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Peripheral inflammation’s variable impact
on cognitive and symptomatic outcomes
In Parkinson’s disease: a longitudinal and
cross-sectional analysis
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Increasing evidence supported a link between peripheral inflammation and Parkinson’s disease (PD).
However, the role of peripheral inflammation in the progression of PD clinical symptoms remained
unclear. This study evaluates peripheral inflammation using serum differential leukocyte counts and
their derived ratios. A total of 170 PD patients were retrospectively enrolled from Guangdong
Provincial People’s Hospital (GDPH) and 68 from PPMI. Partial correlation analysis showed that
neutrophil-to-lymphocyte ratio (NLR) negatively correlated with MoCA in GDPH but not in PPMIL.
Moreover, peripheral inflammation was shown to correlate with white matter integrity. The result of the
longitudinal analysis showed that higher baseline NLR predicted worsening in letter number
sequencing (LNS) score. Path analysis indicated that white matter integrity significantly mediated the
relationship between NLR and cognitive change in the LNS score from Year 5 to baseline. Peripheral
inflammation is associated with global cognition and white matter integrity in PD and predicts

cognitive decline.

Parkinson’s disease (PD) is a common neurodegenerative movement dis-
order pathologically characterized by abnormal aggregation of a-synuclein
(a-Syn), the loss of dopaminergic neurons in substantial nigra, and chronic
neuroinflammation'. Mounting evidence supported that excessive neu-
roinflammation could damage neurons and aggravate a-Syn deposition®.
However, the etiology of neuroinflammation in PD was inclusive. Recently,
in addition to resident immune cells, such as microglia and astrocytes, the
peripheral immune cells have also gained widespread attention®. Indeed,
bidirectional communication between central and peripheral inflammation
was identified and demonstrated to be essential for maintaining brain
homeostasis’. In particular, the cycling immune cells activated in peripheral
system could infiltrate into central nervous system through the blood-CSF,
blood-pia mater, blood-brain barrier (BBB), and meningeal lymphatic
vessels’, secret various inflammatory cytokines, and subsequently induce

neuroinflammation’. Despite this, the exact role of peripheral inflammation
in PD remained unclear.

Peripheral inflammation involves dysfunction in innate and adaptive
immune systems, which are mainly composed of various cycling immune
cells, including monocytes, macrophages, neutrophils, dendritic cells, nat-
ural killer cells, T cells, and B cells. In this regard, the differential peripheral
white blood cell (WBC) counts and their ratios, such as neutrophil-to-
lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), system
immune-inflammation Index (SII), and lymphocyte-to-monocyte ratio
(LMR) are considered sensitive biomarkers assessing the degree of per-
ipheral inflammation’. Moreover, serum albumin and platelet count were
closely related to peripheral inflammation, and their ratio, platelet-to-
albumin ratio (PAR), is recognized as a potential marker reflecting per-
ipheral inflammatory state’.
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Our previous cross-sectional study found that SII was negatively cor-
related with activity of daily living score’. Considering that PD was a muti-
system disorder, and a-Syn deposition appeared outside of central nervous
system in prodromal period', peripheral inflammation was therefore pos-
tulated to be involved in PD initiation. A prospective cohort study including
161,968 participants with a median follow-up of 9.66 years showed that
baseline serum lymphocytes, monocytes, platelets and LMR were inversely
correlated with the risk of PD development, while elevated NLR and SII
increased PD risk’. However, whether peripheral inflammation participates
in PD disease progression and how much influence it could exert remained
unknown. Previous studies found that baseline CXCLI is associated with
PD motor progression’, and a composite marker mainly based on inter-
leukin (IL)-2 and IL-6 could predict progression of non-motor symptoms'’.
Nevertheless, most of them focused on immune mediators and global
cognition, instead of immune cells and specific cognitive domains. More-
over, another study investigating the longitudinal association between
serum C-reactive protein (CRP) and PD symptoms progression reported
negative result', suggesting there existed high inconsistency regarding
longitudinal follow-up associations between peripheral inflammation
markers and progression of clinical symptoms.

While infiltrating into central nervous system, peripheral inflamma-
tory cells were shown to exert detrimental effect on BBB, which may trigger
white matter damage'”. Of note, severe white matter injury could increase
the risk of long-term Parkinsonism'’ and PD cognitive impairment', which
was also associated with PD motor and nonmotor dysfunction’”. Based on
these, we speculated that white matter integrity may be involved in the effect
of peripheral inflammation on PD clinical symptoms progression. In par-
ticular, the white matter integrity was evaluated by diffusion tensor imaging
(DTI) measures, such as fractional anisotropy (FA) and mean
diffusivity (MD).

In this study, we extended our prior work by investigating (1) whether
baseline periphery markers based on serum leukocyte are associated with
clinical symptoms progression; and (2) whether white matter integrity
measured by neuroimaging mediates the effect of peripheral inflammation
on clinical progression. To test these, we retrospectively analyzed cross-
sectional data from Guangdong Provincial People’s Hospital (GDPH) and
baseline data from Parkinson’s Progression Marker Initiative (PPMI).
Meanwhile, the longitudinal data from PPMI was also analyzed using linear
mixed model.

Results

The demographics and clinical features of enrolled patients

A total of 170 patients with PD were included in the cross-sectional
study, and their clinical features were summarized in Supplementary
Table 1. Except for MDS-UPDRS IIT and CRP, the proportion of missing
value was less than 15% for other variables. Some patients with PD only
underwent clinical assessment in either “ON” or “OFF” stage. Moreover,
the detection method of CRP varied from immune-turbidimetry assay,
dry chemistry method and immunochromatographic assay. To avoid
potential bias, we unified the measurement method using immune-
turbidimetry assay. As for the longitudinal study, 68 participants were
eligible, and their demographic information and clinical features were
summarized in Supplementary Table 2. In brief, the mean age at baseline
was 60.79 (8.74) years old. The median disease duration and education
were 3.00 (2.00, 5.00) months and 16.00 (14.00, 18.00) years respectively.
Most patients were male (66.18%). The LEDD was 0 at baseline and
incrementally increased as time went by.

Partial correlation between clinical symptoms and peripheral
inflammation markers

In the GDPH cohort, partial correlation analysis showed that NLR appeared
to be negatively correlated with MoCA (P <0.05), PLR positively with
HAMD (P < 0.05), SII positively with HAMA, while inversely with MoCA
(P <0.05) (Fig. 1a). In PPMLI, only serum monocyte at baseline was found to
positively correlate with baseline GDS (P < 0.05) (Fig. 1b).

Partial correlation between white matter integrity and peripheral
inflammation markers

Regarding the correlation between MD and peripheral inflammation
markers, serum lymphocytes count appeared to negatively correlate with
MD of left corticospinal tract and left sagittal stratum; NLR positively with
mean white matter, middle cerebellar peduncle, body of corpus callosum,
right retrolenticular part of internal capsule, left sagittal stratum, right
external capsule, and left cingulum around hippocampus; PLR positively
with right superior cerebellar peduncle; SII positively with right retro-
lenticular part of internal capsule in both cohort (Fig. 2).

As for the correlation between FA and peripheral inflammation
markers, serum neutrophil count negatively correlated with FA of genu of
corpus callosum, body of corpus callosum, and fornix; NLR negatively with
mean white matter, genu of corpus callosum, body of corpus callosum,
splenium of corpus callosum, bilateral superior cerebellar peduncle, right
anterior limb of internal capsule and left superior longitudinal fasciculus; SIT
inversely correlated with mean white matter, body of corpus callosum, right
medial lemniscus, bilateral superior cerebellar peduncle and left superior
longitudinal fasciculus; LMR positively correlated with left superior cere-
bellar peduncle in both cohort.

Linear mixed model for clinical symptoms progression with
5-year follow-up
The results of linear mixed effect model showed a significant main effect of
baseline NLR on SCOPA-AUT (f =-0.227, P = 0.047) and LNS (5 = 0.274,
P =0.010), baseline PLR on LNS (8 = 0.297, P = 0.028), baseline SII on LNS
(8=0.241, P=0.020) and SDMT (3 =0.204, P =0.037) (Table 1).
Significant baseline peripheral inflammation markers x Time inter-
action effect was shown in the Model 1. The value of the interaction effect
indicates the average change of estimated effect taken on dependent variable
over follow-up time. Here, after adjustment of age, sex, disease duration,
education and LEDD, the higher serum lymphocytes count at baseline was
predictive of improvement in LNS (= 0.035, P =0.043) but faster dete-
rioration in SFT (8 = —0.031, P = 0.042); the higher NLR predictive of more
rapid deterioration in SCOPA-AUT (=0.036, P=0.040) and LNS
(8 =10.046, P = 0.008), but improvement in RBDSQ (3 = —0.035, P = 0.045);
the higher SII predictive of improvement in STAI, but faster deterioration in
LNS; higher LMR predictive of more rapid deterioration in HVLT
immediate recall (8=-0.036, P=0.021) and HVLT delayed recall
(B=—0.046, P=0.003) (Table 1).

Sub-group analysis of linear mixed model by gender for Clinical
Symptoms Progression
Considering sex-based differences in peripheral inflammation in patients with
PD, we conducted a sub-group analysis. In male patients with PD, the results
showed significant main effect of baseline serum lymphocytes count on MDS-
UPDRS III (8=0276, P=0.031) and GDS (B=0.243, P=0.042), baseline
NLR on LNS (8 =0.273, P=0.033) and SDMT (8 = 0.255, P = 0.027), baseline
SIT on LNS (8 = 0.245, P = 0.035) and SDMT (5 = 0.262, P=0.013), as well as
baseline LMR on SDMT (f3=—0.305, P=0.009). As for interaction effect
between baseline peripheral inflammation and time, we found higher baseline
serum lymphocytes count as predictive of improvement in MoCA (8 = 0.051,
P=0.014) and LNS ($=0.043, P=0.030), higher NLR as predictive of
improvement in RBDSQ (8 = —0.044, P =0.044) but faster deterioration in
LNS (B=—0.053, P=0.010), higher PLR as predictive of more rapid dete-
rioration in LNS (= —0.060, P =0.029), and higher LMR as predictive of
faster deterioration in HVLT Delayed Recall (8 = —0.042, P = 0.043) (Table 2).
Regarding female patients with PD, the results indicated significant
main effects of baseline lymphocyte count on LNS (8= —0.471, P =0.023)
and HVLT Delayed Recall (8=—0.316, P=0.036). Moreover, higher
baseline serum lymphocyte count appeared to be predictive of faster dete-
rioration in MDS-UPDRS III (8=0.081, P=0.032), SFT (8=—0.064,
P =0.048); higher NLR predictive of improvement in SFT (8=0.074,
P =0.029); higher PLR predictive of improvement in MDS-UPDRS III
(B=-0.133, P=0.010) and STAI (f=-0.065 P=0.043); higher SII
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Fig. 1 | Partial correlation analysis of peripheral
immune cells and their derived ratio with clinical
characteristics in patients with PD in GDPH and
PPMI cohort. a GDPH database. b PPMI cohort.
The color of square box corresponded to partial
correlation coefficient. MDS-UPDRS MDS Unified
Parkinson’s Disease Rating Score, MoCA Montreal
Cognitive Assessment, HAMD The Hamilton
Depression Rating Scale for Depression, HAMA
Hamilton Anxiety Rating Scale, ADL Activities of
Daily Living, GDS Geriatric Depression Scale Score,
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predictive of improvement in STAI (8 =—0.082, P =0.028); higher LMR
predictive of faster deterioration in SFT (8 = —0.120, P = 0.003) and HVLT
Delayed Recall (8 = —0.064, P =0.045) (Table 2).

The role of baseline peripheral inflammatory markers on PD
progression at every time point

The results of Model 2 were summarized in Supplementary Table 3. In PD
patients, we found that higher NLR was predictive of faster deterioration of

sleep disturbance measured by RBDSQ at year-5 (8=0.228, P =0.030)
follow-up visit and attention and working memory measured by LNS in
year-3 (f=—0.249, P=0.016), year-4 (8= —0.283, P=0.007) and year-5
(B=—0.212, P=0.039) follow-up visits. Likewise, higher PLR was also
predictive of faster deterioration on LNS at year-2 (= —0.301, P =0.042)
and year-3 (=—0.377, P=0.012) following-up visits, and higher LMR
predictive of faster deterioration on memory measured by HVLT Delayed
Recall (= —0.247, P = 0.008) at year-5 follow-up visit.
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a GDPH database

In male PD patients, higher baseline lymphocyte count was predictive
of improvement in global cognition measured by MoCA at year-5
(B=0.289, P =0.018) follow-up visit; higher NLR was predictive of faster
deterioration on LNS at year-4 (f=—0.344, P=0.006) and year-5

Fig. 2 | Partial Spearman correlation analysis of peripheral immune cells and
their derived ratio with index of white matter integrity in patients with PD in
GDPH and PPMI cohort. a GDPH database. b PPMI cohort. The color of square
box corresponded to partial correlation coefficient. FA Fractional Anisotropy, MD
Mean Diffusivity, NLR Neutrophil-to-lymphocyte Ratio, PLR Platelet-to-
lymphocyte Ratio, SII System Immune-inflammation Index, LMR Lymphocyte-to-
monocyte Ratio, -, 0.1 <P <0.05; *, 0.05 < P<0.01; **, 0.01 < P<0.001; ***,

0.001 < P <0.0001. The analysis was adjusted by age, sex, education, disease duration
and LEDD.

(B=—0.247, P=0.040) follow-up visit; Likewise, higher PLR was pre-
dictive of faster deterioration on LNS at each following time point.

In female patients with PD, higher baseline lymphocytes count predict
faster deterioration of motor symptoms measured by MDS-UPDRS III at
each time point; higher NLR predicts faster deterioration on LNS at year-3
(B=-0.473, P=0.039) but improvement on SFT at year-4 (5 =0.393,
P =0.043); higher PLR predict improvement on MDS-UPDRS III at year-3
(B=—0.649, P=0.028) and year-5 (= —0.817, P=0.011) follow-up time
points; higher LMR predict faster deterioration on SFT at year-4
(=—-0.577, P=0.013) and year-5 (8=—0.521, P=0.032) follow-up
points.

The VIFs of all linear mixed models were shown in Supplementary
Table 4.

Path analysis

Based on the above research results, we conducted path analysis to explore
further whether baseline white matter integrity is involved in the impair-
ment of baseline peripheral inflammation on cognition. The results of Path
analysis showed that FA of body of corpus callosum [total effect =0.361;
direct effect = 0.317; indirect effect = 0.043], mean white matter MD [total
effect = —0.286; direct effect = —0.241; indirect effect = —0.045], MD of left
sagittal stratum [total effect=—0.387; direct effect=—0.349; indirect
effect = —0.038] at baseline were significant mediators of the relationship
between baseline NLR and change in LNS score over five years (Fig. 3b, ¢, e)
in PD patients. Especially, only MD of left cingulum around hippocampus at
baseline was shown to partly mediate the causative effect of baseline NLR on
the change in LNS scale over five years in male PD patients [total effect =
—0.390; direct effect = —0.325; indirect effect = —0.065] (Fig. 3h).

Discussion

Increasing evidence supports the involvement of peripheral inflammation
in the progression of PD symptoms. However, clinical evidence regarding
peripheral immune cells in this context remains limited. In this study, we
assessed peripheral inflammation using differential WBC counts and their
ratio, which are accessible in routine blood tests, and thoroughly investi-
gated their association with PD progression through cross-sectional and
longitudinal analyses.

We found that those peripheral inflammation markers were associated
with cognitive function, mood and white matter integrity in partial corre-
lation analysis. Moreover, after adjustment of age, sex, disease duration,
education, and LEDD, the baseline lymphocytes appeared to be associated
with the improvement of attention and working memory but with the
progression of executive function. Moreover, higher NLR and SII at baseline
were shown to be correlated with faster deterioration in attention and
working memory, and higher LMR at baseline was shown to be predictive of
deterioration in memory over time. In particular, gender difference on effect
of peripheral inflammation was identified in subgroup analysis. Further-
more, decreased white matter integrity may partly mediate the detrimental
effect of NLR on longitudinal changes in the cognitive domains of attention
and working memory. Taken together, our study underscored the prognosis
significance of the peripheral inflammation markers of lymphocytes, NLR,
PLR SII, and LMR, which may be reliable and easily accessible biomarkers
for predicting and monitoring PD progression, especially in cognitive
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The model was adjusted by age, sex, disease duration, education and LEDD.

ClI Confidence Interval, Sl System Immune—inflammation Index, NLR Neutrophil—to-lymphocyte Ratio, PLR Platelet-lymphocyte Ratio, MDS-UPDRS MDS Unified Parkinson’s Disease Rating Score, GDS Geriatric Depression Scale Score, STA/ State-trait Anxiety

Inventory, ESS Epworth Sleepiness Scale Score, RBDSQ REM Sleep Behavior Disorder Questionnaire Score, SCOPA-AUT the Scales for Outcomes in Parkinson’s disease — Autonomic, MoCA Montreal Cognitive Assessment, LNS Letter Number Sequencing Score,

SDMT Symbol Digit Modalities Test, SFT Semantic Fluency Total Score, HVLT Hopkins Verbal Learning Test, JoLO Judgement of the Line Orientation.

impairment. Moreover, our study further provides clinical evidence for the
involvement of the peripheral inflammation in PD progression. This
information may provide a theoretical basis for applying anti-inflammation
drug to treat PD and contribute to developing more appropriate timing for
clinical intervention.

Consistent with previous study'®, NLR was negatively correlated with
MoCA in GDPH database. Another cross-sectional study'” also found that
the peripheral cytokine levels could affect regional gray matter volume in
patients with PD, which may contribute to the correlation between per-
ipheral inflammation and cognition. However, this correlation was non-
significant in PPMI. The reason for this may be the permeability of BBB, a
cellular barrier separating the delicate neuronal environment from the
peripheral blood. The patients enrolled in PPMI were early-staged, whose
BBB integrity was found'® to be relatively intact. Moreover, the influence of
peripheral inflammation exerted on central nervous system was indirect and
sample size was relatively small due to the strict exclusion criteria applied,
which may contribute to relatively low partial correlation coefficients
between peripheral inflammation markers and cognition.

The index of SII, NLR, and PLR are well-established indicators of the
overall inflammatory status of the organism. In particular, NLR integrates
two leukocyte subpopulations, among which neutrophil represents chronic
inflammation and lymphocyte might indicate the regulatory processes”.
Higher NLR was observed in PD compared with healthy control in two
studies at the same time’**'. Moreover, a study conducted by Mufioz-Del-
gado et al. observed that NLR was significantly and negatively correlated
with striatal dopamine transporter density levels in the caudate and the
putamen'’, which may explain why NLR non-significantly correlated with
MDS-UPDRS III during OFF state in current cross-sectional study.
Moreover, the index of NLR was shown to have an acceptable discrimina-
tion power of PD with mild cognitive impairment (PD-MCI) from PD with
normal cognition”, suggesting participation of NLR on PD cognitive
function.

With respect to the correlation between longitudinal association
between NLR and cognition, baseline NLR could not predict the change of
MoCA over time, which was consistent with a previous study”’. Never-
theless, we found that the baseline NLR was associated with faster dete-
rioration in attention and working memory assessed by LNS. The
underlying mechanism may be attributed to the Alzheimer’s disease (AD)
pathology, which has been identified as an essential contributor to PD
cognitive impairment™. Previous studies had observed that serum NLR was
positively correlated with levels of CSF beta-amyloid (Af), total Tau,
phosphorylated Tau™, and cortical beta-amyloid deposition evaluated by
"F-florbetapir positron emission tomography (PET)”.

In addition to decreased gray matter volume and pathological protein
deposits, the decrease of white matter integrity may also be investigated in
progression of PD cognitive decline. White matter hyperintensity burden
was demonstrated to have great prognosis significance on cognitive function
in patients with PD*. We herein extended the research and found that NLR
was positively associated with widespread impairment of white matter
integrity across the whole white matter skeleton, mainly on corpus callosum,
cingulum and sagittal stratum. More importantly, path analysis showed that
FA of body of corpus callosum and MD of mean white matter skeleton and
sagittal stratum partly mediate the detrimental effect of NLR on attention
and working memory in PD patients. Moreover, in male PD patients, FA of
mean white matter skeleton and Genus of corpus callosum, and MD of
cingulum around the hippocampus were involved in the progression of
attention and working memory. In addition to vascular mechanism,
decreased white matter integrity also denoted myelin damage in the axon”,
which could impair neuronal signaling. Moreover, some evidence indicates
that impairment of white matter is also correlated with synaptic density loss
in white matter impairment-connected cortex® and glymphatic
dysfunction”, both of which were proposed to be involved in PD cognitive
deficit™".

Regarding regional white matter impairment, Goldman and his col-
leagues found that reduced central volumes in corpus callosum™ and white
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Fig. 3 | Path analysis shows that the white matter integrity index partly mediates
the pathological effects of baseline serum inflammatory markers on changes in
cognition. a The FA of right cingulum mediated the relationship between baseline
lymphocytes and change in MoCA score over five years in male patients with PD.
b-e The white matter integrity index mediated the relationship between baseline
NLR and LNS score over five years in all PD patients. f-i The white matter integrity
index mediated the relationship between baseline NLR and LNS score over five years
in male PD patients. FA Fractional Anisotropy, MD Mean Diffusivity, NLR
Neutrophil-to-lymphocyte Ratio, MoCA Montreal Cognitive Assessment, LNS
Letter number sequencing score.

matter abnormalities in most anterior callosal segments® were associated
with decline in attention and working memory in PD patients. Given
anterior callosal-prefrontal cortical connection, impairment of white matter
integrity in Genus of corpus callosum may give rise to “frontal-striatal”
cognitive deficit”. The frontoparietal network and ventral attention network
(VA) were inter-connected by the body of the corpus callosum™, impair-
ment of which may also be involved in progression of cognitive decline.
Meanwhile, increasing evidence supports involvement of cingulum in
attention, working memory and executive function because of its close link
with prefrontal cortex™.

Interestingly, we also discovered sex differences in effect of peripheral
inflammation. In male patients, higher baseline lymphocyte count could
predict improvement of global cognition and attention and working
memory, while NLR and PLR were correlated with progression of attention
and working memory. Regarding female patients, higher lymphocyte at
baseline predicted deterioration of motor symptoms, while PLR did the
opposite. Higher lymphocytes and LMR were shown to predict the pro-
gression of executive function, as opposed to NLR. Moreover, only higher
baseline LMR exerted a consistently detrimental effect on memory in both
sexes. Indeed, sex differences in peripheral inflammation had been identi-
fied previously. Recent research revealed inflammatory activation on per-
ipheral monocytes with enrichment of gene sets associated with interferon-
gamma stimulation in females with PD, while more heterogeneous activa-
tion patterns in males*. Moreover, male patients with PD were shown to
have higher response to a-synuclein in T lymphocytes in blood”. There also
existed different profiles of serum immune markers between sex’’. However,
the sex-based differences in peripheral lymphocytes, neutrophils and pla-
telets were rarely explored, and their mechanisms need further study.

There are some limitations in this study. First of all, the limited sample
size and follow-up period may generate bias in our conclusion. Next,
although the rigorous exclusion criteria (ie., inflammatory diseases or
cancer) were applied and multivariate regression analysis was conducted,
the confounding factors, such as drugs, exercise and nutritional status
affecting peripheral immune cells, could not be entirely ruled out. Thus, the
exact relationship between peripheral immune cells and clinical char-
acteristics separated by sex requires further assessment and validation in
patients with PD. Then, the information of other inflammatory markers,
including cytokines and chemokine, was unavailable in PPMI, so we could
not further validate the effect of peripheral inflammation on PD symptoms
in other ways. Moreover, numerous evidence had supported the association
between systemic immune-inflammation index and cognitive decline in
elderly people’™*, while this study only included PD patients and whether
the effect of peripheral inflammation on cognition and other symptomatic
outcomes is PD-specific needed further exploration in the future. Last,
considering that our longitudinal study only enrolled PD patients at early
stage, the conclusion on predictive significance of peripheral inflammation
markers might not be suitable to the patients at other stages.

In summary, our study revealed that peripheral inflammation markers
are associated with motor symptoms and cognitive function in PD. More
importantly, baseline serum inflammatory markers predicted cognitive
decline, particularly cognitive sub-domains such as executive function,
memory, and attention and working memory. Furthermore, decreased
white matter integrity may partly mediate the peripheral inflammation-
induced cognitive decline over a 5-year period. Moreover, there may exist
sex-based differences in the effect of peripheral inflammation on PD
symptom progression.

Our findings not only provided clinical evidence on the involvement of
peripheral immune cells in PD progression but also proposed a reliable and
easily accessible blood marker of NLR to predict PD cognitive decline. Of
note, our study also underscored the sex difference in this process. However,
as potential confounders influencing peripheral immune cells were not
entirely excluded, our findings warrant further validation by well-designed
clinical trials with large sample sizes and extended follow-up periods.
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Methods

Participants

The patients with PD were diagnosed by at least two skilled neurologists
according to the UK PD Society Brain Bank Clinical Diagnostic Criteria®’
from the Department of Neurology, Guangdong Provincial People’s
Hospital (Guangzhou, China) between 2013 and 2020. All participants
underwent brain magnetic resonance imaging (MRI) and provided written
informed consent. The cross-sectional study component of this research
protocol was approved by the Medical Ethics Committee of Guangdong
Provincial People’s Hospital (No. KY2020-544-01). Meanwhile, in order to
validate our analysis in a larger population and explore longitudinal change
of PD symptoms, we also collected data from PPMI (https://www.ppmi-
info.org) on April 28, 2022. The PPMI, an ongoing, multicenter and
observational study, has recruited approximately 4000 participants across
all stages of PD to explore PD progression biomarkers and accelerate
disease-modifying therapeutic trials”. The PD participants in the PPMI
cohort were untreated, in the early stages of the disease, and had dopamine
deficits detected by dopamine transporter (DAT) SPECT imaging. Each
participating site in the PPMI database obtained Institutional Review
Board approval, and adhered fully to the principles outlined in the
Declaration of Helsinki. Before the study began, all subjects provided
written informed consent. Only PD patients with accessible diffusion
tensor images at baseline and 5-year follow-up in PPMI were included in
the current study.

To mitigate potential influences on peripheral inflammation, patients
who were exposed to conditions potentially influencing the immune
response at the time of clinical evaluation were excluded in both cohorts.
These conditions included current infections or acute inflammatory dis-
eases, tumor, history of traumatic brain injury, blood and immune system
disease, and the use of any immunosuppressive agents. Specially, to exclude
the effect of genetic status, the participants whose age of disease onset below
50 years old were excluded in GDPH cohort. Moreover, we also excluded
participants using any drugs affecting platelet numbers in platelet-related
analysis in both cohorts. The flowchart of patients’ enrollment was pre-
sented in Supplementary Fig. 1.

Clinical evaluation

In GDPH cohort, motor function was evaluated using the Movement
Disorder Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)
part III during ON and OFF state of patients. Disease severity was assessed
by the Hoehn and Yahr (HY) stage. The Mini-mental State Examination
(MMSE) and Montreal Cognitive Assessment (MoCA) were used to eval-
uate global cognition. Hamilton depression rating scale (HAMD) and
Hamilton anxiety rating scale (HAMA) were used to assess depression and
anxiety separately. Moreover, the England Activity of Daily Living Scale
(ADL) was used to evaluate daily living ability.

In PPMI, MDS-UPDRS part III was used to assess motor symptoms
during ON state, and MDS-UPDRS part II was used to measure motor
aspects of daily living experiences. With respect to cognitive assessment,
the MoCA was used to evaluate global cognition, both the Letter Number
Sequencing (LNS) Score and Symbol Digit Modalities Test (SDMT) for
attention and working memory, the Semantic Fluency Total Score (SFT)
for executive function, the Hopkins Verbal Learning Test (HVLT) for
memory, and Benton Judgment of the Line Orientation Scores (JoLO) for
visuospatial function. Other non-motor symptoms were evaluated using a
series of scales as follows: the MDS-UPDRS part I for the overall non-
motor symptoms, the Geriatric Depression Scale Score (GDS) for
depression, the State-Trait Anxiety Inventory (STAI) for anxiety, the
Epworth Sleepiness Scale (ESS) and REM Sleep Behavior Disorder
Screening Questionnaire (RBDSQ) for sleep disturbance, the ADL for daily
living ability, and the Parkinson’s Disease-Autonomic Dysfunction
(SCOPA-AUT) score for autonomic system function. We also collected
demographic characteristics, including age, gender, duration from diag-
nosis to enrollment, years of education. and total levodopa equivalent daily
dose (LEDD).

Serum inflammatory markers

2mL fasting venous blood samples were collected into ethylenediamine-
tetraacetic acid (EDTA) coated tubes. We applied an XN-9000 automated
blood analyzer (Sysmex Corporation, Kobe, Japan) in the hematology lab to
calculate the inflammatory markers, such as neutrophil, lymphocyte,
monocyte, and platelet counts on blood samples. Moreover, the composite
metrics like SII, NLR, PLR, and LMR were also measured. In particular, SII
was calculated according to the following formulas®.

Platelet count X Neutrophil count

SII =
Lymphocyte count

)

MRI data collection and processing

In GDPH database, we obtained DTI data from all the participants. The MRI
scans were performed using a SIGNA EXCITE 3.0 T MRI scanner (General
Electric Company, USA) with the following parameters: TE =76 ms;
TR = 8000 ms; flip angle =90% FOV =256 x 256 mm? slice thickness =
2.5 mm; voxel size =2 x 2 x 3 mm? and NEX = 1. Images of 25 different
nonlinear diffusion-weighted gradient directions (b = 1000 s/ mm®) and one
non-diffusion-weighted gradient direction (b=0) were collected. Each
gradient was scanned for 60 layers, and a total of 1560 files were obtained.

With regard to PPMI cohort, the neuroimaging scan was conducted at
baseline. The DT data obtained followed the standardized imaging protocol
on Tim Trio 3 Tesla Siemens scanners (Siemens, Erlangen, Germany). The
MRI parameters were as follows: 72 axial slices, echo time (TE) =88 ms,
repetition time (TR)=550-1000ms, flip angle=90° voxel size:
2.0 x 2.0 x 2.0 mm’, acquisition matrix = 1044 x 1044; and 64 diffusion-
sensitive gradient directions at b= 1000 s/mm’. One diffusion-unweighted
(b0) image was also included. More details can be found in the MRI tech-
nical operation manual on the PPMI consortium website.

For MRI processing, we calculated the FA and MD values of white
matter using the FMRIB Software Library (FSL) v6.0* according to a pre-
viously published method™. The pre-procession steps included skull strip-
ping, eddy current correction, tensor fitting, and reorientation. Then, each
FA and MD image was aligned to a 1 x 1 x 1 mm standard space through
the nonlinear registration, and the FA and MD of all anatomical white
matter regions identified with the John Hopkins University WM atlas
(ICBM-DTI-81) were calculated.

Statistical analysis

R software (version 4.4.0; The R Foundation for Statistical Computing,
Vienna, Austria) was used to perform all statistical analyses in this study.
Continuous data with a normal distribution were expressed as mean +
standard deviation and analyzed using either independent sample #-tests to
compare two different groups or one-way analysis of variance (ANOVA) for
multi-group comparisons. Nonnormally distributed data were expressed as
median + interquartile range (IQR) and analyzed using the rank sum test for
two groups or the Kruskal-Wallis test for multiple groups. The differences in
proportions of categorical variables were compared using a chi-squared test.
Missing values were listed in the table. A two-sided p-value less than 0.05
indicated statistically significant test results for all statistical tests.

Partial correlation analysis was performed to investigate the relation-
ships between clinical symptoms, white matter integrity and serum
inflammatory markers in cross-sectional study, with adjustment of age, sex,
disease duration, education and LEDD. Concerning data from a long-
itudinal study, we conducted a linear mixed effects model (LMM) with the R
packages Ime4* and lmerTest™ to investigate the potential effect of per-
ipheral inflammatory markers on PD symptoms.

To evaluate the effects of time and baseline serum inflammatory
markers, we introduced follow-up time, baseline serum inflammatory
markers and their interaction (baseline serum inflammatory markers
*follow-up time) as fixed factors in the model. Of note, the serum inflam-
matory markers were log-transformed and standardized to Z scores
(Z=(value — mean)/SD). For random effects, the patient number
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(PATNO) was entered as a random factor to consider possible inter-
individual variability. The characteristic of follow-up time was treated as a
continuous variable in Model 1. When there existed a significant interaction
effect in Model 1, we additionally constructed a model (Model 2) including
follow-up time as categorical variable to specify the interaction effect in each
time point. Moreover, since the random slope model is more susceptible to
convergence failure and we had a limited sample size, we selected the ran-
dom intercept model for our LMM instead”. The models were further
adjusted for age, sex, disease duration, education, and LEDD, which were
each centered (demeaned) prior to estimation. The multicollinearity of
variables was evaluated using the variance inflation factor (VIF), which is
considered® to be severe when it exceeds 10. The outliers measured by the
“outlierTest” function® from R package of “car” were eliminated. Moreover,
the normality assumptions of the residuals were confirmed by the
Shapiro-Wilk test and graphical inspection of histograms and normality
plots. Furthermore, considering that sex-dependent change in immune
system have been identified in PD***’, we conducted sub-group analysis by
gender to explore sex-based differences in the effect of peripheral
inflammation.

To explore the mediating role of white matter integrity between per-
ipheral inflammatory markers and progression of PD symptoms, we also
conducted a path analysis that included total, direct, and indirect effects.
Path analysis is a statistical technique to measure mediating effects in cau-
sative sequence that can provide insights about the relative contribution
among causative relationships and the directions of causative paths™.

Data availability

The data was publicly available on PPMI website (https://www.ppmi-info.
org/access-data-specimens/). And the anonymized data from GDPH
dataset are available from the corresponding author upon reasonable
request.
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