging studies have consistently highlighted the role of 
the mPFC, especially its anterior region (amPFC), in distinguishing whether a given signal originates from 
internal imagination or external perception45 This supports the hypothesis that the amPFC serves a higher-order 
function in evaluating low-level sensory inputs as well as the cognitive control aspects of both perception and 
imagination for the purpose of accurate source monitoring38 As illustrated, neuroimaging findings suggest a 
compelling link between reality-monitoring function and PCS morphology, particularly in terms of PCS length 
as a structural marker.

Impairments in reality-monitoring have also been proposed as a mechanism underlying hallucinations in 
PD18,23,5,48 Studies investigating cognitive patterns associated with Parkinsonian visual hallucinations frequently 
report deficits in visuospatial functions, memory, and frontal functions, all of which may relate to reality-
monitoring impairments18,49,50 Consistent with these findings, our previous research suggested that visual-
perceptual impairments may not be the primary source of hallucinations in PD, but rather deficits in reality-
monitoring18 Similarly, our current study demonstrated that PDVH patients scored significantly lower on visual 
memory tests. This pattern, coupled with compensatory differences in verbal memory recognition, may reflect 
frontal dysfunction in PD51.

In addition to the role of the PCS and mPFC, reality-monitoring has been associated with a broader neural 
network. Metzak et al. demonstrated that anticorrelation between the mPFC and the default mode network 
(DMN) decreases during reality-monitoring tasks, resulting in increased DMN activity52 This supports earlier 
findings suggesting that the mPFC plays a key role in self-referential thought during reality-monitoring. Perret 
et al. further proposed that reality-monitoring involves a broad brain network, including the medial temporal, 
temporoparietal, and parietal cortices, alongside the PFC13.

There is strong alignment between this framework and the network disruptions observed in PD 
hallucinations. From the earliest studies, functional MRI data have suggested that Parkinsonian hallucinations 
result from mechanisms such as reduced bottom-up sensory input, impairments in attentional networks, and 
an overemphasis on top-down signals22,53 Consequently, functional neuroimaging studies indicate that the 
features of attention networks associated with reality-monitoring are implicated in PD visual hallucinations. 
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These studies suggest that PD hallucinations are associated with a failure in top-down attentional processing, 
abnormal coupling between the DMN and visual networks, and disrupted connectivity between the thalamus 
and posterior brain regions. This disruption leads to abnormal disinhibition of the DMN, which is known to be 
involved in self-referential thought, mental imagery, and episodic memory retrieval5,54,55.

At this point, we return to the question raised at the beginning of the discussion: What is the nature of the 
relationship between genetically determined PCS length and the emergence of visual hallucinations observed 
in neurodegenerative diseases such as PD? Could PCS length serve as a neurobiological predisposition factor? 
Clearly, many more studies are needed to answer this question. Some authors have noted that hallucinations 
observed in Parkinson’s disease appear to follow a continuum, emerging even in the earliest stages of the disease. 
This continuum ranges from vivid dreams and minor hallucinations to fully formed visual hallucinations and 
delusions5 Additionally, the hypothesis that a higher-level control mechanism operates through the amPFC 
involved in distinguishing between perceived and imagined stimuli has been suggested as relevant to visual 
hallucinations in Parkinson’s disease38 This mechanism could explain the graded emergence of hallucinations, 
beginning with vivid dreams and REM sleep behavior disorder and progressing to elementary hallucinations, 
illusions, formed hallucinations, and eventually delusions. In this context, we propose that the emergence of 
Parkinsonian visual hallucinations may be linked to an inherent weakness in reality-monitoring, potentially 
rooted in PCS length. This predisposition may contribute to an increasingly insufficient reality-monitoring 
system as the disease progresses.

In our study, several limitations should be noted, including the relatively small sample size, the absence 
of a healthy control group, and the lack of volumetric and functional network analyses of PCS and reality-
monitoring related structures. These limitations hinder our ability to fully interpret the findings within this 
discussion. However, it is important to highlight the significance of the observed PCS differences among patient 
groups and the fact that our study represents the first report on this topic.

Conclusion
In conclusion, our study found that PCS length was shorter in Parkinson’s patients with visual hallucinations 
compared to those without hallucinations. These findings are consistent with previous research examining the 
relationship between hallucinations, PCS, and reality-monitoring. As the first study conducted with Parkinson’s 
patients in this context, our results are significant. The key contribution of our study is the suggestion that 
PCS length may represent a candidate biomarker for Parkinsonian visual hallucinations, similar to its role in 
reality-monitoring mechanisms observed in schizophrenic auditory hallucinations. PCS length may provide 
insights into the anatomical structures involved in reality-monitoring and indicate a biological predisposition 
to hallucinations.

This study underscores the importance of further research into biological predispositions and highlights 
the need to advance our understanding of the complex nature of hallucinations. Emerging perspectives on 
predispositions, such as pareidolia and aphantasia, and their investigation through potential anatomical and 
biological markers, could contribute to our understanding of how internally and externally constructed images 
are perceived as reality in the human mind. Future research is needed to evaluate the potential of PCS as a 
biomarker for hallucinations in greater detail.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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