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Editorial on the Research Topic
 Insights into Parkinson's disease and aging related movement disorders




As suggested by the title of this Research Topic, this is a broad and diverse group of articles encompassing themes that expand beyond movement disorders into subjects pertinent to neurodegenerative diseases generally. As the second most common neurodegenerative disease, Parkinson's disease is especially important. One of the major challenges in the treatment of neurodegenerative disease is its early diagnosis. There are several challenges surrounding the early diagnosis of Parkinson's disease (Tolosa et al., 2021). An important and underappreciated class of diagnostic criteria is provided by the non-motor symptoms (e.g., constipation, urinary dysfunction, hyposmia) that may be some of the earliest presenting symptoms. The greatest opportunity for successful treatment is during the prodromal stage, underlining the importance of early diagnosis. In addition, there is still a dearth of information about the origins and targets for treating movement disorders. This Research Topic addresses some recent advances including risk factors, novel therapies and targets, assessment of disease progression, and association with other diseases.

As is the case with neurodegenerative disease generally, identifying modifiable risk factors and markers of disease progression is essential. Sleep has emerged as an important factor in neurodegeneration (Musiek and Holtzman, 2016). The original research article by Yi et al. explored the effect of sleep on the progression of Parkinson's disease, addressing both motor and non-motor symptoms. Both categories were found to be negatively impacted by poor sleep hygiene. A separate study by Zhou et al. examined oculomotor function and found that it is an early indicator of Parkinson's disease and can be used to monitor disease progression. An important observation provided by Kang et al. revolves around the association of gait disturbance and cognitive impairment. The results of this study emphasize the importance of evaluating specific aspects of gait disturbance in Parkinson's patients with mild cognitive impairment. Finally, Liu et al. investigated task-generated subjective fatigue in Parkinson's patients associated with regional blood flow changes; fatigue, while one of the most common non-motor symptoms, is underdiagnosed and may in fact be one of the earliest symptoms.

Targeting and treating movement disorders are also crucial efforts. Mitochondria have been implicated in the development of neurodegenerative diseases, and this is true of movement disorders as well. Silvian presented a mini-review on targeting the PINK/Parkin pathway in mitochondrial quality control as a potential treatment for Parkinson's disease. Chen et al. looked specifically at medium spiny neurons and found that a deficiency of Pitx3 resulted in many of the pathological features of Parkinson's disease, suggesting that enhancing Pitx3 may prevent disease and provide a marker for disease diagnosis. Chiu et al. addressed the increased subjective pain sensitivity associated with Parkinson's disease in a rat model. Using fetal tissue allografts, they showed that rats exhibited increased nociceptive thresholds and improved motor function. This study also showed the promise of using fMRI to analyze efficacy. Another major problem associated with movement disorders is fall risk, which can lead to a variety of sequelae including hip fracture. Oddsson et al. demonstrated that a prosthesis provided significant improvement in gait and balance during extended use and suggested that the long-term effect indicates that this is not simply a placebo effect.

While it is well-known that agricultural work is a risk factor for PD, Zhang et al. provided an extensive epidemiological analysis in China that suggests that farmers are at increased risk for ALS. This provides a basis for searching for broader links between pesticide exposure and neurodegenerative conditions beyond PD.

The importance of the gut microbiome to brain health/function is increasingly apparent. In their review, Zeng et al. examined the hypothesis that Parkinson's disease may be derived from the gut, with a focus on whether gastrointestinal diseases are a factor. An interesting observation is that Parkinson's disease and gastrointestinal diseases may have bi-directional correlations, i.e., Parkinson's may predispose to gastrointestinal disease, and gastrointestinal disease may predispose to Parkinson's disease.

It is hoped that this diverse collection of articles will provide focus for future research into Parkinson's disease and age-related movement disorders. Thanks are extended to the authors, editors, and reviewers for helping to assemble and clarify this diverse collection of contributions.
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There has been long-term interest in drugging the PINK1-Parkin pathway with therapeutics as a treatment for Parkinson’s disease (PD). Despite significant structural data on Parkin as well as the PINK1 kinase and the multiple conformational changes it undergoes, activation of these targets is non-trivial. This review highlights small molecule screening results that suggests that activation of Parkin biochemically does not necessarily translate to activation of Parkin within cells. There are also issues with activation of PINK1 with kinetin analogs, which do not appear to rescue rodent models of PD. The counter-measure of activating the mitophagy pathway with deubiquitinase (DUB) inhibitors such as USP30 inhibitors is progressing in the clinic for kidney disease and the proof of biology for this target will be tested in these trials. An alternative mechanism of activating Parkin in response to oxidative stress via Parkin phosphorylation by the AMPK-ULK1 pathway may be a simpler way to lower the energy barrier Parkin activation.

Keywords: Parkinson’s disease, PINK1-Parkin pathway, molecular mechanisms of activation, AMPK, ULK1 (unc-51 like autophagy activating kinase 1), small molecule, cryoEM (cryo-electron microscopy), crystallography


INTRODUCTION

In response to oxidative stress, the cell uses signaling pathways to remove damaged mitochondria through autophagy (mitophagy) as an important part of quality control; this process can be dysregulated in diseases such as Parkinson’s disease (PD). Mitochondria are able to metabolize pyruvate from the glycolytic pathway to generate ATP, which is the energy that powers the brain. Mutations in the PINK1 kinase/PARK6 (Valente et al., 2004) or Parkin E3 ligase/PARK2 (Kitada et al., 1998) gene cause early onset autosomal recessive PD due to loss of dopaminergic neurons of the substantia nigra pars compacta (SNc). These genetic mechanisms shed light on the nature of the cellular processes that may go awry in idiopathic PD (Yi et al., 2019).

Overwhelming evidence in mammalian cell culture, Drosophila and other models have linked the PINK1/PARKIN to mitophagy, with PINK1 being the sensor of mitochondrial damage. PINK1 and Parkin work together in a feedforward signaling pathway that mediates mitophagy. Under oxidative stress and other damaging insults, PINK1 is stabilized in the outer mitochondrial membrane where it first auto-activates by phosphorylation (Okatsu et al., 2012; Rasool et al., 2018). It then activates mitophagy by phosphorylation of Ubiquitin (pUb) (Kane et al., 2014; Kazlauskaite et al., 2014; Koyano et al., 2014) as well as Parkin on its Ubl domain (pParkin) (Kondapalli et al., 2012; Shiba-Fukushima et al., 2012).

Both PINK1 and Parkin targets are examples of a preclinical therapeutic approach to maintain mitochondrial health in PD patients by activating the mitophagy pathway to improve mitochondrial quality control. An alternative counter-approach toward activating Parkin is to inhibit the mitochondrial deubiquitinase USP30. Knockdown of USP30 rescues the defective mitophagy caused by pathogenic mutations in Parkin (Bingol et al., 2014). Other stress-sensing pathways that involve mitochondrial quality control include the AMPK-ULK1 pathway in which changes to mitochondrial homeostasis can lead to cancer and type 2 diabetes (Cokorinos et al., 2017).

A slate of publications in the last year have increased understanding of the mechanisms of regulation of the PINK1 and Parkin through small molecule therapeutic tools and through crystal and cryoEM structures of PINK1 in different states of activation. Parkin activation has been further elucidated through a high throughput screen to identify small molecule positive allosteric activators that work along with phospho-Ubiquitin to enhance the release of the autoinhibited state (Shlevkov et al., 2022). Furthermore, recent structures of the PINK1 kinase in an activated form from Tribolium castaneum, Tc (Rasool et al., 2022) or Pediculus humanus corporis, Ph (Gan et al., 2022), have also provided finer details of the step-wise activation mechanism of this kinase.



PARKIN AS A THERAPEUTIC TARGET

Parkin is a cytosolic Ring-between-Ring E3 ligase that uses a hybrid mechanism of ubiquitin transfer. It does not direct Ubiquitin transfer onto substrate lysines directly, instead the reaction must go through a catalytic cysteine intermediate before transfer to substrate lysines. Parkin’s activity is highly regulated– phosphorylation of the Ubiquitin-like (Ubl) domain by PINK1 as well as binding of phospho-Ubiquitin is necessary to fully release its autoinhibited conformation (Figure 1). Once activated, the RING2 domain of Parkin containing the catalytic active site cysteine is released and is available for catalytic transfer of Ubiquitin (Tang et al., 2017).
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FIGURE 1. Activation mechanism for Parkin, including where PAM is expected to act.


In early studies, researchers seeking small molecules that “activate” Parkin used assays that monitored cellular mitophagy in response to oxidative stress (Garofalo et al., 2017; Johnston and Garofalo, 2017; Springer et al., 2018; Shiba-Fukushima et al., 2020). However, these assays were prone to identifying molecules that actually damage mitochondria, not true Parkin activators, though both types of compounds would have the same readout.

In a recent study, a high throughput in vitro biochemical assay was assembled to identify small molecule positive allosteric modulators (PAMs) that worked in conjunction with phospho-Ubiquitin to enhance auto-Ubiquitination of wildtype Parkin (Shlevkov et al., 2022). Several series of compounds were confirmed, and the best compound series (tetrahydropyrazolo pyrizine scaffold) was optimized for potency. The best active compound described (BIO-2007817) achieved the same level of activation as the W403A Parkin positive control, and achieved an Ec50 in the ∼100 nM range. It is likely interacting specifically to Parkin as the enantiomer of this compound was inactive in the biochemical assays, suggesting that there is a single binding site. The compounds identified do not accelerate Parkin ubiquitination in the absence of pUb, but do also enhance pParkin autoubiquitination, though to a lesser extent. Using a Parkin-Ub-Vinylsulfone assay to identify the minimal components that the compounds act on, the tools appear to be directly activating Parkin, and not the E1 or E2 present in the original biochemical assay.

However, the compounds did not accelerate mitophagy or accelerate Parkin translocation to mitochondria. Phospho-poly-Ub expression on mitochondrial proteins promotes the translocation of Parkin to mitochondria and serves as an important cellular assay of activation (Shiba-Fukushima et al., 2014). The active compounds did not accelerate Parkin translocation, in contrast to the W403A mutant Parkin, which accelerates Parkin translocation to mitochondria and served as a positive control. Similarly, the compounds failed to enhance mitophagy. The proposed explanation advanced is that these PAMs act on Parkin at a step after the rate-limiting step within the cell, thus their effect appears to be negligible on Parkin translocation or the downstream mitophagy readout.



PINK1 AS A THERAPEUTIC TARGET

PINK1 (PTEN-induced putative kinase 1) is a highly conserved kinase that is activated by mitochondrial membrane potential depolarization to phosphorylate Ubiquitin and Parkin; its activity on these two substrates triggers the feed-forward loop to mitophagy (Kondapalli et al., 2012). PINK1 has 3 insertions in the N-terminal domain (inserts 1, 2, and 3) that distinguish it from other kinases.

Two recent studies of activated dimeric PINK1 by crystallography (Rasool et al., 2022) and Cryo electron microscopy (Gan et al., 2022) have demonstrated a putative mechanism of kinase activation caused by oxidation and phosphorylation. PINK1 accumulates on the outer mitochondrial membrane in response to mitochondrial depolarization and its interaction with the translocase of the outer membrane (TOM complex) (Tokarew et al., 2021) leads to autophosphorylation of Thr257 as well as Ser228 of the C-loop and Ser402 of the activation loop. The structures demonstrate that dimeric interface of PINK1 requires insert2 and that phosphorylation of the C-loop as well as ordering of insert 3 is necessary for conformational changes in PINK1 required to bind Ubiquitin.

The order of activation is detailed as follows: First, cysteine oxidation in the P-loop of the active site (Cys166 in hPINK1) acts as a redox switch and is responsible for stabilizing the PINK1 dimer. Second, Ser228 within the C-loop of one monomer is phosphorylated which enables a conformational change of the alpha-C helix and structures insert3 to prime it to bind Ubiquitin. Then the second monomer of the dimer is phosphorylated and also primes it to bind Ubiquitin. Third, the PINK1 dimer dissociates into monomers as regulated by reactive oxygen species and Ub can now access and bind to the unique conformation of the autophosphorylated PINK1 N-terminal domain. The Ser65 of the substrate (Ubiquitin or the equivalent residue in the Parkin Ubl) is placed in the active site of the kinase, where it is phosphorylated.

A neosubstrate kinetin (N6-Furfuryladenine; a plant hormone related to Adenosine; Figure 2), has been shown to increase the rate of autoactivation of PINK1, increase Parkin’s recruitment to depolarized mitochondria, and block mitochondrial motility in axons (Hertz et al., 2013; Osgerby et al., 2017). Kinetin-like analogs have been designed to improve the activation of PINK1—as exemplified in WO2021 1168446 A1. Using the ProTide prodrug technology, these authors showed that a nucleoside monophosphate is the active species for activation (Osgerby et al., 2017). It is tempting to hypothesize that these compounds stabilize the PINK1 dimeric species by binding to its active site and enabling the conformational changes to prime the kinase for Ub binding. A similar compound, RECTAS, a Chloride analog of Kinetin (Figure 2), is known as a splice modulator compound that works by activating CLK1, resulting in phosphorylation of the SR (arginine-serine-rich) protein of splicing factors, which leads to splice site inclusion of the IKBKAP-FD exon 20 (Ajiro et al., 2021). While it is not clear exactly how RECTAS activates CLK1, CLK1 also has a unique, flexible N-terminal domain that enables oligomerization and specific binding to RS-domain containing substrates.
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FIGURE 2. Structures of the small molecule activators.


Despite its promise as a small molecule activator of PINK1, long-term studies of oral kinetin has been shown to not protect against synuclein-induced neurodegeneration in rodent models of PD (Orr et al., 2017).


USP30 as a Therapeutic Target

The counter-strategy to activating Parkin and enhancing the mitophagy pathway is to inhibit enzymes that de-ubiquitinate mitochondrial protein. Deubiquitinating enzymes (DUBs) such as USP30 (Bingol et al., 2014), USP8 (Mizuno et al., 2005 #143; Durcan et al., 2014; #141) USP15 (Cornelissen et al., 2014, 2018), and Ataxin-3 (Durcan and Fon, 2011; Durcan et al., 2012) have been identified as ones that deubiquitinate mitochondrial proteins as summarized recently (Chakraborty and Ziviani, 2020). One of the challenges in this as a therapeutic approach is the difficulty of blocking many distinct DUBs. The pleotropic nature of this deubiquitination phenomenon means that it may not be possible to target one DUB without others substituting in its place.

USP30 and Parkin have common targets such as TOM20 and MIRO1 and USP30 has a negative feedback effect on Parkin. Several UPS30 inhibitors have been advanced and are recently reviewed (Wang et al., 2022). The most advanced compounds are substituted cyanopyrrolidines which has been reported as entering clinical studies by Mission Therapeutics (US20180086708A1). Their first DUB program (MTX652) is being tested in kidney disease starting in April 2022. If successful in proof of biology, a brain-penetrant DUB may be required for testing in Parkinson’s disease. FORMA therapeutics similarly has generated patents for cyanopyrrolidine inhibitors of USP30 (US20200317658). Genentech also has described Usp30 inhibitors (US2014041111A1). Mitobridge, acquired by Astellas, has also generated USP30 inhibitors such as M-094, a benzenesulonamide which appears to be very specific for USP30 (Kluge et al., 2018). The efficacy and safety of DUB inhibitors to act as proof-of-concept therapy to improve mitochondrial health remains to be tested in the clinic.




AMPK-ULK1 AS A THERAPEUTIC TARGET

Interestingly, Parkin also serves to connect downstream mitophagy to the AMPK-ULK1 pathway, which senses cellular stress. AMPK activates ULK1 through physical interaction and phosphorylation of multiple sites, which results in translocation of ULK1 to the mitochondria (Laker et al., 2017). Recent studies demonstrate that ULK1 (UNC-51-like kinase 1) phosphorylates the ACT domain within Parkin, resulting in enhanced mitophagy (Hung et al., 2021).

In fact, mutation of a 3 residue cluster Ser108/Ser109/Ser110 within the Parkin ACT domain to Alanine or Threonine leads to delays in the rate of mitophagy. In particular, Ser 108 is the substrate for phosphorylation by ULK1. The ACT domain was previously shown to be disordered in the autoinhibited Parkin structure; but in the active pParkin-pUb structure, this region is thought to enable Ring2 release by mimicking interactions of Ring2 on the UPD and shielding the UPD once the Ring2 domain is released. Looking at greater detail at the phospho-Parkin/pUb complex structure (Gladkova et al., 2018)(PDBID:6GLC), while the Ser108 residue was poorly ordered, it docks near some highly basic residues like R256, W183. If phosphorylation of Ser108 activates Parkin, it is possible that a unique pocket for the phosphorylated Ser108 could help fully stabilize the Ring2-released, activated state of Parkin. The Hung et al. (2021) study suggests that even small amounts of mitochondrial stress can cause quick phosphorylation of this site within 5 min (Hung et al., 2021) unlike activation of PINK1 which occurs 30–60 min after mitochondrial damage. Thus the phosphorylation of the ACT domain by ULK1 is an early “alert signal” of mitochondrial damage.

This connection suggests that activation of AMPK, which senses cellular stress, could also be a potential therapeutic approach for neurological disease such as PD. An oral AMPK activator, Metformin, is approved for type 2 diabetes and reduces the risk of cancer. Studies have shown that metformin can also penetrate the blood-brain barrier and protect neurons. Repurposing of anti-diabetic agents for the treatment of cognitive impairment and mood disorders has been proposed (Cha et al., 2016).

Potentially even more specifically as a Parkinson’s disease therapy, activation of ULK1 by a small molecule may sensitize Parkin for activation and enable mitophagy. A small molecule (33i, BL-918) (Figure 2) has been identified. The compound enabled autophagic flux in SH-SY5Y cells and reversed MPP + induced cell death (Ouyang et al., 2018). It is possible that this compound is also indirectly activating Parkin.



DISCUSSION

In summary, the cell uses multiple regulation mechanisms to ensure that damaged mitochondria are cleared. By generating tool compounds and testing phosphorylation sites in PINK1 and Parkin, the field is getting closer to a molecular understanding of how dysregulation of this pathway could lead to dopaminergic neuron loss in PD or poor mitochondrial clearance in diabetes. But therapeutic agents that can reverse the damage by activating the pathway are in short supply. There are disconnects between in vitro biochemical and cell-based biochemical outcomes for Parkin activators, and disconnects between cell-based and mouse model outcomes for PINK1 activators. While it is generally accepted that activation of a target downstream in the cascade provides the better specificity than activating targets upstream, possibly the best therapeutic approach requires a pivot from activating Parkin to activating ULK1 or AMPK upstream.
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Fatigue is a highly prevalent and debilitating non-motor symptom in Parkinson’s disease (PD), yet its’ neural mechanisms remain poorly understood. Here we combined arterial spin labeling (ASL) perfusion functional magnetic resonance imaging (fMRI) with a sustained mental workload paradigm to examine the neural correlates of fatigue and time-on-task effects in PD patients. Twenty-one PD patients were scanned at rest and during continuous performance of a 20-min psychomotor vigilance test (PVT). Time-on-task effects were measured by the reaction time changes during the PVT and by self-reported fatigue ratings before and after the PVT. PD subjects demonstrated significant time-on-task effects, including progressively slower reaction time on the PVT and increased post-PVT fatigue ratings compared to pre-PVT. Higher levels of general fatigue were associated with larger increases in mental fatigue ratings after the PVT. ASL imaging data showed increased CBF in the right middle frontal gyrus (MFG), bilateral occipital cortex, and right cerebellum during the PVT compared to rest, and decreased CBF in the right MFG at post-task rest compared to pre-task rest. The magnitude of regional CBF changes in the right MFG and right inferior parietal lobe correlated with subjective fatigue rating increases after the PVT task. These results demonstrate the utility of continuous PVT paradigm for future studies of fatigue and cognitive fatigability in patients, and support the key role of the fronto-parietal attention network in mediating fatigue in PD.

Keywords: psychomotor vigilance test, Parkinson’s disease, fatigue, time-on-task effect, ASL perfusion fMRI, frontoparietal network


INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting millions of people worldwide. PD patients typically show a resting tremor, rigidity, bradykinesia, and postural instability (Hoehn and Yahr, 1967; Tandberg et al., 1995). While these motor signs are considered cardinal features of PD, there is mounting evidence that PD is a systemic disease that also includes non-motor signs and symptoms (Hoehn and Yahr, 1967; Friedman and Friedman, 1993; Pfeiffe, 2016). Of these non-motor symptoms, fatigue, both mental and physical, is one of the most common and disabling (Pfeiffe, 2016). Among PD patients, the prevalence of fatigue is 33–70% (Friedman and Friedman, 1993; van Hilten et al., 1993; Friedman et al., 2011; Herlofson et al., 2012), and it may even precede the onset of motor symptoms (Hagell and Brundin, 2009). About one-third of PD patients report that fatigue is the most disabling symptom and significantly impairs their daily activities and reduces their overall quality of life (Herlofson and Larsen, 2003; Friedman et al., 2007; Kluger et al., 2014). However, fatigue tends to be under-diagnosed, and there are no effective treatments. Currently, in clinical settings, fatigue assessments rely largely on subjective patient self-reports, but there is a growing interest in objective assessments of fatigue in PD for earlier identification of physical indicators of fatigue. Furthermore, understanding of the neural mechanisms underlying fatigue in PD could potentially provide significant insights for developing prevention and management strategies.

Fatigue includes both physical and mental/cognitive manifestations. However, progress in PD fatigue research is partly hinded by issues of definition and measurement of fatigue, particularly its cognitive aspects. Kluger et al. suggested distinguishing subjective sensations of exhaustion (i.e., perceived fatigue) from objective decrement in cognitive performance or physiological capacity induced by continued activity (i.e., fatigability) (Kluger et al., 2013). Cognitive fatigability is often measured as declines in either reaction time (RT) or accuracy over time on continuous cognitive tests. Perceived fatigue experience and fatigability may be dissociable. For example, although PD patients demonstrate heightened fatigability on both cognitive and motor tasks, such fatigability does not correlate with subjective fatigue complaints (Lou, 2009). This highlights the importance of considering both objective and subjective measurements of fatigue in PD patients. More studies are needed to establish the relationship between these two components. It is possible that the appropriate choice of performance metric may improve our ability to examine the associations between self-reported fatigue and objectively measured cognitive fatigability (Wang et al., 2014).

Several studies have examined the neural bases of subjective fatigue complaints in PD. For example, reduced perfusion in the prefrontal cortex and decreased serotonergic activity in the basal ganglia and limbic regions has been reported in fatigued PD patients (Abe et al., 2000; Pavese et al., 2010). PD patients with fatigue also showed abnormal metabolic changes in the in the salience network and default mode network (DMN) regions (Cho et al., 2017). Using blood oxygenation level dependent (BOLD) functional magnetic resonance imaging (fMRI), Tessitore et al. (2016) found that primary PD-related fatigue is associated with increased connectivity within the prefrontal and posterior cingulate hubs of the DMN in drug-naive patients (Tessitore et al., 2016). These findings are consistent with the model of central/cognitive fatigue proposed by Chaudhuri and Behan (2000), which hypothesizes that central fatigue is associated with impairment of basal ganglia non-motor functions and negatively impacts the striatal-thalamic-frontal cortical system.

In contrast to subjective patient fatigue studies, few if any studies examined the neural correlates of objective cognitive fatigability in PD patients. To the best of our knowledge, there are no reported brain imaging studies that have probed the neural underpinnings of cognitive fatigability in PD from mentally demanding tasks. Early imaging studies on fatigue typically employed positron emission tomography (PET) or BOLD fMRI (Tessitore et al., 2016; Cho et al., 2017). However, PET has poor temporal and spatial resolution in localizing regional brain activity while BOLD fMRI has limited utility in tracking slow neural activity changes observed in fatigability studies (Aguirre et al., 1997, 2002).

Using magnetically labeled water in arterial blood as the diffusible tracer to provide quantification of regional cerebral blood flow (CBF), arterial spin labeling (ASL) perfusion fMRI is capable of non-invasively evaluating slow variations in neural activation patterns with high spatial and temporal resolution over long periods of time (Detre and Wang, 2002). ASL fMRI shows high stability over hours and days making it well suited to image fatigue and cognitive fatigability in PD, and it has been successfully used to assess brain function during both sustained cognitive tasks and task-free resting baselines (Wang et al., 2005; Kim et al., 2006; Olson et al., 2006; Rao et al., 2007a,b,c).

We have used ASL perfusion imaging and measured brain fatigue and time-on-task effects from sustained mental workload from continuous performance of the psychomotor vigilance test (PVT) in healthy individuals (Lim et al., 2010). The PVT is a simple reaction time task which provides a simple, reliable, and highly sensitive paradigm for capturing deficits in sustained attention and performance (Dorrian et al., 2005; Lim and Dinges, 2008). The attentional requirements in the PVT are free of aptitude or learning effects and are undiluted by elements of selectivity such as spatial orientation or executive decision-making, allowing it to be applied to all individuals and without adjustments for experience. These task features allowed us to isolate the effect of fatigability without having to account for potential confounding effects of differing visual stimuli, aptitude, strategy shifts or learning. Using the PVT in healthy subjects, we observed progressively slowing of reaction time (i.e., time-on-task effects) during task performance and increased mental fatigue ratings after the task (Lim et al., 2010). Moreover, regional CBF was significantly reduced in right fronto-parietal regions during post-task rest compared to pre-task rest, and the degree of regional CBF decrease correlated with the degree of performance decline, suggesting the key role of the fronto-parietal attention network in mediating brain fatigue from sustained mental workload.

In the present study, we employed the continuous 20-min PVT paradigm with ASL perfusion imaging to assess fatigue, cognitive fatigability, and brain activity changes in a cohort of PD patients. We aimed to examine whether PD patients with fatigue would (1) have difficulty completing the PVT due to motor deficits (van Rooden et al., 2009); (2) demonstrate cognitive fatigability and time-on-task effects in response to a sustained PVT task, and (3) show analogous neural changes as had been obtained in healthy adults (Lim et al., 2010).



MATERIALS AND METHODS


Participants

A total of 21 PD patients (11 male, age range 52 to 80 years, mean age = 68 years) participated in this study. All participants were recruited from a large cohort of PD patients enrolled in the Udall Center at the University of Pennsylvania. PD participants had Montreal Cognitive Assessment (MoCA) score greater than 22, and reported normal sleep pattern (6–9 h range), as confirmed by the Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989). Patients were excluded if they had claustrophobia, depression, epilepsy, or other chronic debilitating medical conditions. Before the fMRI study, participants were required to have 7–8 h of sleep each night to minimize the potential effects of sleep debt on behavior and brain function. The Fatigue Severity Scale (FSS) was used to measure perceived general fatigue over recent period of time, day-to-day life. All subjects were compensated for participation in the study. Written consent was obtained according to the University of Pennsylvania Institutional Review Board.



The PVT Task

The PVT (Dinges et al., 1997; Durmer and Dinges, 2005; Lim et al., 2010) was used as the sustained attention task in this study. This 20-min test is a simple reaction time test with varying and random inter-stimulus intervals (ISI) which range from 2 to 10 s (mean ISI = 6 s, including a 1s delay after each button press for subjects to read their reaction time). Participants were instructed to focus their attention on a red, rectangular box subtending 2 × 1.3 degrees of visual angle in the middle of a black screen. They were instructed to quickly stop the counter with a button press as soon as they saw a number displayed, but avoiding false starts. Immediately before and after administration of the PVT, patients rated their subjective mental fatigue score on the 9-point Visual Analog Scale (VAS). The following indexes were extracted as the measures of PVT performance, including mean reaction time (RT), median RT, standard deviation of RT, and number of lapses (defined as RT exceeding 500 ms). To assess time-on-task effects and performance fatigability, we divided the 20-min PVT into five 4-min quintiles and compared the median RT in the first quintile to that of the last quintile for each subject.



Imaging Data Acquisition and Analyses

Functional Imaging data were acquired on a Siemens Magnetom 3T Prisma whole body scanner (Siemens AG, Erlangen, Germany), using a 64-channel head coil. All fMRI scans were conducted at the Hospital of the University of Pennsylvania. A spiral 3D pseudo-continuous arterial spin labeling (ASL) sequence was used for the perfusion scan with the following parameters: TR = 4 s, TE = 10 ms, flip angle = 90°, image matrix = 64 × 64, FOV = 240 mm, labeling time = 1.8 s, post labeling delay = 1.7 s. A total of 34 slices with 3.75 mm slice thickness were acquired in interleaved manner from anterior to posterior. High resolution T1-weighted structural images were acquired using a 3D MPRAGE sequence with the following parameters: TR = 2,400 ms, TE = 2.22 ms, flip angle = 8°, 208 slices with slice thickness of 0.80 mm, image matrix = 300 × 320, FOV = 256 mm. The baseline rest ASL protocol lasted for 6 min before and after PVT task and consisted of 36 acquisitions each. The PVT lasted for 20 min with 150 acquisitions.

Image data analysis was performed using Statistical Parametric Mapping (SPM 12) software (Wellcome Department of Cognitive Neurology, London), based in Matlab R2012b (Mathworks Inc., Natick, MA, United States). The ASL data processing was performed using fMRI Grocer toolbox1 and in house scripts (Dolui et al., 2019). Five subjects were excluded for imaging data analyses. Specifically, one subject was excluded due to missing VAS fatigue data. Two subjects were excluded due to large head movements greater than the size of a voxel (3.75 mm × 3.75 mm × 3.75 mm) and two other subjects were excluded due to coverage problems and CBF signal losing from ASL scans.

Pre-processing steps included motion correction, coregistration, normalization and smoothing. Motion correction was done by aligning all the functional images to the mean image of the time series for each run to correct for the effects of head movements. Next, all the realigned images were coregistered to individual subject’s own T1 structural image. Then, perfusion weighted image series were generated by pair-wise subtraction of the label and control images (Wang et al., 2005). The resulting CBF-weighted images were averaged to obtain a mean CBF image for each condition. The mean CBF image was smoothed using a three-dimensional, 8 mm full width at half maximum Gaussian kernel and normalized to a 2 mm × 2 mm × 2 mm Montreal Neurological Institute (MNI) template. Similar to our previous study (Lim et al., 2010), the 20-min PVT data were divided into five 4-min quintiles, as follows: PVTq1 (the first quintile), PVTq2 (the second), PVTq3 (the third), PVTq4 (the fourth), and PVTq5 (the fifth). Each quintile resulted in its own smooth and warped mean CBF-weighted image. All the warped mean CBF maps were visually checked for optimal sensitivity, good contrast and intensity (see Figure 1 for an example of CBF maps). These mean CBF images were then entered into the whole brain voxel-wise general linear model (GLM) analysis. Contrasts were generated to compare the PVT with rest baselines (PVT vs Rest), the post-task resting baseline with the pre-task resting baseline (Rest2 vs Rest1), and the last quintile with the first quintile of PVT (PVTq5 vs PVTq1). Activation clusters were identified at a significance level of whole brain FWE corrected p < 0.05 with cluster size larger than 30 voxels.
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FIGURE 1. Pre- and post-task CBF maps of one representative PD patient.


In order to examine whether PD patients show analogous neural changes as had been obtained in healthy adults, region of Interest (ROI) analysis was also performed using a priori ROIs were defined from our previous study of fatigue and time-on-task effects in healthy subjects (Lim et al., 2010). These a priori ROIs included bilateral middle frontal gyrus (MFG), anterior cingulate cortex (ACC), superior temporal cortex (STC) and the right inferior parietal lobe (IPL). Regional CBF values were extracted for each ROI for both pre and post-task baselines. CBF changes (adjusting for global CBF difference) were calculated and correlated with performance changes and subjective fatigue measurements.




RESULTS


Behavioral Data

The median and mean RT for the PVT across all participants and all trials were 360.22 and 428.69 ms, respectively. On average subjects showed a steady increase in RT over 20 min of the PVT with median RT increasing from 331 to 389 ms and mean RT increasing from 352 to 569 ms (Figure 2A). Because there was less variance with median RT compared to mean, median RT was used to conduct subsequent analyses. One-way analysis of variance (repeated measures) of median RT over the five 4-min quintiles showed a significant effect of time (F4,105 = 2.67, p < 0.05). Similar to previous studies, we also observed large inter-individual differences. For instance, as shown in Figure 2B, subjects 1 and 17 showed a monotonic increase in RT, subjects 2, 4 and 5 appeared to reach plateau at 10 min but then continued to increase RT over the final 2 quintiles, and subjects 3 and 13 showed very little change in RT from the 1st quintile to the 5th quintile.
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FIGURE 2. (A) Means of reaction time (RT) from the first to the last quintile. Note there is significant differences between mean RT in the last quintile and the first three quintiles (p < 0.05); (B) Median RT series of all subjects from the first to the last quintile; (C) Mean scores on a 9-point Visual Analog Scale (VAS) reported by subjects before and after the PVT. Note there is a significant mental fatigue increase after PVT compared to prior PVT (*p < 0.05); (D) Correlation of VAS change (%) to RT change (%); (E) Correlation of VAS change to Fatigue Severity Scale (FSS); (F) Correlation of RT change to FSS.


Patients also reported significantly increased mental fatigue rating on the after the 20-min PVT than before the PVT (Figures 2C, p < 0.05) and self-reported fatigue change significantly correlated with the FSS score (Figures 2E, r = 0.690, p = 0.001). These findings suggest that subjects with higher levels of perceived general fatigue have greater worsening of their fatigue while performing a sustained vigilance task. However, there was no correlation between RT change and self-reported mental fatigue change (Figure 2D, r = −0.101, p = 0.66), suggesting a dissociation between subjective fatigue and cognitive fatigability. In addition, there was a non-significant trend of correlation between RT change to the FSS score (Figure 2F, r = 0.393, p = 0.078).



Imaging Results

Figure 3 displays the results from whole brain analysis. When comparing the PVT to resting baselines, increased CBF was found in the right middle frontal gyrus (MFG), bilateral occipital cortex, and right cerebellum (see Figure 3A and Table 1A). When comparing post-task resting baseline to pre-task resting baseline, decreased CBF was found in the right MFG (BA 9, 10) while no increased CBF were observed (see Figure 3B and Table 1B). When comparing the first quintile of PVT to the last quintile of PVT, increased CBF was found in the right superior temporal cortex (STC; Figure 3C and Table 2).
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FIGURE 3. Brain areas with increase (red) or decrease (blue) in CBF (A) during PVT performance in comparison to the resting baselines; (B) post-task resting baseline in comparison to pre-task resting baseline; (C) during fifth quintile PVT scores in comparison to first quintile PVT scores. The threshold of display was set as uncorrected p < 0.001.



TABLE 1. Brain areas showing (A) significant activation (CBF increases) and deactivation (CBF decreases) to the PVT compared to resting baselines (PVT vs. Rest) and (B) CBF decreases for post-task resting baseline compared to pre-task resting baseline (Rest 2 vs. Rest 1).
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TABLE 2. Brain areas showing CBF changes for the last quintile of the PVT comparing to the first quintile of the PVT (PVTq5 vs. PVTq1).
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Figure 4 displays the results from ROI analyses. Among the seven ROIs showing significantly reduced CBF in healthy adults (Lim et al., 2010), only the right STC (Figure 4, p = 0.030) showed a significant reduction in CBF between the pre-task and post-task baseline scans in PD patients. Regional CBF changes in the right IPL and the right MFG showed significant positive correlations with subjective fatigue (VAS) changes (IPL: p = 0.025, Figure 5A; MFG: p = 0.046, Figure 5B). There was also a trend of positive correlation between CBF changes in the right IPL and the FSS scores (p = 0.054, Figure 5C). There were no significant correlations between CBF changes in the right MFG and the FSS scores (p = 0.139, Figure 5D), and RT changes and regional CBF changes from pre-task to post-task baselines in any of the other ROIs (all p > 0.1).
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FIGURE 4. Regional CBF values at pre-task and post-task resting baselines in the region-of-interests (ROIs) from previous healthy control study. *p < 0.05.



[image: image]

FIGURE 5. Correlations between VAS changes and post-task regional CBF changes in the (A) right IPL and (B) right MFG and between FSS scores and post-task regional CBF changes in the (C) right IPL and (D) right MFG.





DISCUSSION

This study evaluated fatigue and cognitive fatigability induced by performing a mentally challenging sustained attention task in a clinical sample of PD patients. As expected, PD patients in this study reported greater fatigue ratings after the task and displayed progressively increasing RT over the course of the PVT. These findings demonstrated that performance of a sustained attention task is associated with decrements in task performance and an increase in subjective fatigue in PD patients, suggesting that the research paradigms employed in this study can be used successfully to study induced fatigue in this population.

Previous research has suggested that PD patients might have difficulty completing the PVT due to motor deficits caused by the disease (van Rooden et al., 2009). However, our study demonstrated that, even though some PD patients had significant number of lapses, nearly all patients were able to complete the 20-min continuous PVT. Berard et al. (2020) also observed more lapses during the 20-min PVT in multiple sclerosis (MS), compared to healthy controls. It is possible that the 500 ms window, which was the lapse threshold defined by studying healthy volunteers, may need to be adjusted when studying clinical populations, who may have limiting motoric or sensory deficits. Notwithstanding this concern, our study suggests that the 20-min PVT is sufficient to invoke statistically significant differences in perceptions of fatigue and performance fatigability and supports the utility of continuous PVT as an appropriate paradigm to induce and examine fatigue in PD.

There were significant positive correlations of patients’ experience of fatigue in the week preceding the study (i.e., via the FSS) with their self-reported mental fatigue changes assessed immediately before and after the task (i.e., via a VAS), as well as a trend of correlation with performance declines during the PVT. However, mental fatigue changes did not correlate with task performance declines. These findings are consistent with a previous study reporting that PD-related fatigue is not associated with performance in a motor task without cue (Martino et al., 2016). However, they reported a link between PD-related fatigue and performance in an externally cued, attention-demanding version of the same task. These results are consistent with the notion that task-induced subjective fatigue and objective fatigability are two independent processes, though both appear to be influenced by perceived general fatigue before the task. That is, individuals with higher levels of general fatigue are more susceptible to the detrimental effects of sustained mental demands.

Significant task-related CBF changes were observed in the right MFG, bilateral occipital cortex, and the right cerebellum using ASL fMRI. The MFG activation in PD subjects is similar to the activation we found in healthy volunteers (Lim et al., 2010), indicating the critical role of the prefrontal cortex in tasks requiring vigilance and continuous performance in both the healthy and clinical populations. Similar activation of this area has also been reported in a variety BOLD fMRI studies employing comparable attention tasks (Fan et al., 2005; Ogg et al., 2008). The current study also found activation in cerebellum, which was not reported in our previous study. While primarily associated with motor control, the cerebellum has also been implicated in range of cognitive functions including attention (Brittain and Brown, 2013; Buckner, 2013). Thus, it is not surprising for the involvement of the cerebellum when performing the PVT in PD.

Compared to the pre-task resting baseline, post-task resting baseline scans showed significant deactivation in the right MFG, an area that overlapped with above PVT activated frontal region, indicating a persistent effect of brain fatigue in this area. Increased right MFG activation during the PVT is consistent with a previous study reporting compensatory hyper-activation in the fronto-parietal regions in PD patients to maintain attention performance and executive functions (Gerrits et al., 2015). The right MFG deactivation may reflect some residual cerebral effort in PD patients after a prolonged mental demanding task, which needs to be examined in future studies.

We also examined ROIs from our previous study where CBF decreases were observed from pre-task to post-task baselines in healthy subjects (Lim et al., 2010). In the current study, unlike healthy subjects, PD patients did not show significant CBF reduction from pre-task baseline to post-task baseline in most of these ROIs. Moreover, PD patients and healthy subjects showed differential correlations between changes in regional CBF, fatigue ratings, and PVT performance. In PD patients, regional CBF changes in the right MFG and the right IPL were significantly correlated with self-reported mental fatigue increases, but not RT increases. In contrast, regional CBF changes in these fronto-parietal regions were significantly correlated with RT increases, but not self-reported mental fatigue increases in healthy subjects (Lim et al., 2010). A potential explanation is that healthy subjects have the ability to consciously allocate their available cognitive and brain resources to preserve better performance over time, but such ability in PD patients may be impaired due to overload in their sustained attentional capacity during continuous time-on-task effects. As our findings demonstrated, the mean RT of the first quintile for PD patients is close to that of the last quintile in healthy subjects. The overloaded cognitive and brain activities may inevitably cause patients to experience fatigue. Taken together, these findings suggest that fronto-parietal regions may play different roles in mediating self-reported fatigue experience and cognitive fatigability in PD patients and healthy subjects, respectively.

Our study highlights the role of fronto-parietal attention network in mediating cognitive fatigue in PD, which are consistent with the fatigue literature. For example, Sepulcre et al. (2009) suggested an association between the symptom of fatigue and a disruption of brain networks involved in cognitive/attentional processes in MS. Our findings also suggest that using cerebral activity as a gauge for fatigability may result in improved correlations with subjective fatigue changes in persons with PD than performance declines.

The current study has several limitations. First, given the small sample size, our results may not be generalized to more heterogeneous samples. It is also unclear whether these findings are specific to PD patients. For example, fatigue in PD could be influenced by depressive symptoms (Katsarou et al., 2007). Even though those patients with major depressive disorder have been excluded form the present study, we cannot fully rule out the effect of depressive symptoms on the results. Thus future studies are needed to replicate these findings with a much larger sample size and better controlling for different confounding factors. Second, because no control group was included in this study, we were unable to compare the differential findings between PD patients and our previous study of healthy subjects (Lim et al., 2010). For example, CBF decrease from pre-task to post-task baseline scans was correlated with healthy individual’s ability to better maintain performance (Lim et al., 2010), while in the current study, we did not find such correlation in PD patients. Nevertheless, we speculate that this difference may be due to the minimal level of perceived general fatigue in healthy populations before the study. On the other hand, ages of PD patients in this study are much older than ages of healthy controls in our previous study (Lim et al., 2010), therefore we cannot be certain whether fatigue levels, demographic variables such as age, or their interaction ultimately explains the discrepancy. Future studies including both PD patients and age-matched healthy controls are necessary to understand how fatigue specifically manifests in the PD-affected brain under the same conditions as the healthy brain.

In summary, the current study utilized behavioral, psychological, and brain imaging measurements and demonstrated that the continuous PVT paradigm could successfully induce subjective fatigue and performance fatigability. We found that CBF changes in the right fronto-parietal network between the resting periods before and after the PVT were correlated with subjective fatigue changes, which suggest the critical role of this network in mediating fatigue in PD. These findings support the utility of continuous PVT paradigm to induce cognitive fatigue in PD and ASL perfusion imaging as a reproducible method for quantification of fatigue-related brain activity changes from sustained mental workload. Given that PD is a major global health concern affecting over 9 million people worldwide (Maserejian et al., 2020) and fatigue is one of the major non-motor symptoms of PD that impairs daily activity for PD patients, our study sheds light on the importance of understanding the brain mechanisms underlying fatigue to potentially help develop more effective treatment and prevention strategies.
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Backgrounds: Sleep disorders are the most common and disabling symptoms in patients with Parkinson's disease (PD). Understanding the associations between sleep characteristics and motor and non-motor symptoms (NMSs) in PD can provide evidence to guide therapeutic interventions and nursing strategies. We aimed to investigate the association between sleep characteristics and motor function and NMSs in PD using multiple approaches.

Methods: A total of 328 participants were included, and all participants underwent Pittsburgh Sleep Quality Index (PSQI) evaluation and clinical assessments of PD symptoms. We conducted Spearman's correlation to evaluate the associations between sleep and PD symptoms, nonlinear regression to assess the relationships between sleep habits and PD, and mediated analyses to test the effects of NMSs on global PSQI and PD severity, quality of life, and motor symptoms.

Results: Poor sleep was associated with more severe PD symptoms. In addition, the reflection point for bedtime was around 21:52, associated with motor symptoms, and insufficient and excessive total time spent in bed and nocturnal sleep duration were correlated with higher NMS burdens. The optimal points were 8–9.2 and 6.2–6.9 h, respectively. It was also discovered that NMSs played the mediating roles in global sleep with the quality of life, PD stages, and motor symptoms to a varying range of 6.8–95.4%.

Conclusions: Sleep disorders have a significant effect on the burden of PD symptoms. The current findings provide new insights into the monitoring and management of sleep and PD and need to be further explored in the future studies.

Keywords: Parkinson's disease, sleep characteristics, motor symptoms, non-motor symptoms, Pittsburgh Sleep Quality Index


INTRODUCTION

Parkinson's disease (PD), the second most common neurodegenerative disease in the elderly, is brought into focus since it cannot be cured; therefore, an increasing number of studies pay close attention to early diagnosis of PD (Stefani and Högl, 2020). The main motor manifestations of PD are resting tremor, bradykinesia, muscle rigidity, and walking and gesture abnormalities. The appearance of non-motor symptoms (NMSs) has been proven earlier than that of motor symptoms. NMSs are the most disabling symptoms of PD and are often neglected. Therefore, it is of great value to explore the clinical characteristics of NMSs for early diagnosis and intervention (Sveinbjornsdottir, 2016). Sleep disorders are among the most frequent NMSs, with a prevalence of 20–90% (Cai et al., 2019), and are also regarded as life-changing symptoms due to their significant impact on the quality of life (Jasti et al., 2018). It needs to be identified and managed early to improve motor symptoms.

Sleep–wake disturbances have been reported to precede the diagnosis of Parkinsonism in prodromal PD (Al-Qassabi et al., 2017). The pathophysiology is unknown and may be caused by multiple factors, including the effects of motor function and NMSs on sleep. PD-related disturbed sleep is largely attributed to central sleep regulation center degeneration in the thalamus and brainstem, including difficulty falling asleep, decreasing total sleep duration and efficacy, frequent awakenings, and increasing daytime sleepiness (Zhu et al., 2016). Furthermore, dopaminergic therapies can precipitate sleep disturbances (Breen et al., 2014), and changes in non-dopaminergic neurotransmitter levels due to PD progression affect sleep (Diederich et al., 2005). According to the previous studies, sleep maintenance insomnia due to disrupted sleep occurs most commonly, followed by early morning awakening (Ylikoski et al., 2015). Studies using polysomnography have also revealed that patients with PD have shorter total sleep time and lower sleep efficiency using polysomnography (Yong et al., 2011; Selvaraj and Keshavamurthy, 2016). Moreover, worsening of sleep disturbances and other neuropsychiatric complaints may contribute to the progression of NMSs, and a broad range of sleep disorders are seen, with potential interactions existing in various disorders (Bargiotas et al., 2016). For instance, sleep disorders are related to emotional and cognitive impairment, as well as decreased quality of life, which augments the morbidity and mortality in the PD population (Pandey et al., 2016; Bohnen and Hu, 2019). Sleep quality is defined in terms of subjective complaints, and self-reported sleep measures are quick, brief, and cost-effective ways to measure sleep disturbances (Zea-Sevilla and Martínez-Martín, 2014). A host of scales has been applied for the evaluation of sleep disorders; however, only a few scales can be used to assess sleep quality in patients with PD (Högl et al., 2010). The Pittsburgh Sleep Quality Index (PSQI) is the most widely used scale in clinical practice and allows the rate of sleep quality to select appropriately targeted therapies (Videnovic et al., 2017).

Although studies have investigated the clinical characteristics of sleep disturbances among patients with PD, this relationship remains unclear and warrants further investigation. In addition, whether PD clinical characteristics, such as disease severity, prescription of dopaminergic medication, and other NMSs, are associated with sleep disorders remains controversial. Therefore, this study aimed to investigate the association between sleep characteristics and motor and non-motor dysfunctions of PD in this single-center observational cross-sectional study. An improved understanding of the common causes of sleep and PD characteristics is crucial and can provide evidence to guide therapeutic interventions and nursing strategies for patients with PD.



METHODS


Study Participants

This observational, single-center, cross-sectional study enrolled 551 participants who visited the Department of Neurology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology from October 2014 to October 2021. PD was diagnosed based on the most recent clinical criteria (Postuma et al., 2015). Participants were excluded if they (1) were diagnosed with Parkinsonism-plus syndrome, including multiple system atrophy, progressive supranuclear palsy, and Lewy body dementia; (2) had a history of surgery, including stereotactic nerve nuclei lesions and deep brain stimulation; and (3) had a history of psychiatric symptoms, cancer, or any serious cardiovascular complications. This study was approved by the Medical Ethics Committee of Tongji Hospital, Tongji College of Medicine, Huazhong University of Science and Technology (Wuhan, China). Finally, 328 patients with PD were included, whereas 96 participants were excluded due to the above diagnosis and diseases, as well as 127 for incomplete data. Written informed consent was obtained from the participants or their legally acceptable representatives.



Sleep Characteristics Assessment Headings

Sleep characteristics were measured using the PSQI (Högl et al., 2010). The PSQI is a self-reported questionnaire evaluating sleep quality during the last 1 month, consisting of 19 individual items that generate seven component scores (subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleeping medication, and daytime dysfunction). Each sleep component had a score of 0–3 and the total score ranged from 0 to 21, corresponding to increasingly impaired sleep. Total scores ≤5, 6–10, and >10 were defined as good, general, and poor sleep, respectively, whereas each component scores 0–3 as good, general, poor, and poorer, respectively. The questionnaire also included some specific questions, such as bedtime, getup time, total time spent in bed (TIB), and nocturnal sleep duration (NSD); however, approximately one-fourth of the participants did not provide these data.



Clinical Assessments

Detailed history taking and examination were performed for all subjects, including the evaluations of demographic and clinical characteristics (i.e., age, sex, educational level, body mass index [BMI], disease onset age, disease duration, and daily levodopa equivalent dose [LEDD]), disease severity, motor subtypes, and motor and NMSs. Trained researchers performed all examinations.

Early onset PD (EOPD) and late-onset PD (LOPD) were defined as the disease onset age before and after 50 years of age, respectively. Additionally, tremor dominant (TD) and postural instability gait disorder (PIGD) were divided based on the ratio of TD to PIGD scores: patients with ratios >1.15 were classified into TD, those with ratios <0.90 to the PIGD, and patients with ratios among 0.90–1.15 were classified as “undetermined” (Stebbins et al., 2013). LEDD was calculated according to the common conversion formulae (Tomlinson et al., 2010), and almost all patients with PD were on the medication for their condition at the time of evaluation.

Motor symptoms were measured using the Hoehn and Yahr (H&Y) stage (Goetz et al., 2004), as well as the Movement Disorders Society Unified Parkinson's Disease Rating Scale (MDS-UPDRS) part II and III (Goetz et al., 2008), whereas the quality of life was assessed using the 39-Item Parkinson's Disease Questionnaire (PDQ-39) (Jenkinson et al., 1997). The MDS-UPDRS-IV was applied to assess PD complications, and the Freezing of Gait Questionnaire (FOG-Q) was used to evaluate FOG. In addition, NMSs were evaluated using various scales (van Wamelen et al., 2021). Specifically, the MDS-UPDRS-I and Non-Motor Symptoms Scale (NMSS) were used for NMS burden; cognitive function was examined using the Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA); Hamilton Rating Scale for Depression (HAMD) and Anxiety (HAMA) were used to evaluate mood symptoms; Scales for Outcomes in Parkinson's Disease-Autonomic (SCOPA-AUT) was used to assess autonomic dysfunction; and the Apathy Scale (AS) was used for apathy evaluation.



Statistical Analyses

Differences in demographic characteristics between the good, general, and poor sleep groups were examined using the Mann–Whitney U test (continuous variables) and χ2 test (categorical variables). Spearman's rank correlations were used to explore the associations between sleep parameters (sleep components and times) and the clinical characteristics of PD. Furthermore, non-linear regression analyses using the quadratic model (y = αx2 + βx + c) were employed to investigate the non-linear associations between sleep habits (bed time, getup time, TIB, and NSD) and PD characteristics (Hayes and Preacher, 2010). When the coefficient of the quadratic term was significantly larger (U-shaped) or smaller (reverse U-shaped) than zero, significant non-linear associations were observed. Most scales did not display a normal distribution (Kolmogorov–Smirnov test, p < 0.05); therefore, they were log10-transformed to approximate the normal distribution. The Bonferroni method was used for multiple corrections (for seven sleep components), except where specifically noted. Next, mediation analyses were used to evaluate whether the associations between sleep and PD severity were mediated by NMSs (Baron and Kenny, 1986). In each model, sleep characteristics were included as independent variables, and PD motor symptoms and quality of life were the dependent variables. All mediation tests were performed with 10,000 bootstrap replications.

All analyses were conducted using R (version 3.6.3) and GraphPad Prism version 8.0, and the statistical significance threshold was set at two-tailed p < 0.05. Bonferroni corrections were applied for multiple corrections of all sleep characteristics or PD scales.




RESULTS


Participant Characteristics

The characteristics of the participants included in the present study are summarized in Table 1, whereas the detailed sleep characteristics are shown in Figure 1. A total of 328 patients with PD aged 60.5 years (SD = 10.1; 145 women) were enrolled. There were significant differences in disease duration among the three groups (p = 0.005), whereas there were no differences in age, sex, educational level, BMI, disease onset age, and subtypes (all p > 0.05). Additionally, poor sleep quality was associated with more severe motor and non-motor symptoms (Table 1).


Table 1. The characteristics of participants.
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FIGURE 1. The Spearman's correlations of PSQI and PD symptoms. The sleep characteristics and habits showed significant associations with PD characteristics, as well as motor and NMSs. Specifically, the increasing total PSQI scores were related to more severe PD characteristics, including higher scores of H&Y stages, UPDRS-II and III, FOG-Q and PDQ-39, as well as higher doses of LEDD. Poorer sleep levels were also associated to worse cognitive function, though only total MMSE score, orientation, and language and praxis survived after Bonferroni correction (p < 0.002). Further, it was illustrated that elevated total PSQI scores correlated with more serious NMSs covered NMS burden, depression, anxiety, autonomic dysfunction, apathy, and fatigue (p < 0.05). *The p-value was survived after Bonferroni correction (p < 0.002). AS, Apathy Scale; EF, efficiency; FOG-Q, Freezing of Gait Questionnaire; FSS, Fatigue Severity Scale; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; H&Y, Hoehn-Yahr stage; LEDD, levodopa equivalent daily dose; MDS-UPDRS, Movement Disorder Society Unified Parkinson's Disease Rating Scale; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; NMSS, Non-Motor Symptoms Scales; NSD, nocturnal sleep duration; PD, Parkinson's disease; PDQ-39, 39-item Parkinson's Disease Questionnaire; PSQI, Pittsburgh Sleep Quality Index; SCOPA-AUT, Scale for Outcomes in PD for Autonomic Symptoms, TIB, total time spent in bed. The “+” was symbolized to positive correlated, while the “−” was negative correlated. The “*” was on behalf of statistically significant difference (p < 0.05).




Spearman's Correlations of PSQI Domains and PD Characteristics

Sleep characteristics and habits were significantly associated with PD characteristics as well as motor and NMSs scores (Figure 1). Specifically, the increasing total PSQI scores were related to more severe PD characteristics, including higher H&Y stage scores, UPDRS-II and III, FOG-Q, and PDQ-39, as well as higher doses of LEDD (all Spearman's p < 0.01). Poorer sleep levels were also associated with worse cognitive function, although only the total MMSE score, total MoCA score, and executive function survived after Bonferroni correction (p < 0.002). Furthermore, elevated total PSQI scores correlated with more serious NMS burden, depression, anxiety, autonomic dysfunction, apathy, and fatigue (p < 0.05). Additionally, different sleep components were associated with PD characteristics, as shown in Figure 1 and Supplementary Tables 1, 2.



Non-Linear Associations of Sleep Habits and PD Characteristics

There were significant non-linear relationships between sleep habits and motor and non-motor symptoms in individuals with PD (Table 2). The reflection point for bedtime was ~21:52, associated with UPDRS-II, whereas no significant non-linear relationships were found for the getup time. The recommended TIB was ~8–9.2 h, indicating that the fitted curve reached its peak (Figure 2). Both insufficient and excessive TIB are associated with a higher NMS burden. Conversely, the reflection points were suited 6.2–6.9 h, and either fewer and more were disadvantageous for PD characteristics, suggesting that the proper sleep duration was ~6–7 h per day.


Table 2. The associations of PSQI parameters with PD characteristics using nonlinear regression models.
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FIGURE 2. Non-linear associations between sleep habits and PD symptoms. Total time spent in bed showed reverse U-shaped associations with different NMSs, including UPDRS-I (A,F), HAMA (B,G), PDQ-39 (C,H), SCOPA-AUT (D,I), and NMSS (E,J). Either insufficient or excessive TIB is associated with worse performances of NMSs. The numbers of individuals with each sleep hour are shown in the bar graph. *The p-value was survived after Bonferroni correction (p < 0.008). HAMA, Hamilton Anxiety Rating Scale; MDS-UPDRS, Movement Disorder Society Unified Parkinson's Disease Rating Scale; NMSS, Non-Motor Symptoms Scales; PDQ-39, 39-item Parkinson's Disease Questionnaire; SCOPA-AUT, Scale for Outcomes in PD for Autonomic Symptoms; TIB, total time spent in bed.




Mediation Analyses

Mediation analyses were performed to investigate whether NMSs contributed to the quality of life and severity of PD as assessed by sleep levels (Figure 3 and Supplementary Tables 3–6). We found that various scales of NMSs, consisting of the MDS-UPDRS-I, MMSE, HAMD, HAMA, SCOPA-AUT, NMSS, AS, and FSS, could mediate the effect of quality of life (PDQ-39) and the severity of PD (H&Y stages, MDS-UPDRS II and III) with a range of 6.8–95.4%. Anxiety, depression, and NMS burden showed leading mediated effects, whereas cognition and fatigue did not survive after the Bonferroni correction (p < 0.001).
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FIGURE 3. Mediation analyses of NMSs with global sleep quality and PD. It was found that various scales of NMSs, consisting of MDS-UPDRS-I, MMSE, HAMD, HAMA, SCOPA-AUT, NMSS, AS, and FSS, could mediate the effect of quality of life (A), and the severity of PD, including H&Y stages (B), MDS-UPDRS II (C) and III (D) with a range of 6.8–95.4%. *The p-value was survived after Bonferroni correction (p < 0.001). AS, Apathy Scale; FSS, Fatigue Severity Scale; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; MDS-UPDRS, Movement Disorder Society Unified Parkinson's Disease Rating Scale; MMSE, Mini-Mental State Examination; n, number; MoCA, Montreal Cognitive Assessment; NMSS, Non-Motor Symptoms Scales; PD, Parkinson's disease; PDQ-39, 39-item Parkinson's Disease Questionnaire; PSQI, Pittsburgh Sleep Quality Index; SCOPA-AUT, Scale for Outcomes in PD for Autonomic Symptoms.





DISCUSSION

This study comprehensively evaluated the association of sleep characteristics and habits with motor symptoms and NMSs in patients with PD using a Chinese cohort. The primary results showed that poorer sleep levels were linked to more severe motor and non-motor symptoms in individuals with PD. Notably, we found several reflection points that showed the best bedtime, as well as the appropriate TIB and NSD, which were most beneficial to PD symptoms. Equally, we discovered that the associations between sleep quality and PD severity, quality of life, and motor symptoms were mediated by a number of NMSs to varying degrees, which provides new insights for clinical practice to intervene in PD deterioration with sleep disorders. Our findings also highlight the importance of increasing the awareness of sleep problems in patients with PD.

The PSQI was chosen to evaluate global sleep quality because it has been generally used for the occurrence of sleep disturbances in PD populations with good sensitivity and specificity (Pal et al., 2004). The PSQI has been reported to be sensitive to subjective sleep and therefore can be used to screen for the presence of sleep alteration and to rate the severity ulteriorly. Consistent with our results, previous studies have shown that poor sleep quality and efficiency are the promising markers of prodromal PD, and that an increased number of sleep disturbances and poor nighttime sleep are positively correlated with PD-related disability (Mao et al., 2018; Lysen et al., 2019). It is suggested that lesions of the lower brainstem expand and sleep disorders become more pronounced with PD deterioration (Braak et al., 2004). Motor symptoms aggravate the condition of patients, and they often combine with advanced multi-autonomic dysfunctions such as nocturia, nightmares, and restless leg syndrome, which further affect sleep. Since the maintenance of the sleep-wake cycle is closely related to dopamine (Lima, 2013), patients with PD with advanced motor symptoms tend to experience aggravation of sleep disturbances, which may be related to the degeneration of the dopaminergic system in the nigrostriatal pathway. Sleep disturbances may also contribute to the progression of PD symptoms (Lauretti et al., 2017). These nocturnal sleep problems can be aggravated by discomfort resulting from nighttime hypokinesia, particularly impaired bed turning; meanwhile, pain and other sensations caused by PD may also negatively influence sleep.

One novelty of this study is that we observed a U-shaped relationship between sleep habits and symptoms of PD. Bed time has shown positive non-linear associations with motor symptoms in patients with PD, whereas either excessive or insufficient TIB and NSD are unprofitable for the quality of life and NMSs. Several studies have reported that excessive sleep duration increases PD risk (Zhang et al., 2021), and others have found that too little nocturnal sleep duration increases the risk of motor symptoms (Lysen et al., 2019). Therefore, inadequate TIB and NSD could possibly lead to worse motor and NMS burden and even the deterioration of PD, which is consistent with our results. Likewise, disruptions to the sleep–wake cycle have been associated with inefficient metabolic clearance and increased oxidative stress in the central nervous system, which leads to excessive accumulation of alpha-synuclein and induction of neuronal loss, thus accelerating the pathogenesis and progression of PD. A cross-sectional study has proven that poor sleep, such as insufficient or excessive sleep duration and unsuitable sleep time, is associated with lower levels of cerebrospinal fluid alpha-synuclein in non-PD individuals (Wang et al., 2020). These U-shaped associations between sleep duration and PD can be explained from the perspectives of sleep quality and efficiency. As recommended, we claim that the optimum bed time, TIB, and NSD are approximately 22 o'clock, 8–9, and 6–7 h, respectively. Conversely, the overnight sleep for healthy age is often fragmented and lasts for <6.0–7.5 h due to the changes in sleep and circadian rhythms with aging (Gulia and Kumar, 2018). Compared with healthy elders, patients with PD have more serious sleep problems as a disorder of sleep maintenance, but also as a disorder of sleep onset or early morning awakening due to motor and non-motor symptoms. Therefore, it is more difficult, but important, for them to obtain sufficient sleep.

The impairment of sleep rhythm significantly impacts the quality of life in PD, including autonomic, cognitive, and psychiatric functions in patients with PD, in turn worsening motor manifestations and affective symptoms (Videnovic et al., 2014a). Additionally, non-motor problems, such as nocturia, related pain, and neuropsychiatric symptoms, often give rise to sleep fragmentation. The generation and maintenance of the sleep–wake cycle depend on the central neurotransmitter systems that mainly involve 5-hydroxytryptamine, norepinephrine, and acetylcholine, and studies have indicated that these monoaminergic neurotransmitters play the important roles in regulating circuits related to emotion, psychology, stress, and cognitive performance (Thobois et al., 2017). The dynamic equilibrium and interaction of neurotransmitters determine normal functions of the circadian rhythm, and the neurons undergo degeneration and death to varying degrees in patients with PD, which can explain the significant correlation between NMSs and sleep disturbances. Another novel finding of this study is that non-motor complications, such as cognitive decline, depression, anxiety, autonomic dysfunction, apathy, and fatigue, partly mediate the impact of global sleep quality on PD severity, quality of life, and motor symptoms. These mediating effects varied from 10 to 90%, suggesting that NMSs and sleep disturbances are not independently linked to PD severity. Therefore, psychiatric symptoms contributed the most. These may be attributed to multi-system impairments, including the nigrostriatal dopaminergic system (Pfeiffer, 2016), and lead to the assumption that multiple coexisting conditions, such as motor and NMSs, contribute to sleep disorders (Kurtis et al., 2013). However, cognition and fatigue have less mediating effects, which suggests the independent roles in sleep.

Cognitive impairment is one of the most epidemic NMSs of PD, with a prevalence of 30–40%, and worse sleep efficiencies in PD subjects tend to be significantly associated with working memory and verbal memory consolidation (Emre, 2003). Our results also correlated with orientation and executive function. Anxiety and depression are the important factors that affect sleep status in patients with PD, and emotion generation and regulation are influenced by alterations in the frontal limbic systems (Palmer and Alfano, 2017). The relationships between sleep disturbances and emotional symptoms are bidirectional and can give rise to vicious circles for PD individuals, in which both reinforce each other (Rutten et al., 2017). A study reported that reduced melatonin secretion results in a 4-fold decrease in circulating melatonin levels in patients with PD (Videnovic et al., 2014b), often associated with cognitive decline and psychiatric disorders. Additionally, premature occurrence of apathy symptoms may forebode the existence of sleep disorders with procession NMSs, and clinical diagnosis and treatment should pay more attention to apathy. Autonomic failure and fatigue are the pervasive problems associated with PD (Suzuki et al., 2014; Siciliano et al., 2018). Gastrointestinal distress, such as constipation and defecatory dysfunction, causes discomfort and an unpredictable need for toilets at night. Urinary symptoms such as nocturia are common among patients with PD and may also contribute to disrupted sleep as well (Bjørnarå et al., 2014). Sleep disturbances thus seem complex and likely multifactorial, and comorbidities probably play roles. However, sleep disorders in PD have not received sufficient attention and are consequently under-diagnosed and untreated. The treatment of sleep problems will likely improve NMSs but also postpone PD progression. It can potentially reduce the overall disability and thereby improve the lives of patients and their caregivers (Leroi et al., 2010).

Furthermore, sleep disorders were more likely to be positively correlated with higher LEDD in our study and previous studies (Verbaan et al., 2008; Antczak et al., 2013). Levodopa treatment is believed to improve sleep efficiency with reduced sleep latency by improving motor scores (Ferreira et al., 2014) and is also able to improve sleep quality partly by reducing night-time dyskinesia or tremor which severely interferes with normal sleep (Poewe et al., 2007). However, these drugs, particularly at higher doses, may cause insomnia and excessive daytime sleepiness, with a sudden onset of sleep attacks. One hypothesis is that poor sleep complainants receive higher doses of levodopa than good sleepers, rather than higher doses of levodopa, leading to poor sleep (Mao et al., 2017). Additionally, antiparkinsonian drugs do not work at midnight due to the levodopa doses in the blood, leading to various PD symptoms, and can cause vivid dreams, hallucinations, and paranoia, particularly at night. Our results showing that the associations between sleep and LEDD do not exist after Bonferroni correction have verified the complexities of levodopa treatment on sleep, which needs further exploration.

This study has several strengths and limitations. Our analyses systematically evaluated the sleep disorders and global PD characteristics and found worthy results such as optimal sleep habits for patients with PD. Meanwhile, the current findings stress the mediating effect of NMSs between sleep disorders and PD symptoms and quality of life, enabling the development of comprehensive therapeutic approaches. Conversely, the PSQI is a self-reported scale that does not reflect objective sleep quality, and there are different sleep disorders in PD beyond insomnia, such as apnea, rapid eye movement sleep behavior disorder, and excessive daytime sleepiness which could not be disentangled using the PSQI or any single scale that is needed to select objective measures such as polysomnography for sleep monitoring. In addition, this study only sought to propose strong hypotheses about the potential roles of sleep disorders in PD and will be examined in future longitudinal studies.



CONCLUSIONS

In summary, our cross-sectional study indicated a close relationship between sleep characteristics and the burden of PD symptoms in patients with PD. Poor sleep quality and efficiency as well as insufficient or excessive sleep duration are associated with more severe PD symptoms, including PD stages, motor symptoms, NMSs, and quality of life. Therefore, our findings provide new insights into the monitoring and management of sleep and PD, which need to be further explored in the future studies.
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An increasing number of studies have provided evidence for the hypothesis that the pathogenesis of Parkinson’s disease (PD) may derive from the gut. Firstly, Lewy pathology can be induced in the enteric nervous system (ENS) and be transported to the central nervous system (CNS) via the vagal nerve. Secondly, the altered composition of gut microbiota causes an imbalance between beneficial and deleterious microbial metabolites which interacts with the increased gut permeability and the gut inflammation as well as the systemic inflammation. The activated inflammatory status then affects the CNS and promotes the pathology of PD. Given the above-mentioned findings, researchers start to pay attention to the connection between PD and gastrointestinal diseases including irritable bowel syndrome, inflammatory bowel disease (IBD), microscopic colitis (MC), gastrointestinal infections, gastrointestinal neoplasms, and colonic diverticular disease (CDD). This review focuses on the association between PD and gastrointestinal diseases as well as the pathogenesis of PD from the gut.
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Introduction

Parkinson’s disease (PD) is the second most prevalent progressive neurodegenerative disease after Alzheimer’s disease. The incidence of PD, rising with age, is the highest in people aged around 80 (Ascherio and Schwarzschild, 2016). PD has the classical motor symptoms of rest tremor, muscular rigidity, bradykinesia, and postural and gait impairment (Cacabelos, 2017). Non-motor symptoms including impaired olfaction, constipation, depression, excessive daytime sleepiness, and rapid eye movement sleep behavior disorder (RBD) usually occur in the prodromal period of PD, before the onset of the primary motor symptoms. In this period, key features of PD pathology can already be identified (Klingelhoefer and Reichmann, 2015). The pathological hallmarks of PD are dopaminergic neurons loss in the substantia nigra pars compacta (SNpc) along with other parts of the brain, and the formation of Lewy bodies, mainly composed of an abnormally folded protein called α-synuclein, in the neurons of the central nervous system (CNS) and peripheral nervous system such as the enteric nervous system (ENS). Lewy pathology is hypothesized to develop following 6 stages. In the early stages before the onset of motor symptoms, Lewy bodies can be found in the peripheral nervous system, related to the non-motor symptoms. Moreover, pathological forms of α-synuclein aggregates besides Lewy bodies are also harmful to neurons (Kalia and Lang, 2015). Neuroinflammation also plays an important role in the pathology of PD. Reactive gliosis caused by activated astrocytes and microgliosis resulting from microglial activation is identified in the areas of neurodegeneration in PD (Phani et al., 2012). There is an increasing number of studies supporting that the above-mentioned pathology in the brain originates from the gastrointestinal tract. This article aims to review the roles the gut plays in the pathogenesis of PD and the association between PD and gastrointestinal diseases as well as the possible underlying mechanisms to reveal new insights into the etiology and pathophysiology of PD, explore early peripheral diagnosis of PD for early intervention, and facilitate timely identification and management of gastrointestinal comorbidities.



Search strategy

We searched PubMed and Embase for articles published in English from Jan 1, 2000, to Jan 31, 2022 using subject words combined with free words. The search terms “parkinson,” “PD,” “gut microbiota,” “gastrointestinal diseases” were used. We also manually searched for additional relevant studies via the reference lists of included articles and review articles.



The gut-derived pathogenesis of Parkinson’s disease

In recent years, the interaction between the gut, gut microbiota, and the brain has been demonstrated and named the microbiota-gut-brain axis (Cryan and Dinan, 2012). By the microbiota-gut-brain axis, gut microbiota can modulate the bidirectional gut-brain signaling pathways by interaction with the host (Cryan et al., 2019).


Lewy pathology in enteric nervous system

The Lewy pathology has been identified in the gastrointestinal tract on an average of 7 years before the onset of the motor symptoms (Stokholm et al., 2016). BRAAK in 2006 put forward a hypothesis that the pathology of PD may be initiated from the gut and then the pathological substances transported from the gut to the brain. Subsequently, several studies presented evidence to support this hypothesis. Animal studies demonstrated that the intragastrically administered rotenone, a PD inducer, could cause pathological α-synuclein formation in ENS, in the vagal nerve, and then the brainstem. When vagotomy was performed, the pathological α-synuclein stopped transporting to the brain (Phillips et al., 2008; Kim et al., 2019). Furthermore, human α-synuclein injected into the intestinal wall of healthy mice could transport via the vagal nerve and reach the brainstem (Holmqvist et al., 2014). Interestingly, cohort studies found that compared to controls, patients receiving truncal vagotomy had a decreased risk of PD (Svensson et al., 2015; Liu et al., 2017); vagotomy referring to resecting the vagal nerve, is a treatment for peptic ulcers. The above-mentioned studies provide evidence for the hypothesis that Lewy pathology may be initiated in ENS and move toward the SNpc and other parts of the CNS (Braak et al., 2006).



Gut microbiota

Gut microbiota is composed of a variety of microorganisms including bacteria, archaea, fungi, and viruses in the gastrointestinal tract. Studies presented heterogeneous or conflicting results of changes in the gut microbiota of PD patients and healthy controls. Nevertheless, taking 21 studies together, we summarized the gut microbiota with altered abundance in the PD group compared to the healthy control group in Table 1 (Scheperjans et al., 2015; Kuai et al., 2021; Vascellari et al., 2021; Yan et al., 2021; Zheng et al., 2021). The heterogeneity of results may be due to different sequencing methods of gut microbiota and confounding factors such as diets, age, and comorbidity. Despite the heterogeneity, these results provide candidates for further exploration of mechanisms.


TABLE 1    Altered abundance of gut microbiota in PD patients compared to controls.
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The above-mentioned studies suggested a possible role of the altered composition of microbiota in the pathogenesis of PD, and a more direct relationship should be established by intervention studies. In a validated mouse model of PD (Sampson et al., 2016), antibiotic treatment alleviated, while microbial re-colonization promoted, the pathophysiology of PD in mice. Furthermore, mice colonized with fecal microbiota from PD patients had worse motor performance than that colonized with fecal microbiota from healthy controls. It indicates that the altered composition of microbiota represents a risk factor for PD.

The altered composition of microbiota in PD causes increased gut permeability and systemic inflammation via the translocation of bacteria and proinflammatory microbial metabolites (Forsyth et al., 2011; Fang, 2016; Felice et al., 2016). For example, a reduced Provotella population can result in decreased levels of protective short-chain fatty acids (SCFAs) and vitamins, such as thiamine and folate; moreover, Provotella can produce hydrogen sulfide which has a protective effect on dopaminergic neurons (Cakmak, 2015). The decreased SCFAs–producing Roseburia and Faecalibacterium may also facilitate neuroinflammation in PD. Akkermansia has been reported to have the ability to degrade the mucus layer of the gut. Then the increased gut permeability exposes the intestinal neural plexus to oxidative stress and/or pesticide/herbicide, causing abnormal aggregation of α-synuclein fibrils in the intestine (Nishiwaki et al., 2020). The abundances of Verrucomicrobia and Bacteroides were associated with elevated plasma levels of TNF-α and IFN-γ in PD patients, suggesting the role of Verrucomicrobia and Bacteroides in systemic inflammation (Lin et al., 2019). Besides, gut microbiota acts as an activator of immune cells in the brain, including brain-resident microglia (Erny et al., 2015). Activated microglia can release reactive oxygen, nitrogen species, and pro-inflammatory cytokines to induce neuroinflammation (Phani et al., 2012). Moreover, the α-synuclein-dependent motor dysfunction and gastrointestinal function could be significantly improved in antibiotics-treated animals (Sampson et al., 2016), suggesting the critical role of gut microbiota in the pathogenesis of PD. A preliminary study (Xue et al., 2020) including 15 PD patients reported relieved motor and non-motor symptoms after fecal microbiota transplantation (FMT), and compared with nasointestinal FMT, colonic FMT appears to be more effective. However, the follow-up period was 3 months, unable to evaluate the long-term effect of FMT on PD and it was a small sample-size self-controlled study that lacked a rigorous design. Hence, more randomized controlled trials are needed to further evaluate the efficacy and safety of FMT in treating PD.



Microbial metabolites

It has been widely accepted that gut microbiota and their metabolites play a pivotal role in the pathogenesis of PD. The gut microbiota may contribute to the neurodegeneration of PD via the cumulative effects of microbial metabolites throughout the whole disease course before the onset of PD. The microbial metabolites in the gut can affect CNS via endocrine and neural pathways. In turn, the CNS alters gut movement, gut microbiota composition, secretion, permeability, and inflammation via autonomic interaction with the ENS (Zheng et al., 2021). SCFAs, including acetate, propionate, and butyrate are putative neuroprotective microbial metabolites by fermentation of fibers. Studies found that the levels of both serum and fecal SCFAs were differentially abundant between patients with PD and controls and the levels of SCFAs were significantly lower in PD patients (Unger et al., 2016; Russo et al., 2018; Wu et al., 2022). Additionally, butyrate was found to have a negative correlation with postural instability-gait disorder score and constipation severity (Tan et al., 2021). Bacteria-derived butyrate modulates hypoxia-inducible factor (HIF), which coordinates gut barrier protection (Kelly et al., 2015). The impaired gut barrier and gut inflammation have been suggested to be involved in the pathogenesis of PD, which will be discussed in the next section. However, an animal study demonstrated that SCFAs alone could activate microglia, induce increased α-synuclein aggregation in the brain and aggravate motor deficits (Sampson et al., 2016) by yet unknown pathways. For this, clinical studies are needed to further explore whether there is a positive relationship between PD and elevated SCFAs.

In addition to SCFAs, gut microbiota can also modulate the metabolism of amino acids. The levels of fecal branched-chain amino acids and aromatic amino acids were decreased in PD patients. Such amino acids were associated with an increased abundance of Alistipes, Rikenellaceae_RC9_gut_group, Bifidobacterium, Parabacteroides, and a decreased abundance of Faecalibacterium (Yan et al., 2021). Compared to healthy controls, the analysis of fecal metabolites showed higher levels of cadaverine, ethanolamine, hydroxypropionic acid, isoleucine and leucine, and phenylalanine. In contrast, glutamic acid, pyroglutamic acid, and succinic acid were significantly decreased in PD patients (Vascellari et al., 2020). The increased molecules may promote inflammatory responses and α-synuclein aggregation in the ENS via inducing oxidative stress and binding the N-terminal region of the amyloid beta peptide (Vascellari et al., 2021). Another study also revealed increased production of deleterious amino acids of protein degradation by gut microbiota, including p-cresol and phenylacetylglutamine in PD patients (Cirstea et al., 2020). The toxic amino acids have a harmful effect on the colonocytes (Diether and Willing, 2019) and may contribute to the disorder in the gut microenvironment.

Furthermore, gut microbiota plays a key role in metabolizing dietary constituents such as choline or L-carnitine into Trimethylamine N-oxide (TMAO), which is detectable in the cerebrospinal fluid. A study demonstrated that compared to healthy controls, plasma TMAO levels in patients with drug-naïve early stage PD were lower. Lower TMAO levels were related to more rapid longitudinal increases in doses of dopamine-based medications and higher risks for dementia (Chung et al., 2021). Another study also revealed reduced fecal levels of TMAO in PD, and fecal choline levels were higher in patients with motor response complications (occurring in the advanced stage of PD) (Tan et al., 2021). Studies have shown the protective effects of TMAO. TMAO could transform α-synuclein from one conformation to another, which may prevent the α-synuclein aggregation and formation of insoluble fibrils leading to PD (Jamal et al., 2017). When TMAO is at a high concentration level, α-synuclein forms oligomers, probably representing the physiologically folded form of the protein (Uversky et al., 2001). However, other studies reported a positive correlation between levels of TMAO and poor prognosis of various diseases, including neurological disorders and non-neurological disorders (Chung et al., 2021). TMAO has been reported to accelerate Aβ aggregation of Alzheimer’s disease and has been suggested to disrupt the blood-brain barrier (BBB) by reducing the expression of tight junction proteins like claudin-5 and tight junction protein-1. One of the mechanisms underlying the harmful effects of TMAO is demonstrated to be inflammation (Janeiro et al., 2018). Another study in 2020 demonstrated that plasma TMAO levels were elevated in patients with PD and correlated with disease severity and motor symptom progression (Chen et al., 2020). Likewise, a study revealed that plasma TMAO levels of patients with PD (with an average disease course of 8.1 years) were higher than that of the controls, and the levels were even higher in patients with motor fluctuation (Sankowski et al., 2020). The conflicting results may arise from the fact that the subjects in these studies were on medication and had a longer course of disease. The function of the above-mentioned microbial metabolites is summarized in Table 2.


TABLE 2    Potential roles of microbial metabolites in PD.
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Gut inflammation

Gut inflammation has been suggested to be associated with PD. In a study with small sample size, compared with controls, biopsies from the ascending colon showed increased levels of pro-inflammatory cytokines including TNF-α, IF-γ, IL-6, and IL-1β (Devos et al., 2013). A Systematic review summarized the peripheral blood inflammatory cytokine data and concluded with higher levels of IL-6, tumor necrosis factor, IL-1β, IL-2, IL-10, C-reactive protein, and RANTES in patients with PD (Qin et al., 2016). Additionally, lipopolysaccharide (LPS), an inflammatory microbial metabolite, has been proven to accelerate α-synuclein aggregation. Some speculated that LPS initiated the pathology of PD in the gut via binding to α-synuclein (Bhattacharyya et al., 2019). Moreover, LPS is involved in the activation of inflammation in the colon and SN via the TLR4/MyD88/NF-κB signaling pathway (Zhao et al., 2021). Gastrointestinal inflammation may be responsible for increased intestinal permeability. Traversed gut microbiota and their metabolites then induce proinflammatory cytokine production in the ENS and aggregation of pathological α- synuclein. Pathological α-synuclein activates CD4+T-cells into Th1 and Th17. Th1 and Th17 then enter the brain via damaged BBB and activate microglia which induces neuroinflammation (Chen et al., 2019). Li et al. (2021) found that enriched Actinobacteria and Firmicutes phylum-associated epitopes were positively associated with inflammatory indicators such as neutrophil percentage, monocyte count/percentage, and white blood cell count in PD patients. Additionally, they were also positively associated with histidine degradation and proline biosynthesis pathways (Li et al., 2021). The relationship between gut microbiota, SCFAs, inflammation indicators, and the gut barrier in PD has been demonstrated. A study showed higher levels of calprotectin, lower levels of SCFA in stool, and lower levels of CXCL8 in plasma in PD patients than those of controls. The inflammatory markers, neutrophil gelatinase-associated lipocalin (NGAL) and calprotectin, and the gut permeability marker zonulin were also positively correlated. Stool SCFAs were negatively correlated with PD onset and symptom severity. PD patients had an increased abundance of Firmicutes and a decreased abundance of Prevotella. Prevotella is associated with higher levels of butyric acid and lower levels of NGAL and zonulin in stool. Moreover, the abundances of Butyricicoccus, Clostridium sensustricto, Roseburia, Lachnospiraceae, were positively correlated with levels of SCFAs, whereas the abundances of Enterobacteriaceae and Enterobacteriaceae, Akkermansia, Escherichia/Shigella, Flavonifractor, Intestinimonas, Phascolarctobacterium, and Sporobacter were negatively correlated with levels of SCFAs (Aho et al., 2021), in accordance with changes of gut microbiota in PD patients. In summary, the altered composition of gut microbiota may cause a decrease in protective SCFAs and gut inflammation. Gut inflammation may increase intestinal permeability, allowing the leakage of bacteria, and promoting the pathogenesis of PD. The mechanisms are summarized in Figure 1.
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FIGURE 1
Roles of the digestive tract in the pathogenesis of PD. The altered composition of gut microbiota leads to altered levels of microbial metabolites such as SCFAs, vitamins, hydrogen sulfide, LPS, amino acid, and TMAO. First, on the one hand, SCFAs modulate gut barrier protection via HIF and modulate inflammation by inhibiting NF-kappaB activation; on the other hand, SCFAs alone may activate microglia and induce increased α-synuclein aggregation in the brain. Second, hydrogen sulfide has a protective effect on dopaminergic neurons. Third, LPS promotes intestinal α-synuclein aggregation. Forth, the imbalance of microbial metabolites can cause increased gut permeability and increased levels of inflammatory cytokines like TNF-α, IF-γ, IL-6, IL-1β, calprotectin, and NGAL. Moreover, Akkermansia can degrade the mucus layer of the gut. Then, the increased gut permeability exposes intestinal neural plexus to stimuli such as oxidative stress, pesticide/herbicide, traversed gut microbiota, and microbial metabolites, causing abnormal aggregation of α-synuclein fibrils in the intestine and inducing inflammation. Pathological α-synuclein promotes the activation of Th1 and Th17 in the circulation (accompanied by elevated levels of IL-6, TNF-α, IFN-γ, IL-1β, IL-2, IL-10, C-reactive protein, and RANTES), which activate microglia in the CNS through damaged BBB. Furthermore, gut microbiota dysbiosis can also activate microglia in the CNS. The activated microglia promote the aggregation of α-synuclein and releases reactive oxygen, nitrogen species, and pro-inflammatory cytokines to induce neuroinflammation. Additionally, Intra-gastric stimulation causes the formation of pathological α-synuclein within ENS, and the α-synuclein can directly be transmitted to the brain via the vagal trunk.


Based on the evidence illustrating the relationship between the gut and PD, several observational studies worldwide have started to focus on the association between gastrointestinal diseases and PD which is reviewed in the next part and collated in Table 3.


TABLE 3    The link between Parkinson’s disease and gastrointestinal diseases.
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Gastrointestinal diseases and Parkinson’s disease


Irritable bowel syndrome

IBS is a functional gastrointestinal disorder, characterized by chronic abdominal pain and altered bowel habits (including diarrhea, constipation, or alternating diarrhea and constipation). Several studies have revealed that patients with IBS had a higher risk of developing PD than those without IBS (Lai et al., 2014; Mertsalmi et al., 2017a; Liu et al., 2021; Zhang et al., 2021). Subsequently, a variety of studies were performed to investigate the prevalence of IBS in patients with PD and concluded that patients with PD had a higher prevalence of IBS than the general population (Mishima et al., 2017). Patients with IBS have an altered intestinal microenvironment and the subtypes of IBS may differ in the composition of gut microbiota. The subtypes of IBS include IBS with predominant constipation (IBS-C), IBS with predominant diarrhea (IBS-D), IBS with mixed bowel habits (IBS-M), and unclassified IBS. Another study in Finland further demonstrated that IBS-M was significantly more prevalent in PD patients than in healthy controls, while IBS-C and IBS-D were of no statistically significant difference from controls. And the fecal analysis showed a significantly lower abundance of the genus Prevotella and Bacteroides and the family Prevotellaceae in PD patients with IBS-like symptoms than that in PD patients without IBS-like symptoms (Mertsalmi et al., 2017b). Besides, abnormal gastrointestinal motility, including increased frequency and irregularity of luminal contractions, plays an important role in the pathogenesis of IBS. Increased gut motility can alleviate symptoms (Caldarella et al., 2002). Additionally, the link between ENS and CNS may also exist in the pathogenesis of IBS. Visceral hypersensitivity plays a role in IBS. The external stimuli are transported via receptors of the gut wall and afferent neural pathways toward the CNS, causing the perception of abdominal pain, gastrointestinal discomfort, and other symptoms. Furthermore, small intestinal bacterial overgrowth (SIBO) is frequently reported in IBS. SIBO is associated with an increase in the number and/or species of bacteria in the upper gastrointestinal tract. Of all, Methanobrevibacter smithii, contributing to a positive methane breath test, is associated with IBS-C. SIBO may lead to increased intestinal permeability, dysmotility, chronic inflammation, autoimmunity, decreased absorption of bile salts, and altered enteral and central neuronal activity in patients with IBS (Takakura and Pimentel, 2020). SIBO has also been reported to be prevalent in PD patients. And the eradication of SIBO in PD may improve motor dysfunctions. The underlying mechanisms may involve increased intestinal permeability, bacterial translocation, and systemic inflammation (Losurdo et al., 2020). Overall, IBS and PD may share the common multiple pathogenesis pathways as stated, thus linking to each other.



Inflammatory bowel disease

Gastrointestinal inflammation has been suggested to be involved in the pathogenesis of PD. Microscopic colitis (MC) and inflammatory bowel disease (IBD), featuring the inflammation in the gut, may share a similar pathology. Thus, studies started to focus on the association between these diseases.

IBD consists of two major disorders: ulcerative colitis (UC) and Crohn’s disease (CD). UC affects the colon, while CD can affect the whole gastrointestinal tract from the mouth to the perianal area. The pathology and clinical characteristics of UC and CD overlap significantly with each other. Five cohort studies reported that IBD patients had an increased risk of developing PD (Lin et al., 2016; Peter et al., 2018; Park et al., 2019; Villumsen et al., 2019; Weimers et al., 2019). Of them, one study reported the risk was the highest among patients with CD (Lin et al., 2015), and another study reported that patients with UC had an increased risk of parkinsonism while patients with CD did not (Villumsen et al., 2019). However, 2 studies did not find a higher risk of PD in individuals with IBD. Besides, Camacho-Soto et al. (2018) showed that PD was inversely associated with IBD (OR = 0.85, 95% CI 0.80–0.91), both CD and UC. Another study also reported that in PD patients, no significant difference between the prevalence of CD and that of the general population (Fujioka et al., 2017). IBD and PD may share the following risk factors. First, the onset of IBD usually occurs in 2 age range. The second one is from 50 to 80 years old, which corresponds with the onset age of PD. Second, the leucine-rich repeat kinase 2 (LRRK2) gene is one of the major gene loci related to increased susceptibility for CD (Franke et al., 2010). LRRK2 mutations are also commonly observed in patients with PD (Tolosa et al., 2020). Third, although there is no consistent conclusion on the changes in gut microbiota in IBD patients, studies have reported an elevated abundance of Enterobacteriaceae, a decreased abundance of Lachnospiraceae, and SCFAs-producing bacteria Butyricicoccus in IBD patients, sharing a similar signature of altered microbiota with that of PD patients (Yang et al., 2021). Additionally, gut microbiota dysbiosis promotes the onset of IBD and the abundance of SCFAs-producing bacteria is reduced in IBD patients. Forth, intestinal inflammation is a hallmark of IBD. IBD and PD share the above-mentioned mechanisms of pathogenesis and this may account for the increased risk of PD in IBD patients.

Overall, these studies suggest a potential risk of PD in patients with IBD and indicate the effect of IBD treatment on the prevention of PD. The conflicting results may be due to some critical covariates not being considered, misclassification of IBD, and masked symptoms of PD. Moreover, there exist such limitations as ascertainment bias, biases related to confounder adjustments, and inaccessibility of data related to the severity of IBD and PD.



Microscopic colitis

MC is a chronic inflammatory colonic disease, characterized by chronic, watery, non-bloody diarrhea. It typically affects middle-aged patients. It has been hypothesized that an impaired epithelial barrier may cause an increase in the transmucosal permeability of antigens and bacteria, resulting in immune dysregulation and intestinal inflammation (Andersen et al., 1993). A positive association between MC and IBD has been established. Patients with MC were reported to have a higher cc of IBD (Khalili et al., 2020). However, an assumed association between PD and MC does not exist. A Swedish cohort study showed that patients with MC did not have an increased risk of PD, but found that a previous diagnosis of PD was strongly associated with MC (Kang et al., 2021). Another study reported an increased risk of MC induced by levodopa/dopa-decarboxylase inhibitor (Ong et al., 2021). Therefore, the observed increased incidence of MC in PD patients may be due to the side effects of levodopa/dopa-decarboxylase inhibitor.

So far, no evidence has been presented to support a higher risk of PD in MC patients, and more studies should be conducted to explore it in the future.



Gastrointestinal infections

Gastrointestinal infections (GIIs) can cause gut microbiota dysbiosis on the one hand, and gut inflammation on the other hand, which suggests a potential link between GIIs and PD. A prospective cohort study involving 228,485 individuals revealed an increased risk of PD in patients with GIIs compared with the control group with hazard ratio adjusted for multivariates. The pathogens included unspecified origin, viruses and bacteria (Nerius et al., 2020). There exists the question of whether there is a specific pathogen as a risk factor for PD. Population-based studies showed an increased risk of PD in chronic HP infection (Nielsen et al., 2012) and Clostridium difficile infection (CDI) (Kang et al., 2020). Interestingly, PD patients receiving Helicobacter pylori (HP) eradication therapy had significant clinical improvement in the symptoms of PD (Lolekha et al., 2021). However, whether it is due to HP eradication or gut microbiota restoration needs a further investigation in randomized controlled trials. The pathogens may exert effects via microbial products. Microbial products LPS could activate TLR4/MyD88/NF-κB signaling pathway in the SN and the colon. FMT administration could restore the gut microbial community and ameliorate the motor deficits in PD mice via the TLR4 signaling pathway (Zhao et al., 2021), suggesting a promising therapeutic target at the microbiota-gut-brain axis.



Gastrointestinal neoplasms

A study using gene expression barcode algorithm and bioinformatics methods revealed that PD and gastric cancer have an association (Tian et al., 2021). This study indicates a positive association between PD and gastric cancer, but association does not equal causation. Therefore, clinical studies should be carried out to investigate the causal relationship. Despite the limitation, the underlying mechanisms of the association between PD and gastric cancer still deserve exploration. Gastric cancer is characterized by the aberrant expression of microRNAs (miRNAs). MiR-148a was down-regulated in gastric cancer tissues (Xia et al., 2014), corresponding with the finding that miR-148a expression levels were lower in PD patients than those in controls. MiR148a can affect cell proliferation, apoptosis, cell invasion, and metastasis. It is known to inhibit gastric cancer metastasis. Furthermore, miR148a-regulated proteins, such as ENAH (Isoform 2 of Protein enabled homolog), STX3 (Isoform B of Syntaxin-3), and TMED2 (Transmembrane emp24 domain-containing protein 2) have been reported to influence neurological development and function. Thus, decreased miR-148a expression may be the underlying link between PD and gastric cancer (Hu et al., 2013).

A systematic review including 17 studies concluded with a lower risk of colorectal cancer in PD patients in the Western population (Fang et al., 2021). In contrast, a cohort study in Taiwan reported a higher risk of developing subsequent cancers in PD patients, cancers including gastric cancer and colorectal cancer. Genetic, environmental, and dietary differences may account for the opposite results (Lin et al., 2015). Moreover, studies found that when ORs were adjusted for physician visits, odds of cancer in the total population after PD was reduce. The research by Freedman and Pfeiffer (2016) did not report ORs adjusted for physician visits, which may cause a bias. Nevertheless, we then discussed the possible mechanisms of these 2 conflicting results.

The lower risk of colorectal cancer in PD patients may result from altered microbiota composition and dysregulated molecular pathways. Dysfunction of the ubiquitin-proteasome system (UPS) can cause formation of the Lewy bodies, a pathological hallmark of PD (Sherman and Goldberg, 2001). While the function of UPS is usually up-regulated in CRC (Manasanch and Orlowski, 2017). Furthermore, studies revealed the activated PI3K/AKT/mTOR pathway in patients with CRC (Bahrami et al., 2018), which, however, may prevent the loss of dopaminergic neurons by inhibiting apoptosis, thus lowering the risk of PD (Leikas et al., 2017).

The higher risk of colorectal cancer in PD patients may be due to the following mechanisms. PD patients carrying the LRRK2 G2019S mutation have been reported to have an increased risk of colon cancer when compared with idiopathic PD patients (Agalliu et al., 2019). Moreover, PARK2 is a tumor suppressor gene, the mutation of which contributes significantly to the onset of PD. And PARK2 is inactivated and mutated in colon cancer (Veeriah et al., 2010). It indicates that genetic mutations in PD may be attributed to a higher risk of colorectal cancer. Though there is no uniform conclusion of CRC-associated microbiota structure, studies have reported enriched abundances of Streptococcus bovis, Enterotoxigenic Bacteroides fragilis, Fusobacterium nucleatum, Enterococcus faecalis, Escherichia coli, Peptostreptococcus anaerobius, and decreased abundances or depletion of butyrate-producing Clostridium butyicum and lactate-producing S. thermophilus. Studies also suggested the link between inflammation, genotoxins, oxidative stress, metabolites, biofilm underlying colorectal carcinogenesis, and gut microbiota (Veeriah et al., 2010). Hence, the altered microbiota may be attributed to the higher risk of colorectal cancer in PD.

The bidirectional association between gastrointestinal neoplasms and PD is in line with the hypothesis proposed in recent years that PD may be composed of two subtypes, “brain-first” and “body-first” types. Studies found that the brainstem-predominant type with stronger α-syn accumulation in the brainstem probably belonged to the “body-first” type, and a limbic/amygdala-predominant type, with stronger midbrain pathology, probably belonged to the “brain-first” type (Borghammer et al., 2021; Van Den Berge and Ulusoy, 2022). A recent study using multimodal imaging technique identified that compared to RBD-negative PD cases, the imaging data of RBD-positive PD patients and isolated RBD patients were characterized by initial loss of peripheral autonomic nervous system signal followed by loss of central signal, suggesting a “body-first” trajectory. By contrast, RBD-negative PD patient data showed an inverse order (Horsager et al., 2020). These findings support the two-subtype hypothesis of PD. Indeed, pathology in the gastrointestinal tract may be an initial cause for PD in some cases whereas a consequence of PD in other. Whether the subtype is related to the clinical type of PD and whether the different gut microbiome signatures can predict the subtype deserve further studies.



Colonic diverticular disease

Diverticulosis is defined by the presence of diverticula, which refers to a sac-like protrusion of the colonic wall. A nationwide population-based cohort study revealed a significantly higher risk of PD in the colonic diverticular disease (CDD) cohort than in the control cohort (Macerollo et al., 2017). The underlying mechanisms of the link should be further explained. The pathological mechanisms of CDD remain to be elucidated, but altered gut microbiota is thought to be one of the mechanisms leading to CDD. Moreover, the abnormal gut motility results in an increase in the intraluminal pressure. Then, the intestinal mucosa and submucosa are probably more prone to herniation due to the increased intraluminal pressure (Tursi, 2016). The ENS plays a critical role in the regulation of gut motility (Sharma and Rao, 2017). A study found that patients with diverticular disease showed enteric neuropathy in the ENS characterized by myenteric and submucosal oligo-neuronal hypoganglionosis (Wedel et al., 2010). The pathology in the ENS suggests a possible link between CDD and PD. Future studies are needed to further detect pathological α-synuclein formation in the ENS of patients with CDD to confirm the association between PD and CDD. In addition, CDD can develop into diverticulitis, the macroscopic inflammation of diverticula which corresponds with the gut inflammation in PD. The above-mentioned underlying link between PD and CDD may explain the higher risk of PD in CDD patients.




Conclusion

Since Braak et al. (2006) put forward the hypothesis that the pathogenesis of PD may start from the gut, accumulating evidence has been presented to support the hypothesis. Firstly, Lewy pathology can be induced in the ENS and transported to the CNS via the vagal nerve. Secondly, the altered composition of gut microbiota causes an imbalance between beneficial and deleterious microbial metabolites which interacts with the increased gut permeability and gut inflammation as well as systemic inflammation. The activated inflammatory status then affects the CNS and promotes the pathology of PD. Higher risks of subsequent PD were observed in IBS, IBD, GIIs, gastrointestinal neoplasms, and CCD. Although the underlying mechanisms of the link between PD and gastrointestinal diseases remain unclear, such gastrointestinal dysfunction or diseases may have common pathogenesis derived from the gut with PD as mentioned before. Interestingly, PD in turn could cause altered risks of subsequent gastrointestinal neoplasms, the bidirectional association suggested “brain-first” and “body-first” subtypes of PD. Previous studies focused on the prevalence of IBS, IBD, and CCD in PD patients, and whether PD is a risk factor for IBS, IBD, and CCD needs further investigation, which will play an important role in fully understanding the association between PD and gastrointestinal diseases. What is more, there exists the limitation that there are differences in ethnology, cultural background, and lifestyles that can cause heterogeneous results between studies. Hence, more studies from different nations and regions are needed to explore the relationship between PD and gastrointestinal diseases in the future. In conclusion, this review provides a new direction for pathophysiological research on PD, reasonable targets and grounds for peripheral diagnosis and treatment of early PD, as well as timely identification and management of gastrointestinal comorbidities.
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Background: The classical motor symptoms of Parkinson’s disease (PD) are tightly linked to the gradual loss of dopamine within the striatum. Concomitantly, medium spiny neurons (MSNs) also experience morphological changes, such as reduced dendritic complexity and spine density, which may be potentially associated with motor dysfunction as well. Thus, MSNs may serve as the emerging targets for PD therapy besides the midbrain dopaminergic neurons.

Results: To comprehensively examine pathological alterations of MSNs longitudinally, we established a THCre/Pitx3fl/fl (Pitx3cKO) mouse model that developed canonical PD features, including a significant loss of SNc DAergic neurons and motor deficits. During aging, the targeted neurotransmitter, MSNs morphology and DNA methylation profile were significantly altered upon Pitx3 deficiency. Specifically, dopamine, GABA and glutamate decreased in the model at the early stage. While nuclear, soma and dendritic atrophy, as well as nuclear invaginations increased in the aged MSNs of Pitx3cko mice. Furthermore, more nuclear DNA damages were characterized in MSNs during aging, and Pitx3 deficiency aggravated this phenomenon, together with alterations of DNA methylation profiling associated with lipoprotein and nucleus pathway at the late stage.

Conclusion: The early perturbations of the neurotransmitters within MSNs may potentially contribute to the alterations of metabolism, morphology and epigenetics within the striatum at the late stage, which may provide new perspectives on the diagnosis and pathogenesis of PD.
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Introduction

The striatum is the largest integrative component of the basal ganglia and plays an essential role in modulating complex behaviors, such as facilitation or inhibition of actions and reward learning (Du and Graves, 2019; Prager and Plotkin, 2019). It receives the glutamatergic afferents from the cerebral cortex and thalamus as well as DAergic afferents from the SNc. These massive neurochemical inputs from corticostriatal, thalamostriatal, and nigrostriatal projections are largely processed by striatal MSNs, together with the interneurons in a topographically organized manner (Bariselli et al., 2019; Filipovic et al., 2019; Chen et al., 2020). MSNs use γ-aminobutyric acid (GABA) as a neurotransmitter and constitute 90–95% of the striatal neuronal population (He et al., 2021). Despite high homogeneity, MSNs can be divided into two distinct subpopulations based on their output projection pathways and neurochemical content (Gerfen et al., 1990; Gong et al., 2003; He et al., 2021). Meanwhile, the MSNs are the only striatal neurons with dendritic spines that are highly specialized structures of neuronal connectivity for the regulation of synaptic strength (Bolam et al., 2000; Parisiadou et al., 2014).

In PD patients, the striatum undergoes progressive DA depletion (Wang et al., 2021), consequently leading to cardinal motor symptoms, such as resting tremor, bradykinesia, postural instability, and rigidity. Meanwhile, MSNs as the predominant striatal neuron population, also experience the morphologic alterations, i.e., the dendritic alterations have been observed in postmortem studies of PD brains (McNeill et al., 1988; Stephens et al., 2005; Zaja-Milatovic et al., 2005). Previously, the toxic PD animal models showed the reduced dendritic length and spine density of MSNs, resembling the findings identified in PD patients (Day et al., 2006; Villalba et al., 2009; Zhang et al., 2013; Suarez et al., 2014; Toy et al., 2014). However, these observations may be due in part to the toxic effects and independent of the PD-induced pathology. Later on, Suarez et al. (2018) represented that the MSNs in Pitx3 knockout mice do appear similar morphologic abnormalities to that of toxic PD animal models, excluding the toxic effects and suggesting a close association between PD and MSNs. Pitx3 is a transcription factor mainly expressed in midbrain DAergic neurons and plays an essential role in DAergic neuronal development (Smidt et al., 1997, 2004). Later on, our studies showed that Pitx3 is also involved in maintaining the normal physiological functions in the postnatal DAergic neurons (Wang et al., 2021). During aging, the vulnerability of SNc DAergic neurons increased with an early decline in glial cell line-derived neurotrophic factor (GDNF) and aldehyde dehydrogenase 1a1 (Aldh1a1) levels (Wang et al., 2021). Since the deficiency of Pitx3 triggered a profound loss of SNc DAergic neurons even at the embryonic stage (Hwang et al., 2003; Filali and Lalonde, 2016), few DAergic innervations project onto the striatum and thereby most MSNs are exposed to little DA throughout life, rather than to the progressive depletion of DA during aging. To overcome this drawback and comprehensively examine the pathological alterations of MSNs longitudinally, we generated a THCre/Pitx3fl/fl (Pitx3cKO), a conditional knockout mouse model, where a progressive reduction of striatal DA occurs in the fully developed MSNs. Meanwhile, the mice showed a significant loss of SNc DAergic neurons and movement abnormalities. Thus, the utilization of the Pitx3cKO model may offer great potential for systematically examining the neurochemistry, morphology and epigenetics of MSNs during aging. Our preliminary studies revealed that multiple neurotransmitters were deducted first in the young Pitx3cKO mice. The early disruption of neurochemistry may thereby contribute to the remodeling of MSNs late—reduced dendritic complexity of MSNs, and shrinkage of soma and nuclear size, together with altered epigenetic profiling in Pitx3cKO mice.



Materials and methods


The generation of conditional knockout Pitx3 mouse model

The heterozygous mice Pitx3Flox/wt with C57BL/6J background were generated by ViewSolid Biotech Co., Ltd. (Beijing, China) and the TH-Cre driver mice with C57BL/6J background were generated by Shanghai Model Organisms (Shanghai, China); both mouse lines are available upon request. The RioTag mice were purchased from JAX lab (#011029) (Shigeoka et al., 2016). To achieve the conditional knockout Pitx3 mouse model in the DA neuronal system, Pitx3cKO mice were produced by breeding mice carrying an Cre recombinase under the TH promoter with the homozygous mice Pitx3Flox/Flox. All experimental mice were maintained under specific-pathogen-free (SPF) conditions (temperature, 22°C ± 2°C; air exchange, per 20 min; 12 h/12 h light–dark cycle) with free access to food and water. Animal care and procedures were carried out in accordance with the Laboratory Animal Care Guidelines approved by the Institutional Animal Care Committee at Dalian Medical University. The protocol was approved by the Institutional Animal Care Committee at Dalian Medical University.

For Pitx3Flox/wt mice, CRISPR technology was applied to cut the DNA of the intron of the Pitx3 gene, providing the homologous template donor. The sequences of floxp were inserted at both ends of the specific exons (exon 2 and exon 3) through homologous recombination. When mated with tissue-specific expression Cre mice, the specific exon 2 and exon 3 of Pitx3 were deleted, thereby achieving the purpose of conditional knockout of the Pitx3 gene. For TH-Cre knock-in mouse driver line, the Cre recombinase was cloned following an IRES sequence. An frt-flanked neomycin selection cassette was added, and the construct was cloned in the 3′ untranslated end of the TH gene (as described by Althini et al., 2003). The coding sequence of TH is not affected, nor are the expression levels, so both the TH and Cre recombinase proteins are produced in Th-expressing cells of this mouse line.



Behavioral test

The open field test was performed in a quiet testing room. To measure the locomotor activity, mice were placed into an Activity Monitor instrument (25 cm × 25 cm × 30 cm, Med Associates Inc., St. Albans, United States) equipped with computer-controlled photocells. Locomotor activity was automatically recorded for 6 min, and different elements of open field test were calculated by the Med system.

Rotarod motor skill learning test was performed as described previously (Wu et al., 2019). Mice were placed onto a rotating rod with auto acceleration from 0 to 40 rpm in 5 min (Model 755, IITC Life Science). The length of time the mouse stayed on the rotating rod was recorded across 10 trials. Such experiments were performed on six continuous days.



Immunostaining

Mouse brains were collected at indicated time points. The brains were rapidly isolated and postfixed in ice-cold 4% paraformaldehyde and subsequently dehydrated for 24 h in 15% and 30% sucrose at 4°C, as described previously (Dong et al., 2020). Sections were incubated for 1 h in blocking solution (5% normal goat serum, 0.2% Triton-X 100, and 0.05% NaN3 in PBS). The primary antibodies were used as follows: anti-TH (1:1,000, AB152; Millipore, United States), anti-TH (1:2,000, T1299; Sigma-Aldrich, United States), anti-TH (1:1,000, TYH, Aves Labs, United States), anti-NeuN (1:1,000, MAB377; Millipore, United States), anti-LaminB1 (1:1,000, 12987-1-AP; Proteintech, United States), anti-Darpp32 (1:1,000, 2306; CST, United States), anti-phospho-Histone H2AX (1:1,000, 2577; CST, United States), anti-GFP (1:1,000, ab6662; Abcam, United States), anti-nuclear pore complex (1:1,000, ab24609; Abcam, United States), anti-TOM20 (1:1,000, 42406; CST, United States), anti-Ctip2 (1:500, ab18465; Abcam, United States), anti-HA (1:500, ab9110; Abcam, United States) and anti-Pitx3 (provided by Dr. Marten P. Smidt’s lab at the University of Amsterdam, Netherlands). The section images were visualized and photographed directly with a confocal microscope (A1 confocal, Nikon Instruments [Shanghai] Co., Ltd.) and a DP80 CCD brightfield microscope (Olympus, Japan). The outlines of the SNc and VTA were delimited according to anatomical landmarks (Fu et al., 2012).



Image analysis

For neuron counting, a series of coronal sections (40 μm per section, every third section from Bregma –2.70 to –3.88 mm) were selected and stained with anti-TH and anti-NeuN antibodies for quantification. Usually, 10–11 sections were collected per animal. The entire midbrain regions were scanned under a 10X objective (A1 confocal, Nikon Instruments [Shanghai] Co., Ltd.). We multiplied the total calculated from 10 to 11 sections by 3 to obtain the final number of TH+ or NeuN+ neurons (Dong et al., 2020; Wang et al., 2021). The IFC intensity of the striatum was analyzed using ImageJ software. Typically, the data were collected from 2 to 3 slices per animal.



Stereotaxic viral injection

The stereotaxic AAV injections (AAV-hSyn1-eGFP, GeneCopoeia) were conducted on 6- and 12-month-old Pitx3cWT and Pitx3cKO mice. Before surgery, mice were deeply anesthetized by intraperitoneal injection of ketamine (100 mg/kg)/xylazine (10 mg/kg) solution. To achieve sparse labeling, 1.1 × 1012 viral particles with a total volume of 500 nl were injected into dorsal striatum (coordinates used, AP: 0.98 mm, ML: ± 2.2 mm from bregma, DV: –3.0 mm from exposed dura mater). Virus solution was injected at an infusion rate of 100 nl/min and the needle was withdrawn 10 min after the end of injection. Following virus injection, the scalp was sutured, and the mice were returned to their home cages. The virus-injected mice were used for experiment at least 4 weeks after the virus infusion.



Stereology for neuronal tracing

Based on the previous study (Lu and Yang, 2017), the AAV-infused mouse brains were sectioned at 60 μm of thickness. The sections were stained with GFP antibody (1:1000, ab6662; Abcam, Cambridge, UK) and Ctip2 antibody (1:500, ab18465, Abcam, Cambridge, UK). Afterward, the stained sections were imaged using a laser scanning confocal microscope (A1 confocal, Nikon Instruments [Shanghai]Co., Ltd.) under 40× objective lens. The MSNs were identified based on the positive staining of Ctip2. Neuronal structure reconstruction with neuTube (Feng et al., 2015) and Sholl analysis were performed with ImageJ (Longair et al., 2011).



Neurotransmitter identification

First, we added 400 μl solution 1 (methanol/water, 1:1, v/v, with 0.1% formic acid) with succinic acid as interior label into the striatum tissue, and the mixture were homogenized. The homogenate was ultrasounded in the ice bath for 10 min, and then was incubated in the ice bath (–20°C) for 30 min. The samples were centrifuged at 12,000 rpm × 10 min under 4°C and 300 μl supernatant was preserved. The pellet was incubated with 200 μl solution 1, vortex for 30 s, and then was ultrasounded in the ice bath for 5 min. The samples were centrifuged at 12,000 rpm × 10 min under 4°C and 200 μl supernatant was preserved. We combined 200 μl supernatant with 300 μl preserved supernatant above and obtained 500 μl supernatant totally. All these 500 μl supernatant was transferred into a glass vial to conduct vacuum-drying. After dissolving and centrifuging, the obtained supernatant was used to identify dopamine, GABA and glutamate using LC-MS system.



MethylRAD sequencing and DNA methylation data analysis

Genomic DNA was extracted from striatum tissues per mouse at indicated timepoints (QIAamp DNA Micro kit Qiagen, German). MethylRAD library preparation and sequencing were conducted according to the protocol described by Wang et al. (2015). PE sequencing was performed on the Illumina HiSeq X-Ten platform. After QC and filtering of the original reads and removal of the sequences with linkers, low-quality sequences (more than five bases with a quality lower than 10), and those with Ns (unidentified bases), the high-quality clean reads containing the methylated CG/CWG sites were mapped to the reference sequence (signatures with CG/CWG sites) of the mouse genome GENCODE V38 by the SOAP program (version 2.21). Sites covered by at least three reads were regarded as reliable DNA methylation sites. Then, the number of methylated sites and the depth of signature coverage of each sample were calculated. The methylation levels of a site (CG/CWG) could be reflected by the sequencing depth of the methylated signature. The unit of the quantitative value of site methylation was RPM (reads per million), which means that the quantitative value of the methylation level of a site was equal to the coverage at that site in number of reads/the number of high-quality reads in the library multiplied by 1,000,000. Furthermore, the distributions of the methylated CG/CWG sites on different elements of the genome, especially on the different regions of genes, were evaluated by SnpEff software (version: 4.1g) (Cingolani et al., 2012) and bed tools software (v2.25.0) (Quinlan and Hall, 2010). Then, the DNA methylation levels of the genes were evaluated by summing the methylation levels of sites that were localized in the gene region. The differential DNA methylation levels of the sites and genes were identified by using the R package DESeq (Anders and Huber, 2010). Finally, the genes with different methylation levels in different samples were further analyzed based on Gene Ontology (GO) enrichment by DAVID and Kyoto Encyclopedia of Genes and Genomes (KEGG)1 enrichment.



Statistics

Graph Pad Prism 8 and R were used for statistical analysis. The data were collected and processed randomly. No statistical methods were used to predetermine sample size, but our sample sizes are similar to those reported in previous publications. The statistical significance was determined using Student’s t- test, 2way ANOVA with Sidak’s multiple comparisons test, conditional logistic regression, and multiple t-test with Benjamini and Hochberg test.




Results


DAergic neuronal degeneration in Pitx3cKO mice

Our Pitx3cKO mouse model utilized a Cre-mediated recombination system driven by the TH promoter, resulting in the removal of the second and third coding exons of Pitx3 (Supplementary Figure 1). After multiple generations of breeding, homozygous Pitx3-floxed mice harboring (Pitx3cKO) or not harboring (Pitx3cWT) the Cre gene were achieved, and the genotypes were characterized by PCR analysis (Supplementary Figure 1). The expression of Pitx3 was hardly detected in 2-month-old Pitx3cKO mice by IFC staining (Supplementary Figure 1), indicating the success of Pitx3 deletion. Unlike ak and traditional Pitx3 knockout mice, Pitx3cKO mice rarely showed eye defects. Additionally, to confirm the TH-driven Cre expressions, we crossed the RiboTag mice with TH-Cre line (Supplementary Figure 2).

Also, the number of DAergic neurons (Figure 1) and the dendritic complexity of MSN cells (Supplementary Figure 3) were comparable between Pitx3cKO and Pitx3cWT mice at the age of 6 months. These results indicated that the development of retina cells, DAergic neurons and MSNs was not disrupted. However, a significant loss of DAergic neurons was characterized in 12-month-old Pitx3cKO mice, where about 20% of SNc DAergic neurons died (Figure 1). Moreover, such deficit was exaggerated at 18 months with around 31.5% neuronal loss in Pitx3cKO mice compared to Pitx3cWT mice (Figure 1). Interestingly, VTA DAergic neurons were less affected by Pitx3-deficiency and remained intact during aging (Figure 1), resembling the neuropathological phenotype observed in ak and traditional knockout mice. Also, during aging, there is a natural decline in the number of DAergic neurons of 18-month-old Pitx3cWT mice compared to 12-month-old ones (Supplementary Figure 4). Taken collectively, these results demonstrated the importance of the Pitx3 gene in adult neuronal survival (Wang et al., 2021).
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FIGURE 1
Neurodegeneration in 12- and 18-month-old Pitx3cKO mice. (A) IFC co-staining of TH and NeuN in the ventral midbrain sections from 6-, 12-, and 18-month-old Pitx3cWT and Pitx3cKO mice. SNc and VTA were outlined, respectively (scale bar: 200 μm; high-magnification, 20 μm). (B) Quantification of TH+/NeuN+ and NeuN+ neurons in the SNc and VTA from 6-, 12-, and 18-month-old Pitx3cWT and Pitx3cKO mice (N = 3–4 mice per genotype; all males except for two females in 6-month-old Pitx3cKO and 12-month-old Pitx3cWT). 2way ANOVA analysis with Sidak’s multiple comparisons test, ****p < 0.0001 (12 months for TH+/NeuN+ co-staining), ****p < 0.0001 (12 months for NeuN+ staining), **p = 0.0041 (18 months for TH+/NeuN+ co-staining), **p = 0.0064 (18 months for NeuN+ staining).




Striatal pathology and movement abnormalities in Pitx3cKO mice

Besides neuronal loss, our findings further elucidated that the striatal TH expression levels were decreased by 46% in 18-month-old Pitx3cKO mice (Figures 2A,B), and the reduction of striatal DA levels in Pitx3cKO mice was identified as early as 6 months of age (Figure 2C). Specifically, a 36% reduction of DA levels was identified in 12-month-old Pitx3cKO mice, compared to the age-matched Pitx3cWT mice (Figure 2C). Besides dopamine, we also analyzed the contents of GABA and glutamate within the striatum of mice at the age of 6 and 12 months, respectively. GABA as the primary neurotransmitter of MSNs was substantially decreased in 6-month-old Pitx3cKO, at which point glutamate also showed a significant reduction in the model (Figure 2C), but there were no significant changes in these two neurotransmitters between the two genotypes at the late stage, suggesting that the striatal GABA and glutamate displayed age-dependent alterations in our model.
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FIGURE 2
Striatal pathology triggered movement abnormalities in Pitx3cKO mice. (A) IFC staining of TH in the striatal sections from 12- to 18-month-old Pitx3cWT and Pitx3cKO mice (scale bar: 200 μm; high-magnification, 10 μm). (B) Quantification of relative TH intensity in the striatum from 12- to 18-month-old Pitx3cWT and Pitx3cKO mice (N = 4 mice per genotype; all males except for two females in 6-month-old Pitx3cKO and 12-month-old Pitx3cWT). Unpaired t-test, ***p = 0.0006 (18 months). (C) Levels of neurotransmitter in 6- (N = 6 mice per genotype; all males) and 12-month-old Pitx3cKO and Pitx3cWT mice (N = 6 mice per genotype; all males). The scaled intensity of three metabolites is relatively depicted according to the color key shown on the above. Red indicates high intensity levels; blue, low intensity levels. Unpaired t-test, *p = 0.026 (Dopamine, 6M), **p = 0.0083 (GABA, 6M), *p = 0.012 (Glutamate, 6M), *p = 0.0202 (Dopamine, 12M). (D) The latency to fall from rotarod was recorded from Pitx3cWT and Pitx3cKO mice at 6 (N = 11–13 mice per genotype; all males), 12 (N = 11–15 per genotype; all males) and 18 months of age (N = 9–11 mice per genotype; all males). 2way ANOVA analysis with Sidak’s multiple comparisons test at 12 and 18 months, *p = 0.0171 (day 4, 12 months), *p = 0.0202 (day 5, 12 months), *p = 0.0376 (day 6, 12 months), *p = 0.0326 (day 6, 18 months). (E) Center-corner preference analyses for Pitx3cWT and Pitx3cKO mice at 6 (N = 11–13 mice per genotype; all males), 12 (N = 12–14 per genotype; all males), and 18 (N = 9–10 mice per genotype; all males) months of age. 2way ANOVA analysis with Sidak’s multiple comparisons test, *p = 0.05 (time in corner at 18 months).


The remarkable striatal pathology may contribute to motor behavioral abnormalities (Valentin et al., 2016). We applied a well-adopted repeated accelerating rotarod test (Yin et al., 2009) to evaluate motor skill learning of mice. 6-month-old Pitx3cKO mice performed equally well with age-matched Pitx3cWT mice during the 6-day trials, while 12-month-old Pitx3cKO mice showed markedly fewer improvements after the first 3 days’ training (Figure 2D). Surprisingly, a severely disrupted motor learning phenotype was observed in 18-month-old Pitx3cWT mice, and Pitx3-deficiency can further affect the last day’s training at this advanced stage (Figure 2D). Furthermore, we monitored the voluntary movement of Pitx3cKO mice in an open-field test at the age of 6, 12, and 18 months. Overall, multiple elements of locomotor activity were strongly age-dependent rather than genotype-dependent, such as distance, rearing and walking speed (Supplementary Figure 5). Additionally, in center-corner behavioral tests, 18-month-old Pitx3cKO mice prefer to stay in the corner for a longer time, compared to age-matched Pitx3cWT mice (Figure 2E), suggesting that anxiety levels may be increased. However, the distance traveled in the central zone did not vary between the two genotypes and further investigation may be required, such as an elevated plus-maze test (Rodgers and Dalvi, 1997).



Morphologic aberrations in medium spiny neurons of Pitx3cKO mice during aging

To examine individual MSN morphology, we stereotactically injected AAV1 vectors into the striatum of 6- and 12-month-old Pitx3cWT and Pitx3cKO mice, which express a green fluorescent protein (GFP) under the control of synapsin1 promoter. Due to the low viral titer managed, only a few MSNs with GFP signals could be identified in each hemisphere. We subsequently analyze the dendritic complexity by using 3D reconstruction of individual MSN dendritic trees (Figure 3A and Supplementary Figure 3). The results revealed that a profound reduction in the cumulative length of all dendrites was observed in the MSNs of 12-month-old Pitx3cKO mice compared to Pitx3cWT mice (Figures 3A–E). Additionally, dendritic atrophy was age-dependent, since we did not detect any apparent alterations in MSN dendritic length in Pitx3cKO mice at the age of 6 months (Supplementary Figure 3).
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FIGURE 3
Analyses of neuronal morphology in Pitx3cKO mice during aging. (A) The GFP-labeled individual MSN in 12-month-old Pitx3cWT and Pitx3cKO mice (scale bar: 10 μm). (B,C) Sholl analysis of dendritic complexity of GFP-labeled MSNs in 12-month-old Pitx3cWT and Pitx3cKO mice (N = 3 mice per genotype; 5–8 neurons per mouse were counted). Benjamin- Hochberg multiple comparison test of dendritic complexity at 18, 24, 30, 36, 42, 54, 60, 66, 72, 78, 84, 90, 96, 102, 108, and 114 μm from soma, q ≤ 0.05. (D) Analyses of primary dendrites (N = 3 mice per genotype; 5–8 neurons per mouse were counted; all males). (E) Dendritic length of GFP-labeled MSNs in 12-month-old Pitx3cWT and Pitx3cKO mice (N = 3 mice per genotype; 5–8 neurons per mouse were counted) unpaired t-test, ****p < 0.0001. (F) Co-staining of Darpp32 and DAPI in MSNs of 12-month-old Pitx3cWT and Pitx3cKO mice (scale bar: 500 μm; high-magnification, 5 μm). (G) The soma and nucleus size of MSNs in 12-month-old Pitx3cWT and Pitx3cKO mice (N = 4 mice per genotype; all males). Conditional logistic regression test, ****p < 0.0001. (H) Cumulative frequency of the soma and nuclear size distribution in MSNs of 12-month-old Pitx3cWT and Pitx3cKO mice. (I) The soma and nucleus size of MSNs in Pitx3cWT and Pitx3cKO mice at 6 (N = 4 mice per genotype; all males), 12 (N = 4 mice per genotype; all males) and 18 months (N = 3 mice per genotype; all males) of age. 2way ANOVA analysis with Sidak’s multiple comparisons test, **p = 0.0075 (soma, 12 months), ****p < 0.0001 (soma, 18 months), **p = 0.0022 (nuclei, 12 months), ****p < 0.0001 (nuclei, 18 months). (J) The nuclear size and soma size ratio (N/C ratio) of MSNs in Pitx3cWT and Pitx3cKO mice. DS, dorsal striatum.


We further explored the soma morphology of MSNs in 6-, 12-, and 18-month-old Pitx3cWT and Pitx3cKO mice and found a marked reduction of the soma and nuclear size in Pitx3cKO during aging (Figures 3F–I). Our longitudinal data demonstrated that the soma and nuclear size of MSNs were steadily increased in Pitx3cWT mice from 6 to 18 months of age (Figure 3I). In contrast, the decreased sizes of soma and nucleus in Pitx3cKO mice were observed from 6 to 18 months of age (Figure 3I). Despite the alterations in the soma and nuclear size, the nucleus to soma ratio (N/C ratio) remained unchanged (Figure 3J). Besides nuclear size, the nuclear shape was altered as well during aging (Figures 4A,B). The increased nuclear invaginations were characterized in 18-month-old Pitx3cKO mice by immunofluorescent staining, where the nuclear envelope marker LaminB and MSN-specific nuclear marker Ctip2 were used (Figures 4A,B). Additionally, the nuclear pore structures were also identified in the enfolded nuclear envelope (Figure 4C), showing the presence of type II nuclear invagination in the MSNs, i.e., both outer and inner nuclear membranes were enfolded. Furthermore, we identified clusters of mitochondria near the mouth of nuclear invagination within striatal neurons (Figure 4D), which may provide extra ATP and/or calcium buffering capacity to protect against the further deformation of nuclear structures (Drozdz and Vaux, 2017). Nuclear invagination was reported to be closely associated with the expressions of γH2AX, a marker for DNA double-strand breaks and damage (Valdiglesias et al., 2013). We thereby examined the DNA stability in the MSNs of Pitx3cWT and Pitx3cKO mice at 12 and 18 months of age. Our results showed a substantial increase in the percentage of MSNs with 10 or more γH2AX-positive foci in the nuclei of 18-month-old Pitx3cKO mice compared to Pitx3cWT (Figures 4E,F), corresponding to the observed alterations of nuclear shape. Together, these data suggest that the early neurotransmitters’ disruptions may be involved in regulating nuclear and soma morphology during aging.


[image: image]

FIGURE 4
Nuclear invaginations increase accompanied with genomic instability in Pitx3cKO mice. (A) Co-staining of LaminB and Ctip2 in MSNs of 18-month-old Pitx3cWT and Pitx3cKO mice (scale bar: 10 μm) white arrow points to nuclear invagination. (B) Ratio of MSN nuclei containing ≥ 1 invagination in Pitx3cWT and Pitx3cKO mice at 12 (N = 3 mice per genotype; all males) and 18 (N = 3 mice per genotype; all males) month of age. Unpaired t-test, **p = 0.0041. (C) Co-staining of Nuclear Pore and LaminB (scale bar: 5 μm). (D) Costaining of Nuclear Pore and TOM20 (scale bar: 5 μm). White arrow points to a cluster of mitochondria. (E) Co- staining of γH2A.X and Ctip2 in the striatal sections of 12- and 18-month-old Pitx3cWT and Pitx3cKO mice (scale bar: 10 μm). (F) The ratios of MSNs with 10 or more γH2A.X-positive foci in the nuclei (N = 3 mice per genotype). Unpaired t-test, ***p = 0.0005.




DNA methylation dynamics in Pitx3cKO mice during aging

To further investigate the role of epigenetics on the whole genome within striatal cells, we used MethylRAD sequencing to analyze the DNA methylation at CG and CWG (W for A or T) sites of Pitx3cWT and Pitx3cKO mice’ genome at the age of 12 and 18 months. Overall, the total DNA methylation ratios on CG (methylated CG/total CG sites) were greatly decreased in 18-month-old Pitx3cWT and Pitx3cKO (Supplementary Figure 6 and Supplementary Table 1), indicating that aging plays an important role in the global DNA methylation changes. We further examined the distribution patterns of CG methylation sites at the different elements of the genome in all 12 samples (Supplementary Figure 6). The CG methylated sites were concentrated in the introns, followed by the exon and intergenic regions (Supplementary Figure 6). Since CG is more predominant within DNA methylation, we only considered the data from CG sites for the subsequent analyses.

Besides the global genome examination, the DNA methylation levels of individual genes were also evaluated by summing the methylation levels of sites localized in the gene regions. An analysis of differentially methylated genes (DMGs) was conducted for all the samples. We found 182 DMGs (96 hypermethylated and 86 hypomethylated genes) at 12 months and 262 DMGs (154 hypermethylated and 108 hypomethylated genes) at 18 months, respectively (Figure 5A). Further gene-network studies indicated that the DMGs at 12 months are involved in olfaction and mitochondria transportation pathway, whereas the DMGs at 18 months participate in lipoprotein and nucleus pathway, which may be associated with nuclear morphological changes at this advanced stage (Figure 5C). We further identified the DMGs related to normal aging, characterized from 12- to 18-month-old Pitx3cWT mice. These genes are involved in multiple cellular process, including aging, glycolytic process, synapse assembly, regulation of translation and mitochondrion organization, consistent with the previous findings (Figure 5B). After crossing these DMGs with the ones characterized from 12- to 18-month-old Pitx3cKO mice, we totally identified 448 genes, and the alterations of their methylation levels were independent of genotype during aging (Figure 5D). Of them, hypermethylated genes are mainly involved in presynaptic membrane assembly and neural tube development, and hypomethylated genes preferentially participate in xenobiotic glucuronidation and regulation of transcription (Figure 5D). Notably, in the metabolic pathway analysis, retinol metabolism was affected largely, suggesting that retinoic acid within striatal cells could be regulated specifically by the epigenetic way during aging (Figure 5E). Together, these data imply that the DNA methylation modes alters with aging and genotype and may affect multiple cellular process, including retinol metabolism and nuclear pathway, which are potentially associated with the striatal pathology at the advanced stage.
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FIGURE 5
Comparative analysis of the DMGs in Pitx3cWT and Pitx3cKO during aging. (A) The volcano plots of DNA methylation data collected from the striatum of Pitx3cWT and Pitx3cKO mice at 12 (N = 3 mice per genotype; all males) and 18 months of age (N = 3 mice per genotype; all males). (B) Supervised clustering for the DMGs data collected from the 12- and 18-month-old Pitx3cWT mice. (C) Integrated map of GO terms enriched among the DMGs of Pitx3cWT and Pitx3cKO mice at 12 (background with white color) and 18 months of age (background with pink color). Red circles represented DMGs identified from our data. (D,E) 448 DMGs were identified during aging independent of genotype. They were analyzed with GO terms (D) and metabolic pathway (E), respectively.





Discussion

Here we demonstrated that Pitx3cKO mice showing PD-related features, such as reduced DA and DAergic neuronal degeneration. Meanwhile, besides DA, the homeostasis of GABA and glutamate was impaired at the early stage in the model, potentially contributing to the striatal pathologies at the late stage. Furthermore, we novelly characterized nuclear atrophy and nuclear invagination increase in MSNs during aging, and these aberrant nuclear phenotypes may be associated with epigenetic alterations at the advanced stage.

In PD, the deficit of midbrain DAergic neurons produces the reduction of DA in the basal ganglia (Weintraub et al., 2022). Our Pitx3cKO mice showed a significant reduction of DA at 6 months, and the deficit aggravated at the late stage. Thus, the model provided great potential for studying the age-dependent striatal pathologies under progressive DA depletion. First, we examined the levels of two main neurotransmitters, GABA and glutamate, since they may be involved in remodeling the plasticity of MSNs, synergistically with DA. Interestingly, GABA and glutamate were both decreased at the early stage of our model, compared to controls. Previously the remarkable alterations of GABAergic neurotransmission within the basal ganglia circuit were reported in PD (Jamwal and Kumar, 2019). Moreover, in MPTP mice, the decreased levels of GABA in the striatum have been characterized, where about 75–80% of SNc were lost (Singh et al., 2017). However, in our studies, the significantly altered GABA levels were only characterized in the young Pitx3cKO mice, i.e., there were no changes in GABA levels between the two genotypes at the advanced stage, indicating that an adaptive system may respond to restoring the GABA levels in our model during aging. On the other hand, like GABA, the perturbation of glutamate homeostasis also altered in our model in an age-dependent way, i.e., the notably changed glutamate levels in Pitx3cKO mice were only identified in the early stage, but not in the late stage. However, our glutamate results were inconsistent with the previous studies that the enhancement of glutamate content was associated with the robust MSNs hyperactivity in the PD-related animal models (Calabresi et al., 1993; Singh et al., 2015; Tozzi et al., 2021). Noticeably, these models were majorly administrated with 6-OHDA, MPTP, or α-syn-PFF, rather than genetic models. One of the outstanding features of these models is the occurrence of the severe loss of DAergic neurons, usually reaching 70–80%, whereas, in genetic models, the death rate of DAergic neurons typically reached 40–50% (Konnova and Swanberg, 2018). Thus, the differences in DAergic neuron loss among the animal models may affect the glutamate release in the striatum. Additionally, when determining neurotransmitter levels, we used whole striatum tissue extracts for HPLC analysis, which may compromise the subtle changes occurring at the extracellular/synaptic levels. In the future, the use of microdialysis will be another better choice. Taken together, the neurotransmitter levels were altered at 6 months, while the MSNs of Pitx3cKO mice remained integrity at that time. During aging, the atrophy of dendritic complexity, soma and nuclei was identified in the MSNs of 12-month-old Pitx3cKO mice, concomitated with the significant loss of SNc neurons and movement abnormalities. We thereby suggested that the early perturbation of neurotransmitters may progressively trigger the striatal pathologies.

MSNs in our model have shorter dendritic lengths and lower maximal branch order of the dendrites at 12 months. This phenotype is similar to what is observed in patients and the animal models of PD (McNeill et al., 1988; Toy et al., 2014). Unlike ak and traditional Pitx3 knockout mice, MSNs develop and mature with abundant DA afferents in our genetic model. Thus, the observed defects of tree complexity exclude the cause of developmental defects. Besides dendritic shortage, we identified nuclear morphological alterations in MSNs. Irregular shapes of nuclei have been reported in the neurons of PD patients with LRRK2-related G2019S (Liu et al., 2012; Shani et al., 2019), transgenic mice carrying R1441C mutations (Tsika et al., 2014) and LRRK2 knockout mice (Chen et al., 2020). As an extension of these findings, our present studies demonstrated that MSNs showed reduced nuclear size and increased nuclear invagination during aging. The decreased size of the nucleus likely reflects lower biosynthetic activities of DNA repair/synthesis, transcription, and translation in cells (Koda et al., 2006), which potentially contributed to the striatal neuronal dysfunction at the advanced stage. On the other hand, in our mouse model, increased nuclear invagination was characterized at the advanced stage, reflecting that the higher neuronal excitability might occur over there (Chen et al., 2020). Comparably it was reported that the depolarizing current significantly evoked more action potentials in MSNs of Pitx3 knockout mice (Suarez et al., 2018). Thus, our results re-emphasize that increased neural activity facilitates nuclear invagination formation. Together, not only the dendritic complexity but also the nuclear morphology alters in MSNs upon PD-like stress during aging. Especially, the aberrant nuclear phenotype may bring out severe effects on genomics, and further impact the downstream cellular progresses.

Age-related remodeling of DNA methylation comprises events of both hypo- and hypermethylation (Miranda-Morales et al., 2017; Yang et al., 2022). These epigenetic alterations mediated heritable changes in the gene activity and contributed to genomic instability. Our data showed that increased γH2AX was observed in the MSNs of 18-month-old Pitx3cKO mice, indicating that DNA damage might be persistent and accumulative during the aging process. To further elucidate the whole-genome epigenetic changes during aging, we performed DNA methylation studies between Pitx3cKO and Pitx3cWT mice at 12 and 18 months. Our data showed that the total DNA methylation ratios were greatly decreased in 18-month-old mice compared to 12-month-old ones, consistent with previous studies that DNA hypomethylation occurs globally over time (Miranda-Morales et al., 2017). For methylation onto individual genes, the previous studies reported that the MAPT gene was hypomethylated in the putamen of PD patients’ post-mortem brains (Coupland et al., 2014). Whereas in our longitudinal epigenetic data, many DMGs involved in the nucleus pathway were characterized in Pitx3cKO mice at the advanced stage, potentially associating with their nuclear morphological alterations. However, what factor contributed to the changes in DNA methylation profile? Recent studies indicated that DA could modify histone H3 glutamine 5 (H3Q5dop) to regulate cocaine-induced transcriptional plasticity in the midbrain (Lepack et al., 2020). The non-neurotransmission roles of neurotransmitters in the epigenetic process have attracted more attention recently. In our model, the progressive reduction of DA and temporally altered neurotransmitters have been identified, thus the perturbation of neurochemicals might affect the epigenetic changes and further remodel the neuronal plasticity. More detailed biochemical and molecular mechanisms of how neurotransmitters regulate neuronal plasticity are also needed in the future.

Previously, we reported another Pitx3 conditional knockout model, Pitx3fl/fl/DATCreERT2 mice (Wang et al., 2021). Similar to the DAT model, our model has progressive DAergic neuron degeneration and DA reduction during aging, greatly different from ak and Pitx3–/– mice that showed about 60% SNc neuron loss and 80% striatal DA reduction as early as the age of 2 months. One of the reasons why our model facilitates the development of DAergic neurons may be that Pitx3 in SNc is expressed earlier than TH during development (Maxwell et al., 2005). Thus, prior to Cre recombination, some Pitx3 proteins are already present and exert the biological function, i.e., a serials of downstream development events have been triggered. Furthermore, Pitx3 as a transcription factor is considered to modulate TH expressions (Cazorla et al., 2000). Therefore, decreased Pitx3 expressions may reduce the efficiency of the TH-driven Cre-loxp system. Taken together, these contributing factors may aid in the development of DAergic neurons in our model. However, whether the development of DAergic neurons is intrinsically affected in our model needs to be further investigated by examining the expression levels of development-related molecules, such as DAT, Vmat2, Aadc, and so on.



Conclusion

The striatum is the key player in facilitating voluntary movement. In PD, the striatal neurons undergo the progressive depletion of DA, resulting in impaired physiological function and contributing to the motor symptom of PD. To further explore the striatal pathologies during aging, we generated the Pitx3cKO mice, where a progressive reduction of striatal DA was identified. In this model, the levels of GABA and glutamate decreased at the early stage besides DA. Such early disturbance of neurochemical homeostasis may contribute to the longitudinal plasticity remodeling of neurons, including morphology and movement abnormalities as well as aberrant epigenetic modifications. Our studies may expand the overview of PD treatments and provide a new potential window for therapeutic strategies.
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SUPPLEMENTARY FIGURE 1
Conditional knockout of Pitx3 in DA neurons. (A) The basic strategy for the generation of THCre/Pitx3fl/fl knockout mice. (B) PCR detection of Cre transgene (upper) and Pitx3 floxed allele (lower). (C) IFC staining for Pitx3 expression in DA neurons was performed using an antibody against Pitx3 (green) together with TH (red) in 2-month-old Pitx3cWT and Pitx3cKO mice (scale bar: 100 μm; high-magnification, 5 μm).

SUPPLEMENTARY FIGURE 2
Specific labeling of DAergic neurons using RiboTag mice (Scale bar: 100 μm).

SUPPLEMENTARY FIGURE 3
Analyses of dendritic complexity in 6-month-old Pitx3cKO mice. (A) The GFP-labeled individual MSN (scale bar: 10 μm). (B,C) Sholl analysis of dendritic complexity of GFP-labeled MSNs (N = 3 mice per genotype; 5–8 neurons per mouse were counted; all males). (D) Analyses of primary dendrites (N = 3 mice per genotype; 5–8 neurons per mouse were counted; all males). (E) Dendritic length of GFP-labeled MSNs (N = 3 mice per genotype; 5–8 neurons per mouse were counted; all males).

SUPPLEMENTARY FIGURE 4
TH+ neurons in 12 and 18-month-old Pitx3cWT mice (scale bar: 200 μm).

SUPPLEMENTARY FIGURE 5
Open field test for Pitx3cWT and Pitx3cKO mice at 6 (N = 11–13 mice per genotype; all males), 12 (N = 12–14 mice per genotype; all males), and 18 months of age (N = 9–10 mice per genotype; all males).

SUPPLEMENTARY FIGURE 6
Overview of the DNA methylation ratio and distribution of CG sites in Pitx3cWT and Pitx3cKO mice. (A) The genomic DNA methylation ratio at CG and CWG sites in 12- and 18-month-old Pitx3cWT and Pitx3cKO. (B) The distribution of CG sites on different functional genic components. Upstream, downstream, exon, and intron indicate the regions 2,000 bp upstream of the transcription start site, the regions 2,000 bp downstream of the transcription terminal site, the whole exons of genes, and the whole introns of genes, respectively. 3′UTR and 5′UTR indicate the regions at the 3′ end and 5′ end of a mature transcript that are not translated into a protein. Intergenic indicates the intergenic regions.

SUPPLEMENTARY TABLE 1
DNA methylation ratios in 12- and 18-month-old Pitx3cWT and Pitx3cKO mice.
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Background: The large-scale survey about amyotrophic lateral sclerosis (ALS) based on both population and hospitals in the Chinese mainland has been deficient at present. To this end, we conducted a cross-sectional survey about ALS based on the population and hospitals in seven provinces of the Chinese mainland in 2015–2016.

Methods: We surveyed patients with ALS in seven provinces in eastern, middle, and western China. Among them, 13 prefecture-level cities, 13 municipal districts, 13 counties, 26 streets, 52 communities, 39 towns, and 78 administrative villages were selected for the population-based survey. Totally, 13 class-3 general hospitals, 13 class-2 general hospitals, and 26 street health centers or community health service centers in urban districts, and 13 county-level general hospitals, 39 township health centers, and 78 village clinics in rural districts were recruited for the hospital-based survey.

Results: Among the Chinese mainland, the total prevalence of ALS was slightly lower than that of the world's other nations or districts. The male patients were more than female patients. The prevalence of rural residents was more than that of urban residents. The prevalence of farmers was higher than that of other professions. The majority of ALS was not accompanied by other chronic diseases. The peak onset age of ALS was higher, familial ALS (fALS) cases were slightly more, and the average survival duration of sporadic ALS (sALS) was slightly lower compared with the previous investigation data. The hospitalization expenses of almost 60% of ALS were not more than 10,000 Chinese Yuan.

Conclusion: Hospitalization expenses in our survey objectives were the lowest in the current reported countries and districts. A farmer was a possible higher risk profession for ALS, the majority of ALS were not accompanied by other chronic diseases. Our survey provided more information on the epidemiology of ALS worldwide and supplied the deficiency of epidemiology survey about ALS from the Chinese mainland.

KEYWORDS
 epidemiology, amyotrophic lateral sclerosis, Chinese mainland, population, hospital


Highlights

- ALS epidemiological characteristics are in seven provinces of the Chinese mainland in 2015–2016.

- This study is the currently largest and most comprehensive survey about ALS on Chinese mainland.

- Farmer is a possible higher risk profession of ALS in the Chinese mainland.

- This survey is an important addition to both population-based and hospital epidemiology.



Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig's disease in America, is a disaster disease, which is characterized by the selective and progressive death of the motor neurons in the cerebrum, brain stem, and spinal cord (Zarei et al., 2015). In some countries such as the United Kingdom, India, and Australia, the term motor neuron disease (MND) is commonly used to replace ALS (Zarei et al., 2015), while in other countries including America and China often use the MND term to call for a disease group of four subtypes including ALS, medullae (bulbar) palsy, progressive spinal muscular atrophy, and primary lateral sclerosis, and among them, ALS is the most common subtype (Ludolph et al., 2012). The early symptoms of ALS are mild and easy to be confused with other diseases. Patients may just feel weakness, muscle subsultus (beat or jump), fatigue at the initial stage, and gradually develop the atrophy of limbs, laryngeal, and pharynx muscles, and subsequently expand to the atrophy of whole body muscle, which results in the motor dysfunction of limbs, the difficulty of speech and swallow, and eventually generate the respiratory failure. Most patients with ALS die from respiratory failure (Zarei et al., 2015). The etiology and pathogenesis of ALS are not known in 90% to 95% of the patients with ALS. Only about 5% to 10% of ALS cases are inherited (Zarei et al., 2015).

The current diagnosis of ALS is mainly based on the patient's signs and symptoms, and supplemented with some related auxiliary examinations to rule out other mimic diseases (Silani et al., 2011; Statland et al., 2015). No useful cure for ALS is found at present. Based on the information from current epidemiological investigations, ALS affects slightly more men than women, the age distribution of ALS peaks at 55 to 60 years for both men and women worldwide, and the onset age usually is around 60 years (Kiernan et al., 2011). The average survival periods from onset to death usually are 3–5 years. About 10% of patients with ALS survive longer than 10 years (Salameh et al., 2015).

In many countries and districts of the world, the epidemiological data of ALS has been unknown yet (Kiernan et al., 2011). In Europe, the prevalence of ALS is about 2.2 people per 100,000 per year for all ages (Kiernan et al., 2011). In the United States, the prevalence of ALS is ~1.5 people per 100,000 per year for all ages (Mehta et al., 2016). The epidemiological survey of ALS in the Chinese mainland has been very deficient up to now. To obtain more estimation on the world epidemiology features of ALS, the epidemiological survey of ALS worldwide is needed to be improved further. To this end, we conducted a cross-sectional survey based on both population and hospitals in seven provinces of the Chinese mainland from 2015 to 2016, including prevalence, sexuality, onset age, geographical location, profession, chronic disease history, familial history, survival time, and both diagnosis and cure condition (hospitalization expenses). The detailed and large epidemiologic characteristics survey of ALS has been very deficient in the Chinese mainland. This epidemiologic investigation is the largest and most comprehensive survey about ALS on the Chinese mainland. Our study is an important addition to the population and hospital-based epidemiological survey of ALS in the Chinese mainland. Our survey supplied clinical data about the prevalence, the male and female ratio, the onset age, the rural and urban residents' onset, profession, the ratio of familial ALS, the major accompanying chronic diseases, the average survival duration, and the hospitalization expense of ALS in the population of the Chinese mainland, and more detailed epidemiologic information of ALS, and provided the epidemiologic evidence for the clinical prevention and treatment of ALS. Our data supplied the deficiency of ALS epidemiology in the Chinese mainland and provided more information on the world epidemiology of ALS.



Methods


Study design and procedures

In 2015–2016, we undertook a nationwide cross-sectional survey based on population and hospitals jointing Jiangxi Province Center for Disease Control and Prevention to more comprehensively understand the epidemiological characteristics of ALS in the Chinese mainland (Figure 1). This survey was approved by the ethics committee of the First Affiliated Hospital of Nanchang University (approval number: 2014-06-01). We obtained multilevel approvals from the local Center for Disease Control and Prevention, selected hospitals, and selected communities and villages. All participants were to participate voluntarily and gave oral consent.


[image: Figure 1]
FIGURE 1
 Selection of participants for population and hospital survey.




Screening of investigation regions

Based on the classification of the eastern, middle, and western regions of our country, we used a stratified multistage random cluster sampling design to obtain representative samples of people in general populations and hospitals at the different levels of districts. We selected seven provinces including Jiangxi, Jiangsu, Zhejiang, Gansu, Henan, Sichuan, and Shandong province. These districts differed in the economic, medical developmental, environmental, and lifestyle conditions, which possessed the representation statistically.

To save manpower cost, these students whose household registers were in these seven provinces and who studied in the Clinical Medical College of Nanchang University were recruited to perform this survey. Because the students of Jiangxi and Shandong nationality occupied the majority of them in the University of Nanchang at that time, we selected more samples from these two provinces than from other provinces. By probability proportionate to size sampling, we sampled four prefecture-level cities from Jiangxi province, three prefecture-level cities from Shandong province, two prefecture-level cities from Henan province, and one prefecture-level city for each province from the other four provinces (Jiangsu, Zhejiang, Gansu, and Sichuan). We surveyed 13 prefecture-level cities in total. By simple random sampling method, we selected one municipal district and one county from each prefecture-level city. We selected two streets from each municipal district and selected two communities from each street using the systematic sampling method. We selected three towns from each county and then selected two administrative villages from each town by the systematic sampling method. All regions selected based on the above-described statistically designed method were recruited as the investigation districts in this survey. The detail about the screening of investigation regions was in Figure 2.


[image: Figure 2]
FIGURE 2
 Flow chart of epidemiological survey.




Organizational and division of investigators

Dr. Jie Zhang took the general directors of this survey, who were responsible for the establishment of schemes, personnel training, overall analysis of data, and report writing. About three to four neurologists of hospitals in prefecture-level cities of each province acted as the regional supervisors, and were responsible for organizing and implementing the schemes of prefecture-level cities, on-site supervision and the quality control, analysis of data, and report writing of prefecture-level cities. We trained 23 medical students including undergraduate and postgraduate students as investigators, whose household registers were in the selected prefecture-level cities. They were responsible for the implementation of an on-site investigation plan, the collection, arrangement, and analysis of original data, and report writing of municipal districts and counties.



Population survey schemes

For each surveyed prefecture-level city, we extracted four communities and six villages. We finally selected 42 communities in urban districts and 78 villages in rural districts totally. We produced questionnaires, and took a household as a unit to conduct home visits, excluding those family members who had died or lived <3 months every year in the surveyed district (Figure 2).



Hospital survey schemes

For the surveyed municipal districts (two streets) and sub-districts under its jurisdiction (four communities) of each prefecture-level city in this hospital survey, we, respectively, extracted a class-3 general hospital, a class-2 general hospital, and two street health centers or community health service centers. For the surveyed counties (three towns) and sub-districts under its jurisdiction (six administrative villages) of each prefecture-level city in this hospital survey, we, respectively, extracted a county-level general hospital, three township health centers, and six village clinics. We finally selected 13 class-3 general hospitals, 13 class-2 general hospitals, and 26 street health centers or community health service centers in urban districts, and 13 county-level general hospitals, 39 township health centers, and 78 village clinics in rural districts totally. All hospitals selected based on the above-described statistically designed method were recruited as investigation subjects in this hospital survey (Figure 2).



Diagnosis of patients with ALS

The diagnosis of ALS followed the standardized diagnostic procedures of ALS (Brooks et al., 2000; Ludolph et al., 2015; Johnsen et al., 2019). In the population survey, investigators briefly asked questions about demographics and medical history at initial household assessments. If there were suspicious patients with ALS, they would be reported to the regional supervisors and taken to the local class-3 general hospital for a further diagnosis. To improve the accuracy of preliminary diagnoses, we repeated neurological examinations in all confirmed and suspected cases after 3 and 6 months using electromyography and the related lab examination by assessing disease progression, and re-examinations excluded those patients with ALS who refused another assessment, had died, or were lost to follow-up in the local class-3 general hospital. The neurologist director Prof. Renshi Xu made the final diagnosis based on all available information provided by investigators.

In the hospital survey, we searched patients with ALS in inpatients and outpatients through databases of hospitals. Once suspicious patients were found, they would be reported to regional supervisors, and if the patient had never been diagnosed in a tertiary hospital and could be contacted, he or she would be taken to the local class-3 general hospital for further diagnosis. To improve the accuracy of ALS diagnoses, we repeated neurological examinations in all definite and suspected cases following-up to 3 to 6 months using electromyography and related laboratory tests to further assess the ALS diagnosis in the local class-3 general hospital. Multiple investigations were conducted to exclude those patients who refused the further assessment, had died, or lost the follow-up. The neurologist director Prof. Renshi Xu made the final diagnosis based on all available information provided by investigators.

For all definite diagnostic ALS cases, we produced the investigation of questionnaires that involved general health situations, symptoms and signs, demographics, medical histories, profession, treatment processes, and costs.



Quality control of investigation

Before the formal investigation, we selected Nanchang city to carry out a preliminary test to further improve the investigation plan and train all investigators (23 medical students) for 3 weeks in Nanchang city. Before finishing the household or hospital survey, investigators would conduct a comprehensive check of questionnaires. If there was any doubt, it was necessary to re-check and verify investigation contents, correct mistakes, and fill in missing items in time. The completion rate of the questionnaire investigation should be ≥99% and the error rate should be <1%. Regional supervisors should complete unqualified questionnaires and contact investigators to ascertain facts in time. During the investigation of fieldwork, staff members of the local Center for Disease Control and Prevention helped to communicate with communities or hospitals and supervisors monitored the on-site investigation interview of investigators.



Statistical analysis

We used the SPSS statistical software of version 20.0 (SPSS, Chicago, IL, USA) for both data collection and management. All data of the cross-sectional survey based on population and hospitals including the epidemiological characteristics data of ALS were performed the statistical analysis by the SPSS software of version 20.0.




Results


Population survey

Our population survey covered 727,718 individuals, consisting of 160,983 (22.12%) Jiangxi province residents, 14,600 (2%) Jiangsu province residents, 10,600 (1.46%) Zhejiang province residents, 20,786 (2.86%) Gansu province residents, 52,081 (7.16%) Henan province residents, 18,950 (2.60%) Sichuan province residents, and 449,718 (61.80%) Shandong province residents (Table 1). The prevalence of ALS in seven provinces of the Chinese mainland was 1.24/100,000. Of these provinces, the prevalence of ALS in Zhejiang province was the highest (9.43/100,000) and the prevalence of ALS in Jiangsu province, Gansu province, Sichuan province, and Shandong province were 0/100,000 (Table 1).


TABLE 1 Prevalence of ALS in 7 provinces of China mainland in population survey.

[image: Table 1]

Our population survey consisted of 478,402 (65.74%) urban residents and 249,316 (34.26%) rural residents. The prevalence of ALS in rural residents (2.01/100,000) was higher than that in urban residents (0.84/100,000) (Table 2). Of the nine patients with ALS with a final diagnosis, seven (77.78%) individuals were male. The average onset time of sporadic ALS (sALS) was 54.57±10.65 years of age, the peak onset time was around 50 years old. In that, seven (77.78%) individuals were farmers and two (22.22%) had a chronic disease or ALS family history. The survival duration of sALS was 2.07±1.08 years, and familial ALS (fALS) ranged from 6 to 8 years. Among them, the ALS prevalences in male patients and farmers were in the higher percentage (Table 3).


TABLE 2 Prevalence of ALS in urban and rural districts of China mainland in population survey.
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TABLE 3 General clinical and demographic information of ALS patients identified in population survey.
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Hospital survey

All surveyed class-1 hospitals in the hospital survey involved 26 street health centers or community health service centers in urban districts, 39 township health centers, and 78 village clinics in rural districts. There were only outpatient departments in these hospitals. Two individuals with ALS were identified among 832,380 outpatients in these hospitals. The prevalence of ALS in class-1 hospital outpatients was 0.24/100,000 (Table 4).


TABLE 4 Ratio of ALS outpatients and inpatients in different level hospitals of 7 provinces of China mainland in 2015–2016.
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All surveyed class-2 hospitals in the hospital survey involved 13 class-2 general hospitals in urban districts and 13 county-level general hospitals in rural districts. There were both outpatient and inpatient departments in these hospitals. Twelve individuals with ALS were identified among 5,082,237 outpatients in these hospitals. Fifteen individuals with ALS were identified among 453,506 inpatients in these hospitals. The prevalence of ALS in class-2 hospital outpatients was 0.24/100,000. The prevalence of ALS in class-2 hospital inpatients was 3.31/100,000 (Table 4, Figure 3A).
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FIGURE 3
 The comparison of survey data based on the hospital. (A) The comparison of ALS ratio between outpatients and inpatients in the different level hospitals of China involved 13 class-3 general hospitals, 13 class-2 general hospitals, and 26 street health centers or community health service centers in urban districts, and 13 county-level general hospitals, 39 township health centers and 78 village clinics in rural districts. The prevalence of ALS in inpatients was higher than that in outpatients. The total prevalence of ALS in class-3 hospital patients showed the highest. (B) The gender ratio of patients with ALS in the hospital survey, among 169 patients with ALS in the hospital survey, 117 (69.23%) patients with ALS were male and 52 (30.77%) were female. (C) The onset age ratio of patients with ALS in the hospital survey, and among those 169 patients, the percentage of 60 to 69 years was the highest, and the percentage of 30 to 39 years was the lowest. (D) The profession ratio of patients with ALS in the hospital survey, and among 169 patients with ALS in the hospital survey, farmers were the highest percentage (50.3%), and both medical staffs and self-employed workers were the lowest percentages (0.59%). (E) The medical history ratio of patients with ALS in hospital survey, and among 169 patients with ALS in the hospital survey, most patients with ALS had no chronic disease history (51.48%). (F) The hospitalization expenses ratio of patients with ALS in the hospital survey, and among 169 patients with ALS in the hospital survey, the hospitalization expenses of most patients with ALS (59.17%) were lower than 10,000 Chinese Yuan. (G) The comparison of ALS prevalence in different countries. Our results showed that the prevalence of ALS in seven provinces of the Chinese mainland was 1.24/100,000, which was less than the world other nations and districts including Chinese Hong Kong and similar to the European per year prevalence (2.2/100,000) and United States (1.5/100,000).


Among surveyed 13 class-3 hospitals in urban districts, 102 individuals with ALS were identified among 8,194,585 outpatients in these hospitals And 128 individuals with ALS were identified among 54,9267 inpatients in these hospitals. The prevalence of ALS in class-3 hospital outpatients was 1.37/100,000. The prevalence of ALS in class-3 hospital inpatients was 23.30/100,000 (Table 4, Figure 2A).

One hundred six individuals with ALS were identified among 14,109,202 outpatients in all hospitals. The prevalence of ALS in all hospital outpatients was 0.89/100,000. One hundred forty-three individuals with ALS were identified among 1,002,773 inpatients in all hospitals. The prevalence of ALS in all hospital inpatients was 14.26/100,000. In general, the prevalence of ALS in inpatients was higher than that in outpatients. The total prevalence of ALS in class-3 hospital patients showed the highest (1.37/100,000 outpatients and 23.30/100,000 inpatients) (Table 4, Figure 3A).

Among the 169 patients with ALS in the hospital survey, 117 (69.23%) were men and 52 (30.77%) were women (Figure 3B). The mean age of onset among male patients was 61.43 ± 12.66 years, and the mean age of onset among female patients was 59.98 ± 12.76 years. The percentage of 60 to 69 years was the highest and the percentage of 30 to 39 years was the lowest (Table 5, Figure 3C).


TABLE 5 Epidemiological and clinical characteristics of ALS patients in hospital survey (n = 169).
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Among the 169 patients with ALS in the hospital survey, farmers were the highest percentage (50.3%) and medical staffs and self-employed workers were the lowest percentage (0.59%) (Table 2, Figure 3D). Most of the patients with ALS had no chronic disease history (51.48%). About 12.43% of patients had hypertension, 4.14% had cerebral infarction, 4.14% had diabetes, 2.96% had nephritis and nephropathy, 1.78% had coronary heart disease, 1.78% had pulmonary tuberculosis, 1.18% had hepatitis B, 1.18% had brain trauma, and 0.59% had Parkinson's disease (Figure 3E). Hospitalization expenses of most of the patients with ALS (59.17%) were lower than 10,000 Chinese Yuan (Table 5, Figure 3F).




Discussion

This large, cross-sectional survey study of ALS epidemiology in seven provinces of Chinese eastern, middle, and western regions involved a vast majority of Chinese geographic territory. In this study, we assessed the epidemiological data from population and hospital surveys. Our population survey involved 727,718 individuals including 61.80% (449,718) of Shandong peoples, 22.12% (160,983) of Jiangxi peoples, 7.16% (52,081) of Henan peoples, 2.86% (20,786) of Gansu peoples, 2.60% (18,950) of Sichuan peoples, 2% (14,600) of Jiangsu peoples, and 1.46% (10,600) of Zhejiang people (Table 1).

Our results showed that the prevalence of ALS in seven provinces of the Chinese mainland was 1.24/100,000, and the total prevalence of ALS was less than that of the world, other nations and districts including Chinese Hong Kong (Table 6, Figures 3G, 4, 5), was similar to the per year prevalence of Europe (2.2/100,000) and United States (1.5/100,000) (Kiernan et al., 2011; Mehta et al., 2016). But in the Chinese mainland, the 9.43/100,000 prevalence of ALS in Zhejiang province was the highest and was adjacent to the world's highest Japan (9.9/100,000) (Table 6, Figures 3G, 4, 5). The secondary was 3.84/100,000 in Henan and 3.73/100,000 in Jiangxi, respectively (Table 1), which was similar to that in the Chinese Hong Kong district (3.04/100,000) (Table 6, Figures 3G, 4, 5). Among them, 65.74% (478,402) were urban people and 34.26% (249,316) were rural people, and it was obvious that the ALS prevalence in rural residents (2.01/100,000) was higher than that in urban residents (0.84/100,000) (Table 2).


TABLE 6 Comparison of ALS/MND prevalence in different countries or districts.
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FIGURE 4
 The previously reported ALS prevalence in the global different countries or districts was exhibited on the world map. The deep and shallow color indicated the high and low of ALS prevalence. Deeper color indicated higher ALS prevalence.
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FIGURE 5
 The ALS prevalence in seven provinces of the Chinese mainland in this survey was exhibited on the Chinese map. The deep and shallow color indicated the high and low of ALS prevalence. Deeper color indicated higher ALS prevalence.


Of the nine definite ALS in the population survey, 77.78% were farmers, occupying more than 50% among them (Table 3). About 22.22% had an ALS family history, which was slightly more than the international reported ~10% (Table 3), and 77.78% were sALS, which was slightly less than the international reported approximate 80% (Table 3) (Zarei et al., 2015). The survival duration of sALS was 0.5–4 years and the average survival was 2.07 ± 1.08 years, which was less than the previously reported around 3.5 years (Table 3) (Salameh et al., 2015). The survival duration of fALS ranged from 6 to 8 years in this survey. fALS in the previous survey existed a longer survival duration, someone lives more than 10 years, even exceeding 30 years or more long (Salameh et al., 2015). About 77.78% were male patients, 22.22% were female patients, male patients were significantly higher than female patients (Table 3), which was consistent with the information reported by previous investigation (Kiernan et al., 2011).

In the hospital survey, the prevalence of ALS was 0.24/100,000 in 832,380 outpatients in class-1 hospitals (Table 4). The prevalence of ALS was 0.24/100,000 in 5,082,237 outpatients and 3.31/100,000 in 453,506 inpatients in class-2 hospitals, respectively (Table 4, Figure 3A). The prevalence of ALS was 1.37/100,000 in 8,194,585 outpatients and 23.30/100,000 in 54,9267 inpatients in class-3 hospitals, respectively (Table 4, Figure 3A). The prevalence of ALS was 0.89/100,000 in 14,109,202 outpatients and 14.26/100,000 in 1,002,773 inpatients in all hospitals, respectively. There could be no doubt that the total prevalence of ALS in class-3 hospitals was the highest and the secondary was in class-2 hospitals. It was affirmative that the prevalence of ALS in both inpatients and outpatients in the class-3 hospital was higher than that in both class-2 and class-1 hospitals (Table 4, Figure 3A). The possible cause of the highest prevalence in class-3 hospitals is that ALS is a rare disease and the patients with ALS themselves are not completely confident of the diagnosis made by doctors in both class-1 and class-2 hospitals, as well as the doctors in both class-2 and class-1 find it difficult to diagnose ALS because of the limitation of doctor diagnostic ability and hospital medical condition.

Among the 169 definite patients with ALS in the hospital survey, 69.23% were male and 30.77% were female (Figure 3B), which was similar to the previous investigation reported information (Kiernan et al., 2011). The male mean age of onset was 61.43±12.66 years, the female mean age of onset was 59.98 ± 12.76 years, the peak onset age was at 60 to 69 years, and the lowest age of onset was 30 to 39 years (Table 5, Figure 3C). Among different professions, 50.3% were farmers, and medical staffs and self-employed workers were the lowest, only occupying 0.59% (Table 2, Figure 3D). About 51.48% of ALS had no chronic disease history (Figure 2E). The hospitalization expenses of 59.17% of patients with ALS were lower than 10,000 Chinese Yuan (Table 5, Figure 3F).

We conducted informative comparisons with previous studies in this study. Although the prevalence, onset age, geographical location, profession, chronic disease history, familial history, survival duration, and diagnostic and cured condition (Hospitalization expenses) of ALS in our study were slightly different than the corresponding rates in the previous study, the overall results were similar to the previous investigation data (Kiernan et al., 2011; Salameh et al., 2015). We speculate that the relatively low prevalence of ALS observed in our study implies greater omit diagnosis in the Chinese mainland because the criteria of ALS cannot be accurately realized by doctors in under class-2 hospitals. Although both population and hospital survey studies showed an increased risk of farmers and rural residents, our study did not show a statistically significant association between farmers, rural residents, and the development of ALS because of the limited sample. The multiple coexisting conditions seen in farmers and rural residents may confer greater susceptibility to ALS, such as associated environments, education and physical power, and so on, which is, in part, supported by the higher prevalence seen in our study than in previous studies (Ludolph et al., 2012; Zarei et al., 2015; Vasta et al., 2022). The profession in agriculture was risk work for the development of ALS in the Chinese mainland. As far as know, the information that the higher prevalence of ALS in rural residents and farmers was not reported before our study.

Our study demonstrated that the prevalence of ALS and hospitalization expenses were lower than global other countries and districts. For that, we doubted that the survey results did not represent that the prevalence of ALS in our country was really lower than in other countries and districts in the world. In fact, it might be that we weren't enough know the disease of ALS, especially for the non-neurological doctor, omitted lots of patients with ALS. Moreover, the major reason for lower hospitalization expenses might not be because patients with ALS do not have enough money for hospitalization cure but the ALS treatment has exerted the national medical insurance of chronic disease in our country, and patients with ALS do not need to pay too much money for hospitalized treatment and the fact that mainly because lots of non-neurologists did not generally and comprehensively understand the normal processes of ALS diagnosis and treatments, which resulted in inaccurate diagnosis and treatment of ALS. This finding questions in our study reminder us to nationwide efforts to prevent to omit the diagnosis and the hospitalized treatment of ALS by spreading knowledge about the ALS diagnosis and treatment in popular peoples and non-neurological doctors, enhancing the training of ALS diagnosis and treatment in neurological doctors, improving the ratio of ALS diagnosis and the hospitalized treatment, and reducing the ratio of omitted diagnosis, providing better medical service for patients with ALS and improving the life quality of patients with ALS.

Our data further revealed that men were more likely to suffer from ALS than women. The survival duration of sALS was about 3 years and the survival duration of fALS was longer than that of sALS (Kiernan et al., 2011; Salameh et al., 2015). In addition, it seems that the peak onset age (60–69 years) in our study is later than the previous investigation data (Kiernan et al., 2011), for that, we thought that it could not completely exclude some patients with ALS or diagnosed by doctors at the initial or early stage of ALS, and it also could not completely exclude the retrospective survey of disease resulted in the mistaken judgment of accurate onset time.

Our study has some strengths. Our survey involved the representative regions of the population and hospitals in the Chinese mainland, which enabled the general evaluation of prevalence, sexuality, onset age, profession, survival time, and diagnostic and cured condition of ALS in the Chinese mainland. Of course, our study also exist some limitations, such as our study did not include all population and hospitals in the Chinese mainland, and also the survey of multiple centers. Therefore, our study might have some deficiencies and errors.



Conclusion

In conclusion, the ALS hospitalization expenses in our survey were the lowest compared with the previously reported countries and districts. The farmer was a possible higher risk profession for ALS, and the majority of ALS were not accompanied by other chronic diseases. Besides, the general epidemiology features in our study were not found to be significantly different from the previous epidemiology survey. The prevalence, sexuality, onset age, and survival time of ALS were similar to the reported information in the previous epidemiological studies conducted in other countries and districts (Svenson et al., 1999; Fong et al., 2005; Abhinav et al., 2007; Chiò et al., 2009; Donaghy et al., 2009; Kiernan et al., 2011; Doi et al., 2014; Salameh et al., 2015; Mehta et al., 2016).
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Background: We recently reported that individuals with impaired plantar sensation and high fall risk due to sensory peripheral neuropathy (PN) improved gait and balance function following 10 weeks of use of Walkasins®, a wearable lower limb sensory prosthesis that provides directional specific mechanical tactile stimuli related to plantar pressure measurements during standing and walking (RxFunction Inc., Eden Prairie, MN, United States). Here, we report 26-week outcomes and compare pre- and in-study fall rates. We expected improvements in outcomes and reduced fall rates reported after 10 weeks of use to be sustained.

Materials and methods: Participants had clinically diagnosed PN with impaired plantar sensation, high fall risk (Functional Gait Assessment, FGA score < 23) and ability to sense tactile stimuli above the ankle at the location of the device. Additional outcomes included 10 m Gait Speed, Timed Up and Go (TUG), Four-Stage Balance Test, and self-reported outcomes, including Activities-Specific Balance Confidence scale and Vestibular Disorders Activities of Daily Living Scale. Participants tracked falls using a calendar.

Results: We assessed falls and self-reported outcomes from 44 individuals after 26 weeks of device use; 30 of them conducted in-person testing of clinical outcomes. Overall, improvements in clinical outcomes seen at 10 weeks of use remained sustained at 26 weeks with statistically significant increases compared to baseline seen in FGA scores (from 15.0 to 19.2), self-selected gait speed (from 0.89 to 0.97 m/s), and 4-Stage Balance Test (from 25.6 to 28.4 s), indicating a decrease in fall risk. Non-significant improvements were observed in TUG and fast gait speed. Overall, 39 falls were reported; 31 of them did not require medical treatment and four caused severe injury. Participants who reported falls over 6 months prior to the study had a 43% decrease in fall rate during the study as compared to self-report 6-month pre-study (11.8 vs. 6.7 falls/1000 patient days, respectively, p < 0.004), similar to the 46% decrease reported after 10 weeks of use.

Conclusion: A wearable sensory prosthesis can improve outcomes of gait and balance function and substantially decreases incidence of falls during long-term use. The sustained long-term benefits in clinical outcomes reported here lessen the likelihood that improvements are placebo effects.

Clinical trial registration: ClinicalTrials.gov, identifier #NCT03538756.
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peripheral neuropathy, falls, balance, gait speed, neuromodulation, clinical trial, sensory prosthesis, wearable


Introduction

Persistent problems with gait and balance function may lead to falls, fractures, and other serious injuries in older adults (Bergen et al., 2016; Ganz and Latham, 2020; Moreland et al., 2020). In fact, clinical observations on the problem of falls and fall prevention go back to at least 1948 when Sheldon (1948) presented data in The Lancet on “Liability to Falls” in older adults, concluding that falling was “a clinical problem which has never received the attention it deserves.” Today, we appreciate that causes of falls are complex and require a multifactorial clinical approach to arrive at a correct diagnosis and to provide specific and relevant therapeutic interventions (Cohen et al., 2015).

To address the problem of falls in older adults, various clinical practice guidelines for falls prevention and management have been developed (Montero-Odasso et al., 2021). The Centers for Disease Control and Prevention (CDC), for example, has established “STEADI” (STEADI, 2021), an evidence-based initiative to address fall prevention based on a curation of decades of research activities (Stevens and Phelan, 2013). At this time, advice provided through the STEADI initiative includes “Talk to your doctor”; “Do Strength and Balance Exercises”; “Have Your Eyes Checked”; and “Make Your Home Safer” (CDC, 2021). At a minimum, health care providers should screen their patients for fall risk, including older adults and individuals with neurodegenerative diseases that affect balance function. Simple interventions that should be considered to help reduce the risk for falls include medication management and vitamin D supplements to improve bone, muscle, and nerve health (Bergen et al., 2016). Further treatment of gait and balance issues may involve use of canes, walkers, and rehabilitation interventions with balance exercises (Richardson et al., 2001; Halvarsson et al., 2013; Melzer and Oddsson, 2013; Ganz and Latham, 2020), including Tai-Chi (Li and Manor, 2010; Manor et al., 2014; Quigley et al., 2014). Any functional benefits related to fall rates and gait function after long-term use of bilateral ankle foot orthoses appear limited (Wang et al., 2019).

In addition to other age-related risk factors, sensory peripheral neuropathy (PN), leading to impaired plantar sensation, is an independent risk factor for falls (Richardson and Hurvitz, 1995; Koski et al., 1998; Reeves et al., 2021), irrespective of whether the underlying cause is due to diabetes (Mustapa et al., 2016; Vinik et al., 2017), chemotherapy (Winters-Stone et al., 2017), or an unknown factor (Riskowski et al., 2012). The prevalence of PN in the United States population for those over age 40 is nearly 15% (Gregg et al., 2004) and 28.4% in persons with diabetes (Hicks et al., 2021). The incidence of injuries due to falls is 15 times higher in patients with diabetic PN than in healthy individuals (Cavanagh et al., 1992). Furthermore, polyneuropathy contributes independently to functional impairments, including difficulty walking and a tendency to fall (Hoffman et al., 2015), and those individuals more often incur fall-related injuries (Hanewinckel et al., 2017). A prospective study of older individuals with PN found that 65% fell during a one-year period and 30% reported an injury from a fall (DeMott et al., 2007).

Mechanoreceptors play an important role in proprioception (Fallon et al., 2005; Vaughan, 2021) and loss of sensory information from the lower limbs, including plantar mechanoreceptors alters balance performance (Meyer et al., 2004a,b). Furthermore, this sensory impairment affects the automaticity of walking, thereby increasing the need for cognitive attention to gait and mobility activities (Paul et al., 2005; Clark et al., 2014; Clark, 2015). Furthermore, several studies have reported problems with gait and balance function and the increased risk of falls in patients with PN (Menz et al., 2004; DeMott et al., 2007; Dixon et al., 2017; Lipsitz et al., 2018).

Additionally, low gait speed is a risk factor for falls (Studenski et al., 2003; Montero-Odasso et al., 2005), is an indicator of frailty (Kim et al., 2019), and is even a predictor of hospitalization and disability (Cesari et al., 2005; Dumurgier et al., 2009) as well as survival (Studenski et al., 2011). In fact, interventions designed to improve gait speed may actually increase survival (Hardy et al., 2007). Older adults with sensory impairment related to PN show a decline in gait speed that is four times higher than in healthy aging (Buracchio et al., 2010; Lipsitz et al., 2018).

Although strength and balance training in patients with PN may help reduce fall risk falls (Ites et al., 2011; Tofthagen et al., 2012; Streckmann et al., 2014; Morrison et al., 2018), strength training in patients with PN appears to have less impact on balance (Streckmann et al., 2014). Its effects are mainly compensatory and do not address impaired somatosensation, the root cause of balance problems related to PN. Furthermore, balance training activities must be specific (Oddsson et al., 2007) and must be conducted with sufficient intensity and frequency (Lipsitz et al., 2019) to be helpful, or benefits will be limited or absent (Kruse et al., 2010; Lipsitz et al., 2018, 2019). Clear guidelines regarding frequency of balance exercises are currently lacking although three sessions a week may be a minimum necessary to see an improvement (Kruse et al., 2010). Thus, although “Falls can be prevented” (CDC, 2021), they continue to be a large problem in older adults, indicating a continued need for novel solutions.

We recently reported from our multi-site clinical trial (walk2Wellness, NCT #03538756) that individuals with PN and a high risk of falls improved their Functional Gait Assessment (FGA) scores, (Wrisley et al., 2004), Gait Speed, and Timed Up and Go times following 10 weeks of home-based use of a wearable sensory prosthesis intended to substitute nerve function related to impaired plantar sensation (Figure 1, Walkasins by RxFunction Inc., Eden Prairie, MN, United States), (Oddsson et al., 2020). Previously, we found similar meaningful improvements in FGA scores and gait speed in participants with PN in a randomized crossover trial conducted in-clinic (Koehler-McNicholas et al., 2019), findings that were recently referred to as “presumably emulating” signals by fast-adapting cutaneous afferents (Vaughan, 2021). We also reported a decrease in the number of fall risk factors as well as fall rate from baseline to 10 weeks for individuals who reported falls in the 6 months preceding study participation (Oddsson et al., 2020).


[image: image]

FIGURE 1
(Left) The two components of the Walkasins prosthetic device, the pressure sensitive flexible foot pad that is placed in the shoe and connects to the leg unit that contains a rechargeable battery, a microprocessor, supporting electronics, and four mechanical tactile stimulators. The embedded software algorithm evaluates pressure data and activates the mechanical tactile stimulators at relevant times during standing and walking to signal balance-related information to the afferent nervous system. (Right) A Walkasins user wearing the device in the process of turning it on. The Walkasins system is worn bilaterally (unilateral components depicted).


Here we report extended long-term use data from the walk2Wellness trial for 44 participants after 26 weeks of Walkasins use. Furthermore, we analyzed falls during the 26 weeks of device use and compared to patient self-reports of falls from the 6 months preceding participation in the study. We expected improvements in clinical outcomes and lower fall rate seen after 10 weeks (Oddsson et al., 2020) to be sustained at 26 weeks.



Materials and methods

Detailed descriptions of materials and methods have been reported previously (Oddsson et al., 2020), and are summarized below. The measures we use have been validated (Oddsson et al., 2020) and our primary outcome measure, the FGA, is recommended for assessment of walking balance in adults with neurologic conditions by current physical therapy Clinical Practice Guidelines (Moore et al., 2018). The walk2Wellness study is registered at ClinicalTrials.gov (#NCT03538756). Figure 1 shows a picture of the Walkasins device components with a brief description of its functionality.


Participants

The walk2Wellness clinical trial received approval for human subject research from Advarra IRB (formerly Quorum Review) for four sites and from the IRB Subcommittee, the Subcommittee on Research Safety, and the Research and Development Committee of the Minneapolis VA Health Care System (MVAHCS). Recruitment for the walk2Wellness trial began in October 2018 and ended at the last site in April 2021. Because of COVID-19 disruptions, the study ended earlier than planned at four sites; the fifth site completed the trial but with a reduced enrollment goal. Study site team members posted fliers at community businesses and clinics to advertise the trial; in addition, some of the sites received referrals from physicians who were informed about the study.

To participate in the trial, individuals met the following inclusion criteria: male or female; ages 21–90; a formal diagnosis of sensory PN prior to participating in the study as indicated by their medical record or a letter by a physician; self-reported problems with balance; ability for transfers or ambulation on level surfaces at fixed cadence as assessed by trained study personnel; FGA score < 23, the cut-off score for high fall risk (Wrisley and Kumar, 2010); ability to understand and provide informed consent; foot size to allow the Walkasins device to function properly, and ability to complete all functional outcome measures without the use of an assistive device in order to ensure sufficient motor function. Participants could use an assistive device at their discretion during their daily activities.

Individuals were excluded if they were unable to perceive the tactile stimuli from the Walkasins leg unit (Figure 1) or if they used an ankle-foot orthosis for ambulation that prevented donning the device. In addition, individuals having any of the following conditions were excluded from participation: acute thrombophlebitis; deep vein thrombosis; untreated lymphedema; a lesion of any kind, swelling, infection, inflamed area of skin, or eruptions on the lower leg near placement of the device; foot or ankle fractures; severe peripheral vascular disease; or any musculoskeletal or neurological condition that would prohibit use of the device, as determined by a clinician. Because of a potential to overload the pressure sensors in the foot pad, individuals weighing over 136 kg (300 lbs) were excluded from participation. The criteria to participate in the study were similar to receiving a prescription for the device in a clinic. Potential participants also agreed not to initiate any balance training (e.g., Tai-Chi, etc.) or balance-related therapy during the first 10 weeks of the trial (Oddsson et al., 2020). Furthermore, participants were blinded to their outcomes during the trial and not shared by study personnel.



Study procedures and outcome measures

Before undergoing any study-related procedures, individuals signed the IRB-approved consent form and HIPAA authorization. after enrollment, site staff tested whether participants were able to perceive the tactile stimuli from the Walkasins leg unit. Anyone unable to feel the tactile stimuli was excluded from continued participation in the study. Individuals who were able to feel the tactile stimuli from the Walkasins leg unit bilaterally then completed a medical history form to assess common health issues and systemic diseases. They also provided information on falls they had experienced in the previous 6 and 12 months, including the number of falls and any injuries they sustained as a result. In addition, participants provided a list of their medications (medication name, indication, dose, and frequency), which was updated over the course of the study.

Participants then completed the Activities-Specific Balance Confidence (ABC) Questionnaire (Powell and Myers, 1995) to assess levels of balance self-confidence and the Vestibular Activities of Daily Living Scale (VADL), (Cohen et al., 2000) to evaluate the effects of vertigo and balance disorders on their ability to perform everyday activities independently. At baseline, weeks 10 and 26, site personnel also assessed participants using the Weinstein Enhanced Sensory Test (WEST) monofilament foot test (0.5, 2, 10, 50, and 200 g), as described previously (Oddsson et al., 2020). Staff also performed a vibration sensation test using a Rydel-Seiffer Tuning Fork to document loss of sensation (Kästenbauer et al., 2004; Oddsson et al., 2020). Scoring values ≤4 at the first metatarsal joint is categorized as abnormal (Kästenbauer et al., 2004).

During the baseline visit, participants donned the Walkasins devices and performed a standardized set of standing and walking balance activities focused on orientation and familiarization with the device, referred to as the Walkasins Learning Protocol (Koehler-McNicholas et al., 2019; Oddsson et al., 2020). Trained site personnel then assessed participants on the FGA, 10-Meter Walk Test (Perera et al., 2006), Timed Up and Go (TUG) (Mathias et al., 1986), and 4-Stage Balance Test (CDC, 2021). The clinical outcomes were standardized and performed by study personnel who were trained by one of the investigators (DW). A sponsor representative conducted observation visits periodically during the study to ensure standardization across the sites (LJ).

After finishing the clinical outcome tests, participants completed the following self-reported outcome measures to provide information about their quality of life, pain level, and engagement in social activities: Patient Health Questionnaire (PHQ-9) (Kroenke et al., 2001), PROMIS Pain Interference Short Form 6b (Askew et al., 2016), PROMIS Pain Intensity Form 1a, Ability to Participate Short Form 8a (Hahn et al., 2016b), and Satisfaction with Participation in Social Roles Short Form 8a (Hahn et al., 2014, 2016a). At the conclusion of the baseline visit, site staff members trained the participants on caring for the device.

Participants left the baseline visit with the device and a calendar on which to note any fall events they experienced as well as their use of Walkasins. For consistency across sites, we used the World Health Organization’s definition of a “fall”: “A fall is an event which results in a person coming to rest inadvertently on the ground or floor or other lower level.” When participants reported falls, study staff recorded the following: the fall date; severity (no injury, minor injury, or major injury); the level of treatment the individual sought or received, if any; the cause or causes of the fall (environmental factor, lost balance, lost consciousness, lost strength/felt weak, slipped, tripped, on new medication, other, unknown); and a description of the fall.

Unless prevented from doing so because of COVID-19 site restrictions, participants returned for in-person visits at weeks 2, 6, 10, and 26. These visits followed most of the same procedures as the baseline visit: balance questionnaires, clinical assessments, and self-reported outcome measures. As we have previously reported (Oddsson et al., 2020) we calculated ABC to FGA ratios at each assessment to measure the degree of internal self-perception of balance capability (ABC score) in relation to the externally observed walking balance performance (FGA score). We noted that a ratio of around 3.3 would be “expected” based on the maximum scores of the two scales. This construct aligns with a multifactorial causation model for falls emphasizing the importance of a “Realistic Appraisal of One’s Own Abilities,” (Hadjistavropoulos et al., 2011).

Between the in-person visits at weeks 10 and 26, study sites contacted participants via telephone at weeks 14, 18, and 22 to remind them of study requirements and to collect follow-up information regarding health changes, falls, adverse events, pain scores, device usage, and device functioning, as well as whether they had begun any physical therapy for their balance problems. If participants reported adverse events and/or falls during these contacts, site personnel recorded the details on the appropriate case report forms in REDCap Cloud, the electronic data capture system used in the study1 (Encinitas, CA, United States).



Statistical analysis and availability of data

An analysis of outcomes after 2, 6, and 10 weeks, with 10 weeks being the primary endpoint, was presented earlier (Oddsson et al., 2020). Here we focus on outcomes after extended long-term device use and compare outcomes to baseline for individuals participating in 26 weeks of device use. Graphical data from 2, 6 and 10 weeks are provided below for illustration. We calculated descriptive statistics (mean and standard deviation or median as appropriate) for all variables and tested for normality with the Shapiro-Wilk’s test. We applied the two-proportion Z-test to compare proportion-based measures. We conducted a post hoc analysis to compare participants at baseline who reported falls in the previous 6 months (Pre-Fallers, n = 25) to those who did not (Pre-Non-Fallers, n = 19). Their baseline characteristics were compared using a t-test for independent samples or a Mann-Whitney U test if data was not normally distributed based on a Shapiro-Wilk’s test.

To compare baseline variables to those after 26 weeks of device use, we conducted a t-test for dependent samples or Wilcoxon signed-rank test in case variables were not normally distributed. We applied a Bonferroni’s adjustment of significance levels for correlated measures, ranging from p < 0.0167 (0.05/3 for three comparisons) for a full correction (non-correlated measures, r = 0) and p < 0.05 for perfectly correlated measures (r = 1) (Uitenbroek, 1997). We calculated effect sizes using Cohen’s drm according to recommendations by Lakens (2013) and interpreted them according to Cohen (1988), i.e., 0.2 represents a small effect, 0.5 a medium effect, and 0.8 a large effect size. Ninety-five percent confidence intervals of effect sizes were estimated according to Algina et al. (2005).

We performed statistical analysis with the Analysis-ToolPak module in Microsoft Excel 2016 and the Real Statistics Resource Pack software, release 6.8 (Zaiontz, 2020). Baseline characteristics of participants in the study from the four clinical sites are presented in Table 1. We have pooled the data for the continued analysis presented here. The raw data supporting the conclusions of this article will be made available to qualified researchers without undue reservation.


TABLE 1    Characteristics of the 44 individuals from the four different clinical sites enrolled in the study who reached 26 weeks of participation.
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Results


Enrollment and allocation

Our previous report with 45 participants at the 10-week primary endpoint (Oddsson et al., 2020) was published early due to the unknown circumstances at the time related to COVID-19, which had caused recruitment holds and suspension of in-person testing activities at the research sites. Over time, the trial continued with the enrollment of additional participants who are part of the current report as illustrated in the flow chart in Figure 2. Figure 2 shows the flow chart for the study as it was continued from the 10-week primary endpoint assessment that we have previously reported (Oddsson et al., 2020). Text boxes with dashed lines in Figure 2 indicate enrollment numbers for the initial 10-week report.
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FIGURE 2
Flowchart of the walk2Wellness trial. Data for the primary endpoint at 10 weeks, shown to the right for reference, were published earlier (Oddsson et al., 2020). Due to COVID-19 site lockdowns, in-person outcomes could be assessed from 30 of the 44 participants. Self-reported outcomes and fall events were assessed from all 44 participants who reached the 26-week follow-up visit.


Of the 85 individuals who were assessed for eligibility, a total of 69 participants were enrolled in the trial (17 more than in previous report, cf. Figure 2). Sixty participants took part in the 2-week follow up visit, 55 in the 6-week follow-up visit, and 51 in the 10-week follow-up visit (six more than in the previous report). Eleven of the 18 participants who discontinued interventions through the 10-week follow-up visit stopped participation due to circumstances related to COVID-19 (cf. Figure 2). (Note: due to the timing of study initiation at Johns Hopkins and the onset of the pandemic, the three participants enrolled at the site were unable to complete most in-person assessments. When the situation did not improve, the sponsor decided to terminate Johns Hopkins as a research site. None of the participants had completed follow-up datasets through week 10, so their results were not included in this analysis.)

Forty-four of the 51 participants who reached the 10-week follow-up assessment were analyzed after their 26-week assessment. Due to circumstances related to COVID-19, including lockdowns at the research sites, 14 of the 44 participants were unable to participate in the 26-week in-person outcomes testing (FGA, 10MWT, TUG, and 4-Stage Balance Test). All 44 participants, however, were assessed on self-reported outcomes over the phone, and all 44 participants provided reports of falls throughout the 26-week period. Consequently, we report baseline assessment of clinical outcomes for all 44 participants, comparing those who reported falling in the prior 6 months (Pre-Fallers) to those who did not (Pre-Non-Fallers). We also present data over time for the 30 participants who completed the 26-week in-person assessment (weeks 0, 2, 6, 10, and 26, Figure 2), comparing the baseline assessments of those 30 participants to their 26-week assessment.

Seven of the 44 participants discontinued the intervention after the 10-week assessment (cf. Figure 2); one passed away; two had been enrolled in solely the 10-week protocol; three expressed device dissatisfaction, and one experienced an unrelated adverse event.



Baseline characteristics and outcomes

Baseline characteristics for the 44 individuals who were evaluated at 26 weeks are shown in Table 1 and were substantially similar to those reported previously (Oddsson et al., 2020). Participants across all sites were pooled for the continued analysis.

The baseline characteristics of the 44 participants are shown in Table 2. Characteristics are also reported separately for participants who reported falling in the 6 months preceding the study (Pre-F, n = 25) and participants who did not report a fall (Pre-NF, n = 19). Overall, characteristics reported previously for participants entering the trial were maintained (Oddsson et al., 2020) except for some substantiated differences between the Pre-F and Pre-NF participants that were now statistically significant (Table 2). In addition to previous observations, baseline self-selected gait speed and ABC scores were significantly different between the Pre-F and Pre-NF groups, 0.83 vs. 0.97 m/s and 57.8 vs. 69.6%, respectively (Table 2). A higher observed mean value in PHQ-9 score for the Pre-F group was nearly statistically significant (5.7 vs. 3.3, respectively, p = 0.052). Mean values for all PROMIS measures were near 50, and any differences were well within 10 (Table 2) corresponding to one standard deviation for these measures, indicating any observed differences were minor (Askew et al., 2016; Hahn et al., 2016a,b).


TABLE 2    Baseline characteristics for participants reaching the 26-week assessment (n = 44).
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Clinical outcomes

Improvements in FGA scores were seen across all individuals, irrespective of their baseline FGA scores and appeared similar after 2-, 6-, 10-, and 26-weeks of device use (Figure 3). This finding is indicated by the regression lines in Figure 3 being shifted above the line of equality. Figure 3 also illustrates similar improvements in FGA scores for the Pre-F group and the Pre-NF group (filled vs. open symbols). Interestingly, the slope of the regression line was <1 at all assessments indicating larger improvements in the lower range of baseline FGA scores mostly representing Pre-F group participants (cf. Table 3 and further below). After 26 weeks of device use, FGA scores increased across all individuals from 15.0 to 19.2 (p < 0.00001, Table 3) indicating a large effect size (Cohen’s drm = 1.38, Table 3). Furthermore, self-selected gait speed increased from 0.89 m/s to 0.97 m/s (p = 0.02), a medium effect size (Cohen’s drm = 0.49); and the 4-Stage Balance Test improved from 25.6 s to 28.4 s (p < 0.01), representing a small effect size (Cohen’s drm = 0.32). An increase seen in fast gait speed (1.30 to 1.37 m/s) did not reach statistical significance (p = 0.07). Changes in Rydel-Seiffer tuning fork testing scores suggested a small decrease in sensitivity at the site of the lateral malleolus (mean 3.8 to 3.2, p = 0.032, Cohen’s drm = 0.32), while a noted decrease at the MTP joint did not reach statistical significance (p = 0.07).


[image: image]

FIGURE 3
Comparing FGA scores at baseline (horizontal axes) with assessments after 2 (A), 6 (B), 10 (C), and 26 (D) weeks (vertical axes) of device use. Open symbols represent pre-study non-fallers and filled ones are pre-study fallers. Dashed lines show regression line for the whole group. Forty-four participants completed in clinic outcomes testing up to 10 weeks (primary endpoint), and 30 participants completed the 26-week assessment in person. Scores above line of equality indicate improvements and below a decrement in FGA score compared to baseline scores. Notice that regression line slopes are less than 1 indicating slightly larger improvements in FGA score for those with lower baseline scores. Overall, improvements observed after 2 weeks of use appeared sustained throughout the 26 weeks of use.



TABLE 3    Clinical outcomes and Rydel-Seiffer vibration sensation screening for the 30 individuals who were able to complete all in-person assessments at baseline and after 26 weeks as well as the subgroups of Pre-Fallers and Pre-Non-Fallers.

[image: Table 3]

The Pre-F cohort (n = 18) improved their mean FGA score from 13.7 at baseline to 18.1 at 26 weeks (p < 0.0001, Table 3) representing a large effect size (Cohen’s drm = 1.58). Their observed increases in self-selected gait speed from 0.82 to 0.90 m/s and from 1.13 to 1.23 m/s for fast gait speed did not reach statistical significance (p = 0.12 and p = 0.07, respectively). The Pre-F group showed a decrease in vibration sensation at the first MTP joint (mean 2.9 to 1.8, p < 0.005) and at the lateral malleolus that did not reach statistical significance (mean 3.75 to 3.25, p = 0.07).

The Pre-NF group (n = 12) increased their mean FGA score from 17.0 at Baseline to 20.8 at 26 weeks (p < 0.004, Cohen’s drm = 1.23, Table 3). A small increase in self-selected gait speed from 1.00 m/s to 1.08 m/s did not reach statistical significance (p = 0.06). Other clinical outcomes, including Rydel-Seiffer tuning fork sensitivity testing scores, remained unchanged at 26 weeks compared to baseline (Table 3).

The mean values of all in-person outcomes across the 26 weeks of device use for all participants are depicted in Figure 4 and are shown separately for the Pre-F and the Pre-NF groups. In general, the behavior over time of the two subgroups was qualitatively similar, although the Pre-NF group consistently performed better than the Pre-F cohort.
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FIGURE 4
Averages of clinical outcomes across the in-person assessments at baseline (0), 2, 6, 10, and 26 weeks for the 30 participants (blue lines and symbols) who were able to be tested in clinic after 26 weeks of device use for the in-clinic outcomes FGA (A), TUG (B), gait speed (C,D), and the Four-Stage Balance test (E). Gray symbols and lines represent the pre-study non-fallers (n = 12 of 30) and orange lines and symbols represent pre-study fallers (n = 18 of 30). Notice that most improvements appeared to peak after 6–10 weeks of device use, followed by a leveling off until 26 weeks.




Self-reported outcomes, device use and Activities-Specific Balance Confidence to Functional Gait Assessment ratios

Self-reported outcomes for the 44 participants who completed assessments through 26 weeks are shown in Table 4. Across all participants, a slight but statistically significant increase was seen in PROMIS Ability to Participate scores after 26 weeks of device use (49.9 to 52.6, p < 0.05). All baseline values were maintained at 26 weeks for the Pre-F group while we noted an increase in the PROMIS Satisfaction with Social Roles scores (49.9 to 55.5, p < 0.006) for the Pre-NF group.


TABLE 4    Results from self-reported outcomes for the 44 individuals who completed all assessments.
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Participants documented their weekly device use in a calendar and were asked to report it back during phone calls at weeks 14, 18, 22, and 26. Their average reported weekly device use was 5.1 ± 0.4 days. Participants reporting that they used the device weekly either “Every Day” or “At least 5 Days” was 71.8 ± 10.5%. An average of 94.8 ± 3.3% of reporting participants stated they used the device “1–2 Days” or more per week.

We also sought to monitor participants’ self-perceived balance confidence (Lajoie and Gallagher, 2004) in relation to their assessed gait function performance over time in the trial by measuring changes in the ABC to FGA ratio, which is shown in Figure 5. Figure 5 illustrates two observations. First, the ABC/FGA ratio for the overly confident individuals gradually decreased from high values at baseline to week 6 when the ratio essentially aligned with the low self-confidence participants, who maintained a consistent ABC/FGA ratio of about 3.5 throughout the 26-week period of the trial (Figure 5, left y-axis). Second, both groups of participants increased their FGA scores in a similar fashion although the overly confident participants showed higher levels of improvement in their FGA scores (Figure 5, right y-axis).


[image: image]

FIGURE 5
Illustration of changes in ABC/FGA ratio (left axis, solid lines), an indication of self-perceived balance confidence in relation to externally observed gait function performance, for participants with baseline ABC scores >67% (high balance-confidence, orange triangles) and those with ABC scores ≤67% (low balance-confidence, blue circles). The associated changes over time in FGA scores for the same two groups are also shown (right axis, dashed lines). Notice that both groups had similar FGA scores at baseline, which led to a dramatic difference in the ABC/FGA ratio at baseline. Over time, the ratio for the high balance-confidence participants gradually decreased and aligned with the low balance-confidence group at ∼3.5, mainly due to an increased FGA score and a maintained ABC score. The low balance-confidence group maintained an ABC/FGA ratio ∼3.5 throughout the 26 weeks associated with a proportional increase in ABC and FGA scores. Interestingly, the high balance-confidence group showed a higher increase in FGA score than the low balance-confidence group.




Falls data

Falls were reported throughout the 26-week period for all 44 participants and separately for the Pre-F (n = 25) and Pre-NF (n = 19) groups, respectively (Table 5). The 44 participants reported a total of 53 falls over 6 months prior to participating in the trial while 39 falls were documented during the 26 weeks of the trial, corresponding to a pre-study mean fall rate of 6.7 falls/1000 patient days (median = 5.6 falls/1000 patient days) and a post study mean fall rate of 4.8 falls/1000 patient days (median = 0 falls/1000 patient days). Wilcoxon Signed Rank test was used to compare pre- and post-study fall rates since the data was not normally distributed (Shapiro–Wilk W-statistic = 0.82, p < 0.0001). Across all participants, the median of the post-study fall rate was lower than the pre-study fall rate (Table 5, p = 0.044), reflecting a 28% decrease in fall rate. Of the 44 participants, 25 had fallen in the past 6 months (Pre-F); and after 26 weeks, 20 of the 44 participants had reported falling. Overall, 31 of the 39 falls required no treatment while eight falls (∼20%) required treatment with four of those (∼10%) causing severe injury (two fractures) (Table 5).


TABLE 5    Parameters related to falls and fall risk assessed at baseline and at 26 weeks.
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The 25 participants in the Pre-F cohort reported 31 falls after 26 weeks compared to 53 falls pre-study corresponding to a pre-study fall rate of 11.8 falls/1000 patient days (median = 11.1), which decreased to 6.7 falls/1000 patient days at 26 weeks (median = 5.0), a 43% decrease in fall rate (p = 0.0043). Of the 25 Pre-F participants, 12 did not fall during the study, a 48% statistically significant decrease in number of fallers (p < 0.0001). Of the 31 falls experienced by the Pre-F cohort, six (∼20%) required treatment (Table 5). Three of the four falls that led to severe injury occurred in the Pre-F group.

Seven of the 19 Pre-NF participants reported falling during the trial (p < 0.0001) leading to an increase in fall rate from zero to 2.3 falls/1000 patient days at 26 weeks that was statistically significant (p = 0.023). A total of eight falls were reported by the seven Pre-NF participants who fell during the study (Table 5). Two of the eight falls in the group required treatment, and one fall led to a severe injury.

Figure 6 illustrates the cumulative sum of falls based on 6-month pre-study fall reports from the participants and the falls recorded by the Pre-F cohort during the trial. The 53 pre-study falls were randomly distributed across the 6-month pre-study period for illustration purposes since the exact time of their occurrence prior to the trial were not known (see Figure 6). Note that 53 falls over a period of 6 months corresponds to 53/180∼0.29 falls/day, which becomes the slope of the blue regression line in Figure 6, irrespective of the random distribution of the pre-study falls. The in-study falls are presented on the day they occurred according to participant reports (see Figure 6). The in-study decrease of falls quantified in Table 5 can be visually observed over time in Figure 6 as a lower slope for the best fit regression line (blue-dotted line pre-study vs. orange-dotted line in-study). It should be noted that the lower slope appears to begin after about 20 days of device use.
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FIGURE 6
Accumulated number of falls reported 6 months pre-study (blue trace and blue dotted linear regression line) and falls documented in-study (orange trace and orange dotted regression line). The 53 falls reported for the prior 6 months would correspond to 0.29 falls/day (53/180∼0.29), which represents the slope of the regression line (blue trace). For illustration purposes, the 53 pre-study falls were randomly distributed across the 6 months since their exact time occurrence was unknown. In-study falls are shown as they occurred and were reported by participants throughout the 26 weeks. Notice how the rate of in-study falls appear to begin deviating from pre-study fall rate (slope of dotted blue line) after approximately 20 days of device use.





Discussion


Key findings

Walkasins is a device that provides mechanical tactile stimuli related to foot pressure for individuals with PN and gait and balance problems. Overall, our findings from analyzing outcomes after 26 weeks of wearing Walkasins show that improvements in outcomes seen after 10 weeks of use are sustained longer term (Oddsson et al., 2020). The FGA score was improved from 15.0 at baseline to 19.2 after 26 weeks of device use across all participants, a large effect size (Cohen’s drm = 1.38) and an increase that is beyond the MCID for community-dwelling older adults (Beninato et al., 2014). Interestingly, these improvements were seen for individuals across the full range of baseline FGA scores, from the lowest of 7 to the highest of 22 (Figure 3) with a tendency to be higher for individuals in the lower FGA range. Furthermore, similar improvements were seen for the Pre-F and Pre-NF cohorts. Moreover, the 46% decrease in fall rate, compared to pre-study falls we reported after 10 weeks of use, was sustained at 43% after 26 weeks, an important observation further discussed below. Weekly device use continued to be high and similar to after 10 weeks [5.1 vs. 5.3 days/week, respectively (Oddsson et al., 2020)].

All clinical outcomes improved compared to baseline, but changes in TUG and 4-Stage Balance did not reach statistical significance, likely because the study was underpowered for these measures (Table 3). Previous work has found that older individuals with diabetic PN walk slower than their healthy cohort (Menz et al., 2004), and older adults with peripheral sensory impairment show a 0.046 m/s/year. decline in gait speed (Lipsitz et al., 2018). This decrease is more than 3.5 times higher than declines reported in healthy aging (Buracchio et al., 2010). With this in mind, it is encouraging to report a statistically significant 0.08 m/s increase in gait speed gait speed across all participants in this trial, which is beyond a small meaningful change (0.05 m/s) and close to the range for a substantial meaningful change (0.10 m/s) (Perera et al., 2006).

Participants had a decrease in sensitivity to vibration, an overall small decrease at the lateral malleolus and a larger change at the MTP joint in the Pre-Faller group. Such changes did not occur at the 10-week assessment (Oddsson et al., 2020). This decrease in tuning fork vibration perception may indicate a progression of some participants’ PN and increased sensory loss. In spite of such changes, none of the participants stated that they were unable to perceive the stimuli provided by the device, suggesting they were still benefiting from its use as confirmed by improved clinical outcomes.



Balance exercise interventions and their limitations

We can compare our findings to interventions using different forms of physical exercise in patients with PN since we see similar improvements in outcomes from simply wearing the device in the current trial. Several review studies conclude that balance training is “the most effective exercise intervention” (Ites et al., 2011; Tofthagen et al., 2012; Streckmann et al., 2014; Morrison et al., 2018), while strength training in patients with PN appears to have less impact on balance (Streckmann et al., 2014), likely due to lack of specificity related to balance (Oddsson et al., 2007). Although such interventions may improve balance outcomes, effects are essentially compensatory since they do not address the root cause of the balance problem in these patients, namely their impaire plantar sensation due to PN. Furthermore, any exercise activity would need to be maintained on a regular basis long-term or benefits would gradually be lost (Melzer and Oddsson, 2013; van Waart et al., 2015), sometimes referred to as the “use it or lose it” principle (Hart, 2021). This phenomenon is problematic because individuals sometimes become sedentary due to health problems unrelated to their balance disorders. Likewise, long-term compliance with exercise interventions is a challenge, due to motivation or lack of safety resources, and has been reported to be low with over half of participants not being compliant (Sluijs et al., 1993; Alexandre et al., 2002), likely causing diminished benefits of the exercise intervention.

The improvements in clinical outcomes we report here, were gained from a single, brief training visit on the use of the sensory prosthesis and then simply by wearing it during regular daily activities. By comparison, obtaining the benefits of an exercise intervention requires the presence and engagement by the individual, at multiple therapy visits. In fact, during the first 10 weeks of use, we prohibited participants from joining in any physical therapy or balance-related exercise activities to help isolate the effect of the device (Oddsson et al., 2020). Knowing, however, that such interventions may help improve gait and balance function (Tofthagen et al., 2012), we felt it would potentially be unsafe and even unethical to prevent participation in those activities beyond the primary endpoint at 10 weeks. Therefore, to control for any potential effects of balance exercise interventions, we asked participants during follow-up phone calls at 14, 18, and 22 weeks whether they had begun any physical therapy for their balance problems. Not surprisingly, only one of the participants answered “yes” to this question, emphasizing the above-mentioned challenge with exercise engagement and compliance, and further suggesting that long-term use of the device was the main cause of improvement in clinical outcomes.



Exercise dosing vs. daily exposure from sensory prosthesis use

These improvements in clinical outcomes are not surprising, because the mechanisms for improved gait and balance function from exercise interventions are different than the mechanisms for using a sensory prosthesis to replace an important component of somatosensory balance input, in this case from plantar mechanoreceptors (Meyer et al., 2004; Fallon et al., 2005; Strzalkowski et al., 2018). Traditional balance training activities stimulate existing sensorimotor integration by challenging function with a series of successively more difficult motor tasks. This kind of treatment gradually improves performance based on important and well-known principles of training (Oddsson et al., 2007). Such improvement may be attributable to training of specific splinter skills, and some improvement may be due to compensation for balance issues from impaired plantar sensation or address other balance related impairments. Users of a sensory prosthesis, however, receive new functional sensory stimuli on a nearly continuous basis that are highly specific to standing and walking and replace their impaired sense; and these new stimuli provide sensory information that the central nervous system expects to receive from the lower extremities during such activities (Guertin, 2012, Clark, 2015).

To analyze this contrast further, a research trial of traditional balance training interventions typically provides one-hour balance stimulation sessions about 2–3 times per week for 3–6 months e.g., (Shumway-Cook et al., 1997; Wolf et al., 2001, 2003; Li et al., 2005; Li and Manor, 2010; Melzer and Oddsson, 2013; Manor et al., 2014). Assuming 100% compliance, this example would add up to an overall exercise dose of no more than 72 h of focused therapeutic balance stimulation over 6 months. In a typical therapy practice, the dose would more likely be in the range of 8–40 h, for several reasons (HS Cohen, EdD, OTR, and personal communication). Patients sometimes miss visits due to schedule conflicts. Patients may shorten the total length of treatment either because they feel they have reached their maximum level of improvement, because they dislike the hassle of taking the time for the therapy visit, or because they cannot get transportation. In addition, some insurance programs may refuse to pay for more than a limited number of therapy visits. In the case of exposure to balance stimuli from a sensory prosthesis, however, participants used the device on average 36.1 hours/week with more than 80% using the device over 21 hours/week (Oddsson et al., 2020). Over 26 weeks this use would amount to a range from around 500 to almost 1000 h of specific gait and balance stimulation, essentially an order of magnitude higher than a regular balance training intervention. Furthermore, the device is intended to be used on a continuous basis, which furthers compliance.

Participants may not be physically active and receiving sensory stimuli the entire abovementioned time. However, they will regularly experience hundreds of specific balance stimuli/hour that are intimately integrated into their regular standing and walking activities and that are likely to cause related changes in balance behavior. Over time, this feedback may lead to a reweighting of sensory information that is relevant for balance function (Sienko et al., 2018), as has previously been suggested in older adults performing in-home balance training using vibrotactile sensory stimulation related to trunk tilt (Noohi et al., 2017, Bao et al., 2018) further supported by recently reported changes in brain connectivity (Bao et al., 2022).

Interestingly, early observations from a pilot study of five participants in the cohort studied here, who completed 26 weeks of device use, show neuroplastic changes in brain network connectivity related to postural control and balance that were associated with improved changes in FGA scores (Hsu et al., 2021). This finding indicates a direct effect of the sensory prosthesis initiating plastic changes related to sensorimotor interaction and postural control. Related observations on sensorimotor neuroplastic effects associated with peripheral afferent activity have previously been made following a novel amputation strategy, agonist-antagonist myoneural interface, intended to maintain neuromuscular communication of the lost limb (Srinivasan et al., 2020). This surgical technique intends to promote proprioceptive feedback and cause central sensorimotor plastic changes that may facilitate control of a prosthetic limb (Srinivasan et al., 2020). In a similar fashion, the current non-invasive sensory prosthesis is externally providing new tactile afference, essentially through the same dermatomes that signaled plantar pressure information from mechanoreceptors that have become functionally deafferented due to PN (Fallon et al., 2005; Koehler-McNicholas et al., 2019; Vaughan, 2021).



Activities-Specific Balance Confidence to Functional Gait Assessment ratios, self-reported outcomes and device use

On the ABC, 67% is the cut-off for high-fall risk (Lajoie and Gallagher, 2004). We previously reported that participants with baseline ABC scores below 67% improved their ABC scores after 10 weeks of device use, whereas those with ABC scores above 67% did not, although both subgroups improved their FGA scores (Oddsson et al., 2020). Since these two categories of participants had similar baseline FGA scores, the discrepancy in ABC scores led to seemingly high baseline ABC to FGA ratios in participants with high ABC scores (Oddsson et al., 2020; Figure 5). We posited that the high ratio individuals were either too confident or simply unaware of their abilities or impairments, a construct that aligns with a proposed multifactorial causation model for falls emphasizing the importance of a “Realistic Appraisal of One’s Own Abilities,” (Hadjistavropoulos et al., 2011). This ratio indicates the degree of internal self-perception of balance capability (ABC score) in relation to the externally observed performance (FGA score). A ratio of around 3.3 would be “expected” based on the maximum scores of the two scales (Powell and Myers, 1995; Wrisley and Kumar, 2010). We further noted that after 6 weeks of device use, the overly confident participants appeared to “normalize” their self-perception indicating a more sensible perception of their abilities and align with those holding more expected ABC scores. This change was mainly due to an improvement in their FGA score and a maintained or slightly decreased ABC score.

We show here that this observation is preserved after 26 weeks of device use (Figure 5). This change in self confidence is important because it is a fall risk factor. As the data suggest, this ratio is a modifiable risk factor. Therefore, the ratio can and should be measured during studies of balance interventions.

Furthermore, the current data (Figure 5) shows that the high-confidence individuals appear to improve their FGA scores more than the low confidence individuals. Since the baseline FGA scores were similar for these two cohorts, it could be argued that the higher balance-confidence individuals may have “naturally” challenged themselves more in their daily activities, triggering a larger increase in FGA score. Correspondingly, the low balance-confidence individuals may have “explored” their improved functional capabilities less than the high confidence group leading to a less beneficial long-term effect. We postulate that individuals with low balance confidence would potentially benefit further from a guided interaction through physical and occupational therapy or other means, whereas the high confidence individuals may be better at “self-coaching” their renewed capabilities. Consequently, to provide an individually optimized rehabilitation strategy for falls prevention and self-efficacy, clinicians should monitor outcomes that measure both balance outcomes and balance confidence, similar to the ratio we have used to allow this construct to be investigated further (Hadjistavropoulos et al., 2011; Soh et al., 2021).

Additional observations related to self-report measures were in line with our previous reporting (Oddsson et al., 2020), overall showing marginal changes and likely being less clinically meaningful since they were near the average for the United States population (Hahn et al., 2014, 2016a,b; Askew et al., 2016). The continued high level of device use, on average more than five days a week and over 70% of participants using it every day or at least 5 days/week, suggests that users find the device helpful.



Falls data

One of the most important findings from this trial is the 43% decrease in fall rate for participants with a fall history following 26 weeks of device use. We reported an encouraging 46% decrease already after 10 weeks of use (Oddsson et al., 2020), while appreciating that 10 weeks would not be long enough for a relevant comparison to 6 months of pre-study data. Consequently, the similar statistically significant decrease after 26 weeks provides a stronger argument for a meaningful decrease in falls. In fact, even including the pre-study non-fallers in the analysis showed a statistically significant decrease in fall rate over 26 weeks of device use (Table 5). Note, however, that fall rate was not a primary outcome in this trial. In fact, we gathered pre-study falls data primarily as a means of describing our study population, and we monitored falls during the trial as a subset of adverse events. Thus, we enrolled participants at high fall risk based on their FGA scores, irrespective of whether or not they had fallen in the past. This procedure allowed us to conduct a post hoc analysis and investigate any trend in the data indicating an actual decrease in falls. A comparison with historical self-report data on prior falls is far from ideal as compared to a parallel arm trial with a control group, but other investigators have found that asking individuals to recall past falls commonly leads to an underreporting of actual falls; even recalling the past 3 months led to 25% underreporting of falls (Hannan et al., 2010), and 26% did not recall falls over the prior 6 months (Cummings et al., 1988). Under such circumstances, the 43% decrease in falls reported here probably underestimates the real effect.

The data on injuries reported from falls are probably clinically significant. Previous studies have reported that 65% of older individuals with PN fell over a year with 30% reporting an injury from a fall (DeMott et al., 2007). In a study of individuals with chemotherapy-induced PN, over 40% experienced falls, and more than 40% of falls resulted in an injury, two-thirds of which were fractures (Komatsu et al., 2019). In this study, 57% of participants reported falling in the 6 months prior to the study while 45% fell during 6 months of the trial. Eight of the 39 falls during the trial (20.5%) led to injuries where treatment was sought, half of those considered serious. Consequently, both fall rate and injury rate are lower than previous reports of similar populations (DeMott et al., 2007; Komatsu et al., 2019).



Study limitations

This study had several limitations, as we have previously outlined (Oddsson et al., 2020). It was an unblinded, single arm trial. Our decision to conduct a single arm trial was based on several factors, including previous results from an in-clinic randomized control cross-over trial showing improved FGA scores when using the device turned on compared to off (Koehler-McNicholas et al., 2019). In addition, data from the first-in-human, long-term use study showed remarkable improvements in clinical outcomes in a patient with PN using the device for a year following over 5 months of balance physical therapy with limited improvement (Wrisley et al., 2021). This individual continues to use the device daily, now for more than 4 years. Also, blinding participants in a study using this kind of intervention is challenging and may not really be viable unless some form of deception is used since a requirement to use the device is perceiving the tactile stimuli (Oddsson et al., 2020). Consequently, the most feasible placebo treatment for a control group would likely be wearing a device that is non-functional.

An important strength of the trial includes our real-life inclusion/exclusion criteria that were essentially the same as the requirements for receiving a prescription for the device outside of a research trial. These requirements are aligned with the intentions of a pragmatic clinical trial to advance applicability of study findings (Patsopoulos, 2011; Gill et al., 2021). Only 7% of participants (6 of 85) were excluded due to medical circumstances (Figure 2). We wanted the participants to realistically reflect patients who are seen in the clinic, and we did not try to screen for only those individuals who may be the best responders. In fact, our participants reported an average of 8.3 chronic conditions, had multiple fall-risk factors, and polypharmacy (mean of 8 subscription medications).

Furthermore, the long-term benefits we report here combined with the participants not receiving any useful feedback about their outcomes or systematic encouragement during their assessments and knowing that only one individual decided to participate in a balance therapy intervention, decreases the chance these effects are placebo (Finniss et al., 2010; Enck et al., 2013; Coste and Montel, 2017). A review of placebo effects in 47 randomized control trials found large effects in subjective outcomes and small effects in clinical outcomes, which is the opposite of what we report here, further suggesting effects are due to device use. Additional strengths include our use of recommended standardized objective clinical outcome measures (Moore et al., 2018) and the involvement of multiple clinical sites from different regions using different evaluators.




Conclusion

Patients with peripheral neuropathy who have gait and balance problems with a high risk of falls including a history of falls improve their walking balance and decrease their fall rates from long-term use of a wearable non-invasive sensory prosthesis.
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Cognitive impairment may be commonly accompanied by gait disturbance in patients with Parkinson’s disease (PD). However, it is still controversial whether gait disturbance is associated with mild cognitive impairment (MCI) and which cognitive function has a more important effect on specific gait parameter. Our objective was to investigate the association of gait parameters with MCI and the correlation between performance on comprehensive neuropsychological tests and gait parameters in PD patients. We enrolled 257 patients with de novo PD (111 PD-normal cognition and 146 PD-MCI). All patients underwent comprehensive neuropsychological tests and gait evaluation using the GAITRite system. We used logistic regression analysis and partial correlation to identify the association between gait parameters and MCI and correlations between neuropsychological performance and gait parameters. Gait velocity (odds ratio [OR] = 0.98, 95% confidence interval [CI] = 0.97−0.99) and stride length (OR = 0.98; 95% CI = 0.97−0.99) were associated with MCI in patients with PD. Specifically, gait velocity, stride length, and double support ratio were only associated with attention and frontal-executive function performance in patients with PD. Our findings provide insight into the relationship between gait disturbance and MCI in patients with PD. Furthermore, the evaluation of gait disturbance is necessary for PD patients with cognitive impairment.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease and is characterized by progressive motor deficits, including bradykinesia, resting tremor, rigidity, and gait disturbance.

Although gait disturbance is a dopa-responsive symptom at early stage of PD, the response attenuates as the disease progresses (Morris et al., 1994), which in turn leads to debilitating features including freezing of gait and/or falls in patients with advanced PD (Lord et al., 2014). Recently, it has been recognized that non-motor symptoms including cognitive decline commonly occur in PD. The prevalence of mild cognitive impairment (MCI) in patients with PD have found to range from approximately 40–60% at the time of diagnosis (Baiano et al., 2020).

Patients with PD-mild cognitive impairment (PD-MCI) are at a higher risk of poor prognosis including gait disturbance (Fereshtehnejad et al., 2015). Furthermore, cognitive control is needed to compensate for impaired gait function in patients with PD. Given that these findings, the association between cognitive impairment and gait disturbance has become emerged. Specifically, previous studies have found that specific gait parameters are associated with cognition in patients with PD (Rochester et al., 2004, 2005; Wild et al., 2013; Yogev-Seligmann et al., 2013). However, because other studies have shown null results (Rochester et al., 2008; Amboni et al., 2012; Lord et al., 2014), it is still controversial whether gait disturbance may be associated with the presence of MCI and which cognitive function has a more important effect on specific gait parameters in patients with PD. Previous studies had relatively small sample sizes and focused only on global cognitive or executive function; therefore, they did not cover other cognitive domains.

Motor phenotype in patients with PD can be classified into akinetic rigid PD (AR) and tremor-dominant PD (TD). Patients with AR suffer from bradykinesia, rigidity and/or axial symptoms, while the TD is characterized by a tremor. Recently, there is a growing body of evidence that early stage of patients with AR are more likely to have poor prognosis including faster cognitive decline, higher risk of developing dementia, and severe gait disturbance than those with TD (Fereshtehnejad et al., 2015; Wojtala et al., 2019; Yang et al., 2021). However, despite of the differences in severity of cognitive impairment and gait disturbance between the motor phenotype, previous studies did not consider whether gait parameters were associated with specific cognitive functions in relation to motor phenotype.

Therefore, the first objective of our study was to check the differences the relationship between gait parameters and MCI in relation to motor phenotype. The second objective of our study was to investigate the association of gait parameters and the presence of fall or freezing of gait with mild cognitive impairment (MCI) in patients with PD. The second objective was to explore the correlation between performance in comprehensive neuropsychological tests and gait parameters in patients with PD. Given that patients with PD have impaired gait function and then cognitive compensation is necessary to keep gait performance, we hypothesized that MCI was associated with poor gait performance in patients with PD.



Materials and methods


Study participants

We recruited 257 patients with de novo PD (167 with PIGD and 90 with TDP) at the Movement Disorder Clinic of Korea University, Guro Hospital in Seoul, Korea, from January 2018 to December 2020. All patients underwent comprehensive movement disorder evaluations, including the Unified Parkinson’s Disease Rating Scale (UPDRS), Non-Motor Symptoms Scale (Koh et al., 2012), brain magnetic resonance imaging, standardized neuropsychological tests (Seoul Neuropsychological Screening Battery 2nd edition) (Kang et al., 2019, 2021b), and comprehensive gait evaluation using the GAITRite system (CIR System Inc., USA) before the initiation of PD medication. The time interval between the comprehensive neuropsychological test and gait evaluation was less than 1 month. We excluded patients who exhibited any of the following conditions: (1) Parkinsonism due to offending drugs; (2) history of PD treatment in other hospitals; (3) dementia on a comprehensive neuropsychological test; (4) severe white matter hyperintensity (WMH) defined as deep WMH ≥ 25 mm and periventricular WMH ≥ 10 mm on fluid-attenuated inversion recovery image; (5) territorial infarction, lobar hemorrhage, brain tumor, and hydrocephalus or other structural lesions; and (6) history of psychiatric illness, including major depressive disorder, bipolar disorder, and schizophrenia.

Patients with PD were dichotomized as TD or AR using a modified ratio based on UPDRS III (Schiess et al., 2000; Kang et al., 2016). Specifically, the tremor/akinetic-rigidity ratio was calculated from the patient’s mean tremor and akinetic-rigidity scores. Tremor was assessed using a nine-item scale that included a history of left or right tremor (two items), rest tremors of the face/lips/chin and each limb (five items), and postural tremor of the right and left upper extremities (two items). Akinetic-rigidity was assessed using a 12-item scale that included passive range of motion rigidity of the neck and each extremity (five items), rapid opening/closing of the hands (one item), finger tapping (one item), rising from a chair (one item), posture and postural instability (two items), gait (one item), and body bradykinesia (one item). Each item was rated 0–4, with 0 representing the absence of symptoms/normal activity and 4 representing the significant presence of the symptom. Mean tremor and akinetic-rigidity scores were calculated, and then the ratio (tremor/akinetic-rigidity score) was determined. Patients with a ratio >1.0 were defined as TD, while those with a ratio ≤1.0 were defined as AR.

All participants with PD were patients with PD-normal cognition (PD-NC) and those with PD-MCI. All patients with PD-NC met the following criteria: (1) diagnosis of PD based on the UK Brain Bank criteria (Hughes et al., 1992); (2) no objective cognitive impairment or objective cognitive impairment in only one neuropsychological test; (3) no medical history likely to affect cognitive function based on Christensen’s health screening criteria (Christensen et al., 1991); and (4) no significant impairment in activities of daily living. All patients with PD-MCI met the MDS level II criteria for PD-MCI: objective cognitive impairment below –1.0 SD in at least two neuropsychological tests, in which two tests were impaired in one cognitive domain or one test was impaired in two different cognitive domains (Litvan et al., 2012).

This study was approved by the Institutional Review Board of Korea University, Guro Hospital. Written informed consent was obtained from all patients.



Assessment of gait disturbance related symptoms and gait parameters

Patients reported symptoms of falling and freezing of gait during interviews. Falling was assessed using the question, “did you have a history of falls during the past year?” (Pickering et al., 2007). The freezing of gait was assessed using the FOG questionnaire, and an FOG questionnaire item score ≥ 1 was defined as having freezing of gait (Giladi et al., 2000).

Patients underwent a comprehensive gait evaluation regarding spatial and temporal parameters of gait dynamics using the GAITRite system with a 4.6-m-long walkway (Kang et al., 2021a). Average spatiotemporal parameters, such as velocity, stride length, cadence, step length coefficient of variation (CV), and double support ratio, were measured during 10-times forward walking.



Assessment of cognitive function

All patients underwent neuropsychological tests using the Seoul Neuropsychological Screening Battery 2nd edition (Kang et al., 2019). We opted to use 10 cognitive measurements of representative and important neuropsychological tests to evaluate cognitive function in five cognitive domains as follows: (1) attention, the Digit Span Test backward and Stroop Test (word reading); (2) language, the Korean version of the Boston Naming Test (K-BNT) and animal component of the Controlled Oral Word Association Test (COWAT); (3) visuospatial function, the Rey–Osterrieth Complex Figure Test (RCFT) copying Test and Clock Drawing Test; (4) memory, the Seoul Verbal Learning Test (SVLT) delayed recall (verbal memory) and RCFT delayed recall (visual memory); and (5) frontal executive function, the phonemic component of the COWAT and the Stroop Test (color reading). Continuous numerical values were converted to z-scores using the standardized norms for age and education presented in the SNSB-II, and z-scores were used in the analysis.



Statistical analyses

We used the independent t-test and chi-square test to compare the demographic and clinical characteristics between the PD-NC and PD-MCI groups. To assess the interaction effect of cognitive status (PD-NC or PD-MCI) and motor phenotype (AR or TD) on gait disturbance, we performed a two-way ANOVA with interaction test on gait parameters (velocity, stride length, cadence, step length CV, and double support ratio). To determine the association of gait-related symptoms (easy falling, freezing of gait, and gait ignition failure) and gait parameters (velocity, stride length, cadence, step length CV, and double support ratio) with MCI, we used logistic regression, including the presence of gait-related symptoms (easy falling, freezing of gait, and gait ignition failure) or gait parameters (velocity, stride length, cadence, step length CV, and double support ratio) as separate independent variables after controlling for age, sex, disease duration and motor phenotype. Finally, we used partial correlations after controlling for age, sex, disease duration, and motor phenotype to explore the correlation between gait parameters and specific neuropsychological performance.

All reported p-values were two-sided, and the significance level was set at 0.05. All analyses were performed using R version 3.6.1 (Institute for Statistics and Mathematics, Vienna, Austria).1




Results


Clinical characteristics of the study participants

Among the 257 patients with PD, 111 were PD-NC and 146 were PD-MCI. Patients with PD-MCI were older than those with those with PD-NC (p = 0.036). The proportion of females (p = 0.056), disease duration (p = 0.611), ratio of easy falling (p = 0.215) and gait ignition failure (p = 0.288), cadence (p = 0.161), step length variability (p = 0.812), and double support ratio (p = 0.051) did not differ between the PD-NC and PD-MCI groups (Table 1). Patients with PD-MCI were more likely to experience freezing of gait (p = 0.028) and had slower velocity (p = 0.014), and shorter stride length (p = 0.021) than those with PD-NC (Table 1).


TABLE 1    Demographic variables and gait profiles of study participants.
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The interaction effects of cognitive status (PD-NC or PD-MCI) and motor phenotype (AR or TD) on gait parameters were not significant (Table 2).


TABLE 2    Differences in gait parameters in relation to cognitive status and motor phenotype.
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Association of gait related symptoms or gait parameters with Parkinson’s disease-mild cognitive impairment

Freezing of gait (odds ratio [OR] = 2.84; 95% confidence interval [CI] = 1.08−7.43), slower gait velocity (OR = 0.98; 95% CI = 0.97−0.99), and shorter stride length (OR = 0.98; 95% CI = 0.97−0.99) were associated with PD-MCI (Table 3).


TABLE 3    Odds ratio for PD-MCI in patients with PD.
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Relationship between gait parameters and performance in neuropsychological tests

Table 4 shows the correlation between gait parameters and performance on neuropsychological tests. Gait velocity was positively correlated with performance in the Digit Span Test backward (r = 0.241, p = 0.001), semantic (r = 0.199, p = 0.005), and phonemic component of the COWAT (r = 0.232, p = 0.001), and the color reading portion of the Stroop Test (r = 0.215, p = 0.002) in patients with PD (Figure 1). Stride length was also positively correlated with performance in the Digit Span Test backward (r = 0.250, p < 0.001), RCFT copying Test (r = 0.156, p = 0.029), semantic (r = 0.222, p = 0.002), phonemic component of the COWAT (r = 0.250, p < 0.001), and color reading portion of the Stroop Test (r = 0.263, p < 0.001) in patients with PD (Figure 1). The double support ratio was negatively correlated with the performance in the Digit Span Test backward (r = –0.195, p = 0.006), semantic component of the COWAT (r = –0.159, p = 0.026), phonemic component of the COWAT (r = –0.183, p = 0.010), and color reading portion of the Stroop Test (r = –0.201, p = 0.005) in patients with PD.


TABLE 4    Correlation between gait parameters and neuropsychological tests.
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FIGURE 1
Correlations between gait parameters and neuropsychological performance. Values depicted in the scatter plot represent gait velocity or stride length on the X-axis and score in the Digit Span Test backward, Stroop color reading, animal component of COWAT, or phonemic component of COWAT on the Y-axis. DSB, Digit Span Test backward; Stroop CR, Stroop color reading; COWAT animal, animal component of COWAT; COWAT phonemic, phonemic component of COWAT.





Discussion

In this large cohort study, we investigated the association between gait parameters and cognitive function in patients with de novo PD. The main findings of this study were as follows. First, gait velocity or stride length were associated with PD-MCI. Second, poor cognitive performances in attention and frontal-executive function were associated with slower gait velocity, shorter stride length, and higher double support ratio in patients with PD. Taken together, our findings provide insight into the relationship between gait disturbance and the presence of MCI in patients with PD.

Patients with AR have a more widespread PD pathology burden (Nutt, 2016) and worse gait performance than those with TD, and therefore cognitive compensation is more needed in AR motor phenotype, we expected that the relationship between gait disturbance and MCI was more stronger in patients with AR than TD. However, in contrary to our expectations, we found that the relationship of gait disturbance with MCI was not different between patients with AR and TD.

Our first major finding was that slower gait velocity or shorter stride length was associated with MCI in patients with PD. These results are consistent with that of previous findings, which demonstrated that patients with PD-MCI showed slower velocity and shorter stride length than those with PD-NC (Morris et al., 1996; Amboni et al., 2012). Shared neural substrate degeneration and neurotransmitter deficits may explain our findings. Specifically, fronto-striatal neurodegeneration causes gait disturbance and subcortical-type cognitive impairment (Pillon et al., 1993) in patients with PD. Previous studies have also reported that hypometabolism in the prefrontal cortex was observed in the early stages of PD (Chu et al., 2019), which correlates with gait disturbance and cognitive impairment (Stuart et al., 2020). Given that there is growing evidence that the cholinergic system may be a pivotal contributor not only to cognitive performance but also to gait function in PD (Bohnen et al., 2011; Müller and Bohnen, 2013), cholinergic denervation in the basal forebrain and pedunculopontine may be another reason for the association between cognition and gait. Recent studies have supported that cholinergic deficits in the basal forebrain and mesencephalic locomotor area are responsible for cognitive impairment and gait disturbance including falls and freezing of gait (Bohnen et al., 2009, 2014).

Our second major finding was that poor cognitive performances in attention and frontal-executive function were associated with slower gait velocity, shorter stride length, and higher double support ratio only in patients with PD. Our results are consistent with that of previous studies showing that gait-related cognitive domains include attention and frontal-executive function, which are mainly correlated with velocity and stride length (Lord et al., 2010). This relationship may be explained by the facts that cognitive compensation to maintain the gait function is closely related to attention and frontal-executive function. Gait, an automatic motor skill to control movement in healthy individuals, is impaired in patients with PD, leading to an increased demand for attention and frontal-executive function (Yogev et al., 2005). In fact, patients with PD showed higher prefrontal activity during walking to compensate for gait control than healthy individuals (Stuart et al., 2019; Stuart and Mancini, 2020). Given that the prefrontal cortex is a well-known neural substrate for attention and frontal-executive function (Kang et al., 2019, 2021b), cognitive demand on attention and frontal-executive function may increase during walking in patients with PD.

Our study had several limitations that should be addressed. First, because this study had a cross-sectional design, a causal relationship between gait disturbance and cognitive impairment could not be concluded. Second, we did not address the effects of dual tasks on gait. Dual tasks are considered a sensitive condition to detect underlying gait disturbance and cognitive impairment in patients with PD because dual tasks aggravate gait performance, and the magnitude of worsening may be associated with underlying cognitive function. Finally, given that 59 (23.0%) out of 257 patients with PD had less than 1-year follow-up period, we could not completely rule out the possibility that a few patients diagnosed with PD at first would progress to multiple system atrophy or progressive supranuclear gaze palsy. However, we excluded the participants who had red flag sign including supranuclear gaze palsy, cerebellar sign, Babinski sign with hyperreflexia, stridor and atrophy of putamen, superior cerebellar peduncle, middle cerebellar peduncle, midbrain, pons or cerebellum on MRI at baseline evaluation to increase the diagnostic accuracy of de novo PD. However, our study is noteworthy because we comprehensively reported an association between cognitive impairment and gait disturbance in a large number of patients with de novo PD. Our findings suggest that the evaluation of gait disturbance is necessary for PD patients with cognitive impairment, while further longitudinal studies are needed to understand the complex mechanism of our findings.
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Objective: Reliable electrophysiological indicators are urgently needed in the precise evaluation of Parkinson’s disease (PD). It is still elusive whether oculomotor performance is impaired or has clinical value in early PD. This study aims to explore oculomotor performance in newly diagnosed, drug-naïve PD and its correlation with clinical phenotype.

Methods: Seventy-five patients with de novo PD, 75 patients with essential tremor (ET), and 46 gender-and age-matched healthy controls (HCs) were included in this cross-sectional study. All subjects underwent oculomotor test via videonystagmography. Visually guided saccade latency, saccadic accuracy and gain in smooth pursuit eye movement (SPEM) at three frequencies of the horizontal axis were compared among the three groups. Patients with PD also received detailed motor and non-motor evaluation by serial scales. The association between key oculomotor parameters and clinical phenotypes were explored in PD patients.

Results: Both de novo PD and ET patients showed prolonged saccadic latency and decreased saccadic accuracy relative to HCs. SPEM gain in PD was uniformly reduced at each frequency. SPEM gain at 0.4 Hz was also decreased in ET compared with HCs. However, there was no significant difference of oculomotor parameters between de novo PD and ET patients. Furthermore, prolonged saccadic latency was correlated with long disease duration, whereas decreased SPEM gain was associated with severe motor symptoms in de novo PD patients.

Conclusion: Ocular movements are impaired in de novo, drug naïve PD patients; these changes could be indicators for disease progression in PD.
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 Parkinson’s disease, essential tremor, ocular movement, videonystagmography, motor symptom


Introduction

Parkinson’s disease (PD) is a common neurodegenerative disease characterized by the progressive loss of dopaminergic neurons in the substantia nigra, contributing to serial motor and non-motor symptoms. Diagnostic and prognostic biomarkers are pivotal in the precise evaluation of PD, as this disease is usually detected in the late stage when dopaminergic neurons have degenerated completely (Lotankar et al., 2017). Clinical electrophysiological studies demonstrated that PD patients also had various oculomotor abnormalities (Guo et al., 2018). The investigation of oculomotor system by recording eye movements provides valuable information about the pathophysiology of PD. As ocular movements can be measured non-invasively and precisely using an infrared eye tracker system, oculomotor alterations have gained great interest as a potential electrophysiological biomarker for precise evaluation of early PD.

Accumulating evidence since 1983 showed that PD patients exhibited oculomotor deficits in saccadic and smooth pursuit eye movement (SPEM) systems relative to the healthy controls (HCs; White et al., 1983; Jung and Kim, 2019). However, ocular impairments in PD vary depending on disease stage and current medication is one of the major challenges in interpretation of the results. In previous studies, improvement of saccade and SPEM in PD patients during treatment with levodopa has been observed (Bares et al., 2003; Michell et al., 2006; Marino et al., 2010). It was reported that cholinergic therapies may increase saccadic latency and reduce amplitude or gain (Naicker et al., 2017). As a result, it is difficult to determine whether deficits occur because of underlying PD pathology or the anti-parkinsonian medications. It was reported that PD patients in the ‘off’ medication state may exhibit less fixation stability, longer saccadic latency and decreased SPEM gain compared to normal subjects (MacAskill et al., 2002; Marino et al., 2010; Shaikh and Ghasia, 2019). However, most of these studies were observed in the mild-to-moderate stage of the disease. Few studies have explored this issue with patients in the very early stage of the disease, especially de novo, drug-naïve patients (Bares et al., 2003; Marino et al., 2010; Linder et al., 2012).

Essential tremor (ET) has been regarded as a monosymptomatic entity characterized by action tremor involving mainly hands and forearms (Haubenberger and Hallett, 2018). The differential diagnosis of ET and PD can be very challenging, especially in the early course of the disease. Recently, the presence of eye movement disturbances including saccadic and SPEM system were also described in ET patients and cerebellar dysfunction may be the cause (Wójcik-Pędziwiatr et al., 2016). Patterns of abnormal ocular movements were supposed to provide a key for differential diagnosis between these two diseases.

The current study aims to (1) establish whether ocular impairment is present in early PD before the introduction of any medication, relative to HCs and ET patients; (2) analyze the association between oculomotor performance and clinical features in PD.



Materials and methods


Subjects

We conducted an observational cross-sectional study from Jan 2017 to Dec 2021. This exploratory study included 75 de novo patients with PD, 75 patients with ET and 46 age-and gender - matched HCs. Patients were recruited from the Department of Neurology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine. Patients with PD were included if they met the Movement Disorder Society criteria (Postuma et al., 2015). None of the patients was under dopaminergic medication or had undergone functional neurosurgery for PD. The diagnosis of ET was made according to the consensus criteria proposed by the Tremor Investigation Group (Deuschl et al., 1998). Overall neurological examinations were conducted by two neurologists and eye movements were visually checked. Individuals with restriction of the eye mobility, red or green color blindness, other chronic or acute brain diseases were excluded. 46 HCs were recruited from the local community. Written informed consents were obtained from all participants. The study was approved by the Ethics Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine.



Clinical and neuropsychological assessments

For PD patients, motor severity was measured with the modified Hoehn and Yahr (H&Y) stage (1967), Unified Parkinson’s Disease Rating Scale part III (UPDRS-III; Richards et al., 1994) and the Freezing of Gait questionnaire (Giladi et al., 2000). Motor subtype (tremor-dominant, akinetic-rigid, mixed) was further defined according to the report from Kang et al. (2005). For ET patients, tremor severity was measured by the Tremor Research Group Essential Tremor Rating Scale (TETRAS; Elble et al., 2012). REM Behavior Disorder Screening Questionnaire (RBDSQ) was used as a screening tool of clinical possible RBD (Nomura et al., 2011).The total burden of non-motor symptoms was measured with Non-Motor Symptoms Questionnaire (NMSQuest; Richards et al., 1994). Olfactory function was assessed by the 16-item odor identification test from Sniffin’ Sticks (SS-16; Burghart Messtechnik, Wedel, Germany) as our previous report (Chen et al., 2012). The severity of depressive symptom was assessed using the 17-item Hamilton Rating Scale for Depression (HAMD-17; Hamilton, 1960). Total cognitive function was assessed by Chinese version of Mini-Mental State Examination (MMSE; Katzman et al., 1988) and Montreal Cognitive Assessment Basic (MoCA-BC; Xu et al., 2021).



Videonystagmography evaluation

All the subjects underwent oculomotor test by a Visual Eyes 4 channel VNG (Micromedical Technologies, USA), which acquired binocular movement samples at 120 Hz. The video-based eye tracker used the center of the pupil to measure the coordinate of the gaze position. Subjects were seated at a distance of 100 cm in front of the screen and remained seated in darkness for 2 min before testing. Participants were required to keep their heads stationary, while moving their eyes according to instructions on screen.

In the saccade task, subjects were required to fixate a small white target on the central spot (0°). The target was stepped 10° or 20° at intervals greater than 2 s, in pseudorandom directions (right or left). The subject was instructed to visually track the target light as rapidly as possible. Each participant was tested 15 times on each side, across a total of 4 amplitudes (10°, 20°, 30°, or 40°). Saccadic latency was defined as the time between the appearance of the target and the start of the main saccade; whereas saccadic accuracy was regarded as saccadic amplitude/target amplitude×100%. In the smooth pursuit task, the subjects were required to pursue the target when the target started to move along the horizontal axis. Horizontal SPEM was conducted over 4 cycles while tracking targets at three frequencies (0.1, 0.2, and 0.4 Hz). SPEM gain was defined as the mean velocity of eye movement/velocity of the target. The oculomotor parameters: mean saccadic latency, mean saccadic accuracy, and gain of SPEM at three different frequencies were automatically recorded and calculated by the analysis system of the machine. In addition, we also manually checked the results. Misdirected visually guided saccade (VGS) and ocular movements that involving blinking or measurement errors were excluded from analyses.



Statistical analysis

All analyses were performed with SPSS (version 23.0 for Windows), and figures were generated with GraphPad Prism (version 9.0 for Windows). Continuous variables are expressed as the means ± SD or medians (interquartile ranges (IQR, 25th-75th)). Categorical variables are expressed as frequencies and percentages. To compare categorical data among groups, we applied the chi-square test or Fisher’s exact test. Comparisons of means between the two groups were performed using the independent t test or non-parametric Kruskal–Wallis test, depending on whether the data were normally distributed or not. We analyzed continuous variables among HCs, ET and PD by one-way analysis of variance (ANOVA). The least significant difference (LSD) method was adopted for post hoc analysis. Linear regression analysis by backward was used to determine the independent associated factors of key oculomotor dynamics in de novo PD patients. The linear regression variables included age, sex, UPDRS III, MoCA-BC and those with significant difference in univariate analysis (value of p <0.1). β value and 95% confidence intervals (CIs) were reported accordingly. Diagnostic accuracy was evaluated by receiver operating characteristic (ROC) curve analysis. Area under the curve (AUC), sensitivity and specificity were calculated accordingly for each oculomotor parameter. In all analyses, a two tailed value of p <0.05 was considered statistically significant.




Results


Demographic and clinical features of de novo PD patients and ET patients

The general characteristics and clinical features of patients with de novo PD and ET were shown in Table 1. Age, gender, education level and MMSE scores were similar among the three groups, whereas ET patients had an earlier onset age (p < 0.001) and longer disease duration (p < 0.001). In addition, PD had more non-motor symptom burden as shown with higher scores of NMSQuest (p = 0.001), RBDSQ (p = 0.001), HAMD-17 (p = 0.013), and lower score of SS-16 (p < 0.001).



TABLE 1 Demographic and clinical features of de novo PD and ET patients.
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Oculomotor performances in ET patients and de novo PD patients

Both ET and PD group showed prolonged saccadic latency (ET: 209 ms, PD: 210 ms, p < 0.001) and decreased saccadic accuracy (ET: 89.2%, PD: 88.4%, p < 0.05) relative to HC group (Table 2; Figures 1A,B). Meanwhile, SPEM gain at 0.1 Hz (p = 0.026), 0.2 Hz (p = 0.008) and 0.4 Hz (p = 0.004) was significantly decreased in PD compared with HC group (Table 2; Figures 1C–E). ET patients also had decreased SPEM gain at 0.4 Hz (p = 0.014, Table 2; Figure 1E) in comparison with HCs. SPEM gain at 0.4 Hz was not associated with tremor severity in ET as revealed by TETRAS score (r = −0.230, p = 0.103). There was a trend that ET group had low SPEM gain at 0.1 Hz (p = 0.062) and 0.2 Hz (p = 0.063), but without statistical significance. No obvious difference was observed in saccadic latency, saccadic accuracy and SPEM gain between the ET and PD group.



TABLE 2 Oculomotor characteristics in HCs, ET, and de novo PD patients.
[image: Table2]
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FIGURE 1
 Oculomotor parameters in HC, ET and de novo PD patients. (A) Saccadic latency was increased both in ET and PD group, compared with HC group; (B) Saccadic accuracy was decreased both in ET and PD group, compared with HC group; (C,D) PD group had decreased gain of smooth pursuit eye movement at 0.1 Hz and 0.2 Hz, while ET group had marginally decreased gain of smooth pursuit eye movement at 0.1 Hz and 0.2 Hz, relative to HC group; (E) ET and PD patients had decreased gain of smooth pursuit eye movement at 0.4 Hz, relative to HCs. Box and whiskers (minimum and maximum) were presented for each group. Middle bars inside boxes represent median, while the edges of boxes indicate first and third quartiles. HC, healthy control; ET, essential tremor; PD, Parkinson’s disease; SPEM, smooth pursuit eye movement; *p < 0.05; **p < 0.01; ***p < 0.001.


We performed the ROC analyses of eye movement parameters as independent factors for detecting PD from HCs. However, the AUC of each parameter was lower than 0.7 (Supplementary Table 1). Combining the saccadic latency, saccadic accuracy and the most significant SPEM gain (0.4 Hz) revealed that the model could significantly distinguish PD from HCs with an 80.4% sensitivity and a 73.3% specificity (AUC = 0.78, p < 0.001). Only three eye movement parameters were significant in detecting ET from HCs. The combination of the above three parameters could differentiate ET from HCs with a high sensitivity of 84.8%, but a low specificity of 58.1% (AUC = 0.719, p < 0.001; Supplementary Table 2). However, oculomotor performance cannot provide additional benefit to distinguish PD from ET.



Independent associated factors with key oculomotor dynamics in de novo PD patients

The independent factors associated with oculomotor dynamics in de novo PD were further investigated by linear regression (Tables 3, 4). We found that prolonged saccadic latency was associated with old age (β = 1.296, 95% CI: 0.154 to 2.439, p = 0.027) and long disease duration (β = 0.378, 95% CI: 0.054 to 0.703, p = 0.023) by univariate linear regression analysis. After adjusting confounding factors such as sex, the score of UPDRS III and MoCA-BC, only disease duration was an independent factor of prolonged saccadic latency (β = 0.334, 95% CI: 0.014 to 0.654, p = 0.041; Table 3).



TABLE 3 Independent associated factors of saccadic latency in de novo PD patients.
[image: Table3]



TABLE 4 Independent associated factors of smooth pursuit gain in de novo PD patients.
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Furthermore, by univariate and multivariate linear regression analysis, we found that high score of UPDRS III was independently associated with low SPEM gain at 0.1 Hz (multivariate regression: β = −0.004, 95% CI: −0.008 to-0.001, p = 0.025) and 0.4 Hz (multivariate regression: β = −0.006, 95% CI: −0.01 to-0.002, p = 0.008) in de novo PD. The association between UPDRS III and SPEM gain at 0.2 Hz was only found in univariate linear regression analysis (β = −0.003, 95% CI: −0.006 to-0.0004, p = 0.023), but not in multivariate linear regression analysis (Table 4).

Oculomotor analysis revealed that saccadic latency was not associated with other oculomotor dynamics such as saccadic accuracy or SPEM gain in PD.




Discussion

This is the first cross-sectional study in China exploring the oculomotor performances in de novo, drug naïve PD patients. We observed that newly diagnosed PD patients had prolonged saccadic latency, poorer saccadic accuracy and lower SPEM gain relative to HCs. Impaired oculomotor performances were found to be significantly associated with PD duration and motor severity. No obvious difference in saccadic and SPEM was found between ET and de novo PD patients.

Based on prior anatomical and neuroimaging studies (Hikosaka et al., 2000), it was speculated that oculomotor abnormalities may exist in the early stage of PD, even in the prodromal disease stage. However, there have only been a few studies with conflicting results on whether ocular movements are impaired in de novo PD (Bares et al., 2003; Marino et al., 2010; Linder et al., 2012;Antoniades et al., 2015; Hanuška et al., 2019). An overview of the comparisons among the previous studies is shown in Table 5. Different ocular record tools, sampling rates, saccade tasks and sample size may explain the disparity of the results. We found that de novo PD had prolonged saccadic latency, which was consistent with Linder’s study (Linder et al., 2012). Also, such kind of patients exhibited lower SPEM gain, as showed in previous two studies (Bares et al., 2003; Marino et al., 2010). However, Linder et al. demonstrated a marginal decrease of SPEM gain in early PD without statistical significance (Linder et al., 2012). The potential reason may be that some patients were under dopaminergic medication in Linder’s study. Unlike the current study, Antoniades et al. (2015) and Hanuška et al. (2019) found no discernible difference in saccadic latency between PD and HCs, possibly due to the relatively small sample size. However, these two studies found that anti-saccade appeared to offer a priority over prosaccade in distinguishing early PD from HCs. Further multi-center studies using standardized ocular record tools and tasks will be conducted to validate oculomotor performance in de novo PD.



TABLE 5 Serial studies on eye movement evaluations in de novo PD patients.
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Furthermore, we found that saccadic latency was associated with disease duration and SPEM gain correlated with the motor severity quantified by UPDRS III score in drug naïve PD patients. These findings are consistent with previous studies with patients examined in more advanced stage of the disease (Marino et al., 2007; Terao et al., 2011; Zhang et al., 2018). Neuroimaging evidence has demonstrated that the volume in frontal–parietal regions was reduced and frontal cortex-basal ganglia circuit activity was decreased with disease progression, leading to changes in saccadic parameters (Gorges et al., 2016; Vintonyak et al., 2017; Chen et al., 2022). Anatomical studies have also shown that the basal ganglia may be involved in efficient and automatic SPEM performance(Yoshida and Tanaka, 2009). Neurophysiological recordings in monkeys showed that a subset of neurons in both the external and the internal segments of the globus pallidus modulate SPEM activity (Yoshida and Tanaka, 2009). Significant activation of the caudate nucleus was observed during SPEM in previous imaging studies(O'Driscoll et al., 2000). The SPEM impairments in the current study were in line with the progression of PD motor signs, which may be due to the progressive changes within the basal ganglia. Our results therefore confirmed that the basal ganglia changes in PD patients could impact the operation of cortical and subcortical areas, even at the early stage of the disease. Thus, careful evaluation of the ocular movement performance may provide valuable information for monitoring of the disease.

Similar to previous studies (Gitchel et al., 2013; Wójcik-Pędziwiatr et al., 2016), we found that SPEM in ET patients were abnormal with reduced gain at 0.4 Hz. However, there is much controversy over whether ET patients have eye movement abnormalities in saccadic activity. Our findings are consistent with some previous studies indicating that ET subjects had longer saccadic latency and lower saccadic accuracy than HCs (Gitchel et al., 2013; Wójcik-Pędziwiatr et al., 2017). Two other studies (Helmchen et al., 2003; Trillenberg et al., 2006), however, reported no significant difference in latency of VGSs between the ET and the HC groups. The difference could be explained by the fact that these negative studies only included saccades with a small amplitude (assessed only 10° and 20° saccades). Furthermore, Visser et al. discovered that mean latency in VGSs and anti-saccades performances differed between ET and PD (Visser et al., 2019), which contradicted our findings. It is possible that this is because our PD patients were at an early stage of the disease, and anti-saccade or more advanced tasks were not further investigated as in Visser’s study. As anti-saccade task imposes a higher demand on both cognitive and motor aspects of oculomotor control, future validation studies are needed to investigate the differential value of anti-saccade in ET and de novo PD patients.

Although we discovered three ocular parameters with significant difference in separating PD/ET from HCs, the AUC was less than 0.8 in either single or combined parameters (Supplementary Tables1, 2). Furthermore, the ocular parameters could not distinguish ET from de novo PD patients. All of these factors made the oculomotor test ineffective as an independent diagnostic tool for the early detection of PD. However, because oculomotor evaluation is a simple, objective, and inexpensive test, it was worth investigating whether combining eye movement evaluation with other clinical features (such as substantia nigra hyperechogenicity) could improve diagnostic of early PD.

The current study has a few limitations that should be mentioned. For starters, because this is a cross-sectional study, only an association between oculomotor parameters and clinical phenotype was discovered. Longitudinal follow-up studies are needed in the future to confirm the importance of ocular movement in the progression of PD. Second, we only have the MMSE for cognitive evaluation in HCs, not the MoCA-BC. Future research should look into how executive dysfunction affects oculomotor performance. Third, in the current study, we used reflexive VGS rather than volitional saccade. Advanced oculomotor tasks (anti-saccade task, for example) in conjunction with fMRI imaging may provide additional clinical value and insight into the underlying neural basis of PD oculomotor impairments. Fourth, we recruited newly diagnosed, unmedicated PD patients; additional follow-up is required to ensure clinical diagnostic accuracy. Post-mortem studies revealed an 80% accuracy in the initial clinical diagnosis of PD disease (Rizzo et al., 2016). When attempting to correlate an additional diagnostic tool with the disease, this may introduce an additional error.

In conclusion, our Chinese population study confirmed that de novo PD patients had oculomotor impairments compared to HCs, primarily with prolonged saccadic latency and decreased SPEM gain. Although these eye movement abnormalities in unmedicated PD could not be distinguished from ET, they were related to disease duration and motor severity in de novo PD, implying that these parameters could be used to predict disease progression. In the future, longitudinal follow-up studies with detailed phenotypic evaluation, advanced eye movement tasks, and fMRI imaging will be required.
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Extensive studies showed increased subjective pain sensitivity in Parkinson’s disease (PD), which appeared to be partially reversed by dopaminergic (DA) treatment. Although cell replacement represents an attractive therapeutic strategy, its potential for PD-related hyperalgesia remains unclear. We investigated re-establishment of DA function via allografting exogenic DA cells on pain hypersensitivity in a rat model of PD. We evaluated the anti-nociceptive effects of fetal ventral mesencephalic (rVM) tissue allografts in PD rats after unilateral 6-OHDA-induced toxicity in the medial forebrain bundle. The drug –induced rotation test was used to validate the severity of the nigrostriatal lesion; von Frey and thermal pain tests were employed to evaluate nociceptive function. Nociception-induced cerebral blood volume (CBV) response was measured using a 4.7-T MR system. Finally, the immunohistochemical (IHC) studies were performed and the results were compared with the imaging findings from functional magnetic resonance imaging (fMRI). The grafts significantly improved drug-induced rotation behavior and increased mechanical and thermal nociceptive thresholds in PD rats. The elevation of CBV signals significantly recovered on the grafted striatum, whereas this effect was inhibited by the D2R antagonist eticlopride in each striatum. Quantitative IHC analysis revealed the transplantation markedly increased the numbers of tyrosine hydroxylase immunoreactive cells. Therefore, we concluded transplantation of rVM tissue results in anti-nociceptive effects and improves motor function. Moreover, in vivo CBV response confirmed the key role of D2R-mediated pain modulation. Therefore, we demonstrate fMRI as a reliable imaging index in evaluating the anti-nociceptive therapeutic effects of fetal rVM transplantation in the rat model of PD.
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 Parkinson’s disease, motor, non-motor, fMRI, neuroimaging, fetal ventral mesencephalic tissue


Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s disease, and the incidence and prevalence of patients with PD increase steeply with age (Huse et al., 2005). The symptoms of patients with PD may include physical or motor symptoms such as tremors, slowing, stiffening movement, and balance problems (Wasner and Deuschl, 2012). In addition to the motor dysfunction, studies have shown nonmotor symptoms (NMS), such as depression, psychosis, pain, and sleep disturbances, as the important factor for the quality of life of patients with PD (Wasner and Deuschl, 2012). Pain is the most frequent NMS at the onset of disease, and its prevalence increases during the progression of PD (Lee et al., 2006). Pain may precede the onset of motor parkinsonian symptoms and be related to motor fluctuations, early morning dystonia, or secondary causes such as musculoskeletal pain (Quinn et al., 1996). The prevalence of all types of pain is high, but variable. The prevalence of pain is estimated to be between 40 and 85% in patients with PD, with these variations likely due to differences in the study designs, pain assessment methods, or definitions of pain (Cuomo et al., 2019). PD-associated pain is not only a clinically relevant symptom (Djaldetti et al., 2004; Beiske et al., 2009), but is also often overlooked as a consequence of the changes in motor function.

The nigrostriatal pathway has been reported to respond to nociceptive stimuli and also exerts antinociceptive activity (Brooks, 2006). Lesioned nigral dopaminergic (DA) neurons have been proven to exhibit increased sensitivity to pain (Lin et al., 1981; Dieb et al., 2014), whereas activation of DA neurons inhibits the response to pain (Chudler and Dong, 1995). Moreover, clinical evidence and experimental studies have demonstrated the involvement of basal ganglia circuitry in pain modulation. For example, somatosensory information is processed by the basal ganglia via several mechanisms, and abnormalities in the basal ganglia affect the encoding of pain (Djaldetti et al., 2004). Moreover, endogenous pain in patients with PD is frequently associated with a higher sensitivity to painful stimuli, and many patients with PD have lower pain thresholds for electrical and heat stimuli (Mylius et al., 2009). Patients at an early stage of the disease also tend to have increased responses to nociceptive stimuli and lower pain thresholds such as enhanced spinal nociceptive reflexes (Zambito Marsala et al., 2011), whereas pain sensory discrimination, e.g., subjective estimation of provoked pain, remains unaltered (Mylius et al., 2009). Enhanced sensitivity to nociceptive stimuli was previously attributed to functional changes at the spinal level (Braak et al., 2007) and within the pain matrix (Gerdelat-Mas et al., 2007), a set of brain areas including the medial pain pathway mainly including the thalamus, the primary and secondary somatosensory cortices (S1 and S2), the anterior/mid cingulate cortex (ACC/MCC) and the insula that consistently respond to painful, as indicated by PET (Brefel-Courbon et al., 2005; Gerdelat-Mas et al., 2007; Mylius et al., 2009). These changes were reversed by dopaminergic treatment, indicating a major role for dopamine depletion in PD-associated pain (Gerdelat-Mas et al., 2007). Taken together, this evidence indicates that numerous circuits at multiple CNS levels are involved in the pain in PD, largely due to anatomical projections of the basal ganglia, which connect specific striatal areas, i.e., the putamen, caudate, and nucleus accumbens (Alexander, 2004).

In the past decade, researchers have undertaken efforts to investigative the mechanisms that underlie the pathology of PD-related pain. In rodents, both systemic administration of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and intracranial injection of 6-hydroxydopamine (6-OHDA) induce severe lesions of DA neurons in the substantia nigra pars compacta (SNc), and mimic the characteristic pathophysiology of PD. Reduced mechanical and thermal nociceptive thresholds in the hindpaw were demonstrated in these animal models, and this hypersensitivity can be relieved by systemic administration of dopamine receptor agonists (Park et al., 2015; Domenici et al., 2019). Tang et al. (2021) reported that pain hypersensitivity in PD mice was associated with hyperexcitability of superficial dorsal horn neurons, and both were reversed by activation of spinal D2 receptors (Tang et al., 2021). Powerful imaging techniques such as functional magnetic resonance imaging (fMRI) enabled in vivo visualization of decreased cerebral blood volume (CBV) in response to nociceptive stimuli in the striatum under normal conditions via DA neurotransmission (Chang and Shyu, 2001; Liu et al., 2004; Zhao et al., 2008; Shih et al., 2009). Furthermore, nociception-induced changes in the striatal CBV signals with specificity for DA dysfunction were observed in a rat model of PD, and may be characterized as the pain symptoms of PD (Chen et al., 2013).

Treatment of pain depends on the type of pain and usually requires a multidisciplinary approach. Studies have shown that levodopa (L-dopa) can increase the pain threshold in patients with PD (Brefel-Courbon et al., 2005; Gerdelat-Mas et al., 2007; Schestatsky et al., 2007). Dopamine receptor agonists have also been demonstrated to relieve nociceptive pain, as described above. Thus, these data suggest that dopamine depletion could contribute to changes in nociceptive processing in PD-related pain, and that dysfunction of the nigrostriatal dopamine system may directly or indirectly affect pain signaling at the spinal cord level. However, the mechanisms how dopamine and its receptors in striatum and spinal cord contribute to pain hypersensitivity in PD remain largely unknown.

Cell therapy in PD have been a major area of research for the last 30 years, with the main focus on using cells to replace the degenerating and lost DA neuronal innervation of the striatum from the nigra (Wijeyekoon and Barker, 2009; Fan et al., 2020). Much experience and some success have been gained from fetal ventral mesencephalic tissue transplants, thus the rapidly advancing field of stem cells may provide attractive alternative options for the treatment of PD (Kordower et al., 1995; Guo et al., 2021). Numerous animal studies have shown that transplantation of DA neurons using either rat ventral mesencephalic (rVM) neural tissue (Weng et al., 2017, 2020), human embryonic stem cells or human fetal ventral mesencephalic neural tissue (Rath et al., 2013; Grealish et al., 2014) improves the motor symptoms in rodent models of PD. However, to our knowledge, no report has validated the potential therapeutic effect of rVM cell transplantation on PD-related nociceptive pain.

One of the major research interests of our group over the past decade has been to investigate the therapeutic effects of transplantation of rVM neural tissue using in vivo molecular imaging, i.e., positron emission tomography (PET) using 4-[18F]-ADAM targeted serotonin transport or [18F] DOPA targeted dopamine synthesis, in 6-OHDA-induced animal PD model (Weng et al., 2013; Chiu et al., 2016; Jhao et al., 2019). Based on the research experience described above, in this study, we hypothesized that transplantation of fetal rVM would beneficially improve the recovery of DA dysfunction in nociceptive impairment. Thus, the aim of this study was to evaluate the feasibility of fMRI as an in vivo imaging index for the therapeutic effects of fetal rVM transplantation on PD-related motor and non-motor dysfunction, i.e., pain, in a rat model of PD.



Materials and methods


Animals

All animal experiments were approved in advance by the institutional animal care and use committee (NDMC-15-207). Male Sprague Dawley (SD; age, 8-week-old) rats weighing 280–300 g (mean, 290 ± 10 g) from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan) were housed in the Animal Center of the National Defense Medical Center (Taipei, Taiwan), which is certified by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International). The rats were housed at 23 ± 2°C under a controlled 12-h light/12-h dark cycle. All animals had free access to tap water and a complete pellet diet for 1 week before the experiments began. Only male animals were used in this study to avoid the influence from female reproductive cycles.



6-OHDA-induced rat hemi-parkinsonian model

The SD rats were used to establish the parkinsonian model (PD) by lesioning the right medial forebrain bundle (MFB) with 30 μg of 6-hydroxydopamine (6-OHDA; Sigma-Aldrich, Saint Louis, MO, United States) dissolved in 3 μl of ice-cold 0.02% ascorbic acid, as described previously (Weng et al., 2020). Briefly, after anesthetization by intraperitoneal injection of 0.4 ml/kg of 7% chloral hydrate (Riedel-de Haën, Seelze, Germany), the rats were placed in a stereotactic apparatus. The coordinates for the right MFB were 5.3 mm posteriorly, 2.1 mm laterally, and 8.2 mm ventrally from the bregma. The MFB/striatum was lesioned and the left MFB/striatum was used as the unlesioned side/self-control side. Figure 1 shows the conceptual framework of the study with the concept and Figure 2 presents a schematic representation of the study design.

[image: Figure 1]

FIGURE 1
 Conceptual framework of the study.


[image: Figure 2]

FIGURE 2
 Schematic representation of the study design. Unilateral 6-OHDA lesions were induced at week 0 to establish the hemiparkinsonian model. Two weeks later, the animals were subjected to rotation tests; animals that met the PD criteria (>300  turns/h) were randomly allocated to either Group PD (without rVM treatment) or Group PD-rVM (with treatment). Group PD-rVM were transplanted with rVM tissue in week 4. All animals were subjected to behavior tests and CBV fMRI in week 8–9. Immunohistochemistry was performed in week 11.


The study described in the manuscript was conducted in the period 2011–2013; however, it should be noted that according to the guideline of the animal study protocol by the Institutional Animal Care and Use Committee guidelines at the National Defense Medical Center, Taipei, Taiwan, R.O.C., the use of chloral hydrate for anesthesia or euthanasia has been restricted in animal study since 2014.



Motor behavior: Rotation test

Methamphetamine (METH) is an indirect agonist that induces the release of dopamine in the brain (Bustamante et al., 2002). Therefore, we assumed that the right MFB, i.e., the 6-OHDA-lesioned side, would have a much lower response to METH compared to the left, unlesioned MFB. After giving METH, the criteria for the PD model was defined as >300 turns/h (>5 turns/min; Bjorklund and Dunnett, 2019; Jhao et al., 2019). Two weeks after injection of 6-OHDA, 16 6-OHDA-induction and 6 sham control animals were used for METH-induced rotation. The experimental rats were intraperitoneally administered 2.0 mg/kg METH. The recording of rotational behavior was initiated 15 min post-injection and lasted for 60 min.

Based on the results of the rotation test, 12 parkinsonian rats (PD rats) were selected and randomly allocated into PD group: right-side 6-OHDA-lesioned and left-side unlesioned, without treatment (n = 6) or PD-rVM group: right-side 6-OHDA-lesioned and left-side unlesioned, and transplanted with rVM tissue (n = 6).



Preparation and transplantation of rVM tissue

The PD-rVM group received transplantation/grafts. Briefly, rVM tissue dissected from embryonic E14 rat brains was grafted into the lesioned striatum of the PD-rVM group at week 4, as described by Dunnett, (2000) with some minor modifications (Weng et al., 2017). We ensured the presence of ventral mesencephalon and partial ventral pontine raphe in the dissected tissue slices, which were then placed in Hank’s Buffered Salt Solution (Gibco, Grand Island, NY, United States), dissected into small pieces, and transplanted into the ipsilateral striatum using glass microtubes (0.5 mm posterior to the bregma, 2.5 mm lateral to the midline, and 4.5 mm below the dura).



Pain behavior: Von Frey and hot plate tests


Mechanical pain: Von Frey filament test

The threshold of mechanical pain was measured in acclimated rodents via the up-down method using von Frey filaments on the plantar surface. Briefly, the rats were placed individually in small cages with a mesh for the von Frey test, and a monofilament (Bio-VF-M; Bioseb, Vitrolles, France) was applied perpendicular to the plantar surface of the hindpaw until the paw buckled. A score ranging between 1.5 and 90 g was assigned in four consecutive positive responses to filaments with decreasing force or three consecutive negative responses to filaments with increasing forces. Nociceptive behaviors, including brisk paw withdrawal, licking, or shaking of the paw, in two trials were considered a positive response. The 50% paw withdrawal threshold (PWT) was determined as described previously (Zhou and Luo, 2015).



Thermal pain test: Hot plate trial

The hot plate trial was performed 1 day after the von Frey test. Rats were acclimatized for at least 30 min in the test compartment. A heat source (55°C) was positioned on the plantar surface of the hindpaw. Three hot plate trials were conducted, and the mean paw withdrawal latency was recorded. A 20 s cutoff time was used to prevent tissue damage.



Brain imaging: CBV fMRI

At weeks 8 ~ 9, the rats in the PD and PD-rVM groups (n = 6/group) were anesthetized by intravenous injection of 70.0 mg/kg α-chloralose (dissolved in pre-warmed 0.9% saline and 10% polyethylene glycol) for fMRI on a 4.7-T spectrometer (Biospec 47/40; Bruker, Bremen, Germany). A 72 mm volume coil was employed as the radio-frequency transmitter, with a quadrature surface coil on the head as the receiver. Superparamagnetic iron oxide (SPIO; Resovist, Schering, Berlin, Germany) was intravenously administered at 15 mg Fe/kg as the contrast agent to acquire steady-state CBV-weighted fMR images, using previously described settings (Shih et al., 2009, 2012; Chen et al., 2013). Enhanced neural activity increases the influx of SPIO nanoparticles, which leads to a lower signal intensity and represents an increase in regional CBV (Mandeville et al., 2004). A time-series of one hundred gradient-echo images in axial-view were obtained for CBV-weighted fMRI using the following parameters: repetition time, 150 ms; echo time, 15 ms; flip angle, 22.5°; field of view, 2.56 × 2.56 cm; slice thickness, 1.5 mm; acquisition matrix, 128 × 64 (zero-filled to 128 × 128); temporal resolution, 16 s. A total of 100 time-series images were separated equally into five phases (20 fram es for each phase) corresponding to the “off,” ‘on,’ “off,” “on,” and “off” phases of nociceptive electrical stimulation; the electrical stimulation paradigm is described below.

As shown in Figure 3A, a pair of needle electrodes were used to deliver nociceptive electrical stimulation (10 mA intensity, 3 Hz square wave, 0.5 ms pulse) to the right forepaws of the animals using an A-M Systems model 2,100 constant-current stimulator (Carlsborg, WA, United States). Figures 3B,C presents an example of the correlation map between the CBV signals and the stimulation paradigm. Correlation maps were created by plotting the correlation coefficient (CC) for the CBV signal changes and off–on–off–on–off electrical stimulation paradigm using the cross-correlation method on a voxel-by-voxel basis (Bandettini et al., 1993; Chen et al., 2013). As the experimental conditions affect this correlation, a cut-off point of r = ± 0.2 was empirically selected; this threshold effectively identifies spatial clusters in the striatum and primary somatosensory cortex (S1).
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FIGURE 3
 Representative fMRI scan of a PD rat and the positions of the ROIs in the 6-OHDA-lesioned and non-lesioned hemispheres. (A) Nociceptive electrical stimulation was applied to the right forepaw of the PD rat via a pair of needle electrodes. (B) The time course of CBV signal intensities during nociceptive stimulation in the left (intact: black) and right (lesioned: red) striata of the PD rat. (C) The ROIs for the left non-lesioned striatum are shown in black, and in red for the right 6-OHDA-lesioned striatum.


Furthermore, to assess the therapeutic effects of rVM tissue transplantation on DA innervation of the striatum, steady-state CBV weighted fMRI was conducted after intravenous administration of the dopamine D2 receptor antagonist eticlopride (S-(−)-Eticlopride hydrochloride, E101-100MG, Sigma-Aldrich; St. Louis, United States) at a dose of 1.0 mg/kg.



Immunohistochemistry

At the end of the study period, 6 weeks after cell transplantation, the PD and PD-rVM groups were euthanized for IHC analysis, as described previously (Weng et al., 2017). Briefly, rats were terminally anesthetized with chloral hydrate, perfused with normal saline followed by 4% paraformaldehyde (Sigma-Aldrich), and the brains were excised, post-fixed in 4% paraformaldehyde overnight at 4°C, cryprotected by immersion in 20% sucrose in 0.1 M PBS for 2 days followed by 30% sucrose in 0.1 M PBS for 2 days, and 30-μm-thick coronal sections were obtained using a Leica CM 3050 Cryostat Microtome (Leica Microsystems, Wetzlar, Germany). The sections were rinsed in phosphate-buffered saline (PBS), incubated with 1% hydrogen peroxide (Calbiochem, Torrey Pines, CA, United States) in PBS for 30 min, placed in blocking solution prevents non-specific binding of antibodies to tissue (0.5% Triton X-100 and 3% normal goat serum [Vector, Burlingame, CA, United States] in PBS), and incubated with a primary rabbit recombinant monoclonal anti-TH antibody (1:2,000; Millipore Corporation, Billerica, MA, United States; 4°C overnight), followed by secondary goat anti-rabbit biotinylated IgG antibody (1:200; Vector; 1 h), then avidin-biotin complex (1:200; Vectastain ABC kit, Vector; 60 min), developed in 3,3-diaminobenzidine (0.05%; Sigma-Aldrich) for 6 min, washed thrice with PBS, and mounted on gelatin-coated slides.

To access the number of TH-ir cells, 30 μm striatal micrographs were taken with color CCD camera attached to the confocal microscopy [OPTIPHOT-2 (10×), MICROPHOT-FXA (100× and 200×), Nikon, Tokyo, Japan or Zeiss LSM 880 confocal microscope; ZEISS]. Graft areas were measured by ImageJ, and the density of TH-ir within was expressed as the cell number/mm3.

For semi-quantitative measurement of TH-ir signals, 10× or 100×/200× images in the target and the reference regions (corpus callosum) were taken under the OPTIPHOT-2 microscope or MICROPHOT-FXA microscope (Nikon, Tokyo, Japan), respectively, and converted to 8-bit grayscale images (0–255 gray levels; Mausset-Bonnefont et al., 2003). The optical density (OD) of TH immunoreactivity were semi-quantitively scored using Image-Pro Plus v. 6.0 (Media Cybernetics, Inc., Bethesda, MD, United States), as follows:

OD ratio = (OD of target region − OD of corpus callosum)/OD of corpus callosum.




Statistical analysis

Data are expressed as mean ± standard deviation. Statistical significances were analyzed using the Student’s t-test; *p < 0.05 was considered significant.




Results


Transplantation of rVM tissue improves motor deficits in the parkinsonian rats

The METH-induced rotation test was carried out to evaluate the effects of cell transplantation on DA function in the parkinsonian rats. As shown in Figure 4, a significant increase in net rotation was noted in the parkinsonian rats (14.61 ± 4.89 turns/min, n = 6) compared to the normal control group (n = 6). However, after rVM transplantation, the PD-rVM group (n = 6) exhibited a significant improvement in motor function (2.38 ± 1.20 turns/min, ***p < 0.005 compared to the PD group).
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FIGURE 4
 METH-induced rotation in 6-OHDA lesioned PD rats. Average turning rates of the control, PD, and PD-rVM groups. Student’s t-test, n = 6 per group; ***p < 0.005 compared to control or PD groups.




Transplantation relieves pain hypersensitivity in parkinsonian rats

The paw withdrawal threshold (PWT) in response to the punctate mechanical stimuli in the Von Frey filament test was measured. In the PD group, a significant lower paw withdrawal threshold was found in the 6-OHDA-lesioned side as compared to that in the unlesioned side (**p < 0.01) or to the control group (***p < 0.005; Figure 5A). There were no significant differences in the paw withdrawal threshold between the 6-OHDA-lesioned side and unlesioned side in the PD-rVM group; however, the paw withdrawal threshold was significantly higher for the 6-OHDA-lesioned side in the PD-rVM group (*p < 0.05) compared to the ipsilesional side in the PD group (Figure 5A).

[image: Figure 5]

FIGURE 5
 Mechanical and thermal pain tests. (A) In the von Frey filament test, the average paw withdrawal thresholds were significantly lower on the 6-OHDA lesioned side than the unlesioned side in the PD rats, whereas the PD-rVM group exhibited higher paw withdrawal thresholds to mechanical pain (*p < 0.05, **p < 0.01, ***p < 0.005). (B) In the hot plate test, the 6-OHDA-lesioned side of the PD-rVM group showed significantly longer latencies to paw withdraw compared to that of the PD group (***p < 0.005).


The response to the thermal stimuli was measured as the latency to paw withdrawal in the hot plate test. In PD group, the latency was much shorter in the 6-OHDA-lesioned side compared to the unlesioned side (***p < 0.005) or to the that of control group (***p < 0.005). In addition, significantly longer paw withdrawal latencies on the 6-OHDA-lesioned side were revealed in the PD-rVM group when compared to the PD group (***p < 0.005, Figure 5B).



Transplantation of rVM tissue reduces the difference in CBV before and after nociceptive electrical stimulation in parkinsonian rats

Nociceptive electrical stimulation at 3 Hz was applied to the right forepaw during fMRI imaging, and the signal, shown as blue-purple color in left primary somatosensory cortex (S1) was taken as the indication of a successful stimulation. Before applying eticlopride, the dopamine D2R antagonist, the CBV signals in the unlesioned side in PD group were significant higher in the striatum where indicated as red color when compared to the 6-OHDA lesioned side (**p < 0.01, Figures 6A,B-pre eti.).
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FIGURE 6
 In vivo fMRI CBV signals in the striatum of 6-OHDA-lesioned PD rats. (A–C) The blue-purple signal in left primary somatosensory cortex (S1) where indicated as successful nociceptive electrical stimulation from right forepaw. Representative images of CBV signals was shown in the regions of interest, as white oval denotes non-lesion (left) side and red oval denotes the 6-OHDA side of the striatum. The quantitative results of in vivo fMRI CBV signals in 6-OHDA-lesioned PD rats. (B–D) Pre eticlopride: In the PD group, the CBV signal on the 6-OHDA-lesioned side was significantly reduced compared to the unlesioned side; however, cell transplantation in the PD-rVM group reduced this difference between the 6-OHDA-lesioned and unlesioned sides from 73 to 30%. (B–D) Post eticlopride: Eticlopride significantly reduced the CBV signals in both the PD and PD-rVM groups. *p < 0.05, **p < 0.01 and ***p < 0.005.


In the group receiving cell transplantation (PD-rVM), stronger CBV signal was still found in the unlesioned side, as compared to that in the 6-OHDA-lesioned side (***p < 0.005, Figures 6C,D-pre sti.); however, the difference of blood volume between unlesioned and 6-OHDA-lesioned side was significant lower in the PD-rVM group than that in the PD group (30.5 ± 5.2% vs. 72.9% ± 23.7%, respectively, *p < 0.05, Table 1).



TABLE 1 Results of quantitative CBV analysis.
[image: Table1]



A dopamine D2R antagonist inhibits CBV signals on the 6-OHDA-lesioned side in PD-rVM rats

Next, we used the dopamine D2R antagonist eticlopride to assess whether rVM cell transplantation restores DA function. In the PD group, administration of eticlopride largely inhibited the CBV signals in the 6-OHDA side (*p < 0.05, upper-right panel in Figures 6A,B-post eti.). Similar patterns were also observed in the PD-rVM group, as eticlopride significantly inhibited the CBV signals in the 6-OHDA-lesioned side (*p < 0.05, lower right panel in Figures 6C,D-post eti).

Moreover, there were significant differences in the CBV in the 6-OHDA-lesioned side between the PD and PD-rVM groups after administration of eticlopride (***p < 0.005, Table 1).



Cell transplantation increases the TH-positive immunoreactivity and cells in hemi-parkinsonian rats

TH staining revealed a low density of residual fibers in the 6-OHDA lesioned striata compared to the unlesioned striata of PD rats (Figure 7, upper panels). TH immunoreactivity in the 6-OHDA-lesioned side was significantly enhanced in the cell transplantation group (PD-rVM; Figure 7, lower panels). Also, stronger TH-positive cell bodies and nerve fibers were found in 6-OHDA lesioned side in striatum of PD-rVM rats than that in PD group (red arrows in the lower right panel of Figure 7).
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FIGURE 7
 Tyrosine hydroxylase immunostaining in the brain of PD rats. In the PD group, the 6-OHDA-lesioned side exhibited much lower TH immunoreactivity than the unlesioned side. In contrast, cell transplantation significantly increased TH immunoreactivity in the PD-rVM group. The TH-positive cells in the striatum on the 6-OHDA-lesioned side of from the PD-rVM group are indicated by red arrows (lower right panel).


Furthermore, after cell transplantation, we also found that the number of TH-immunoreactive striatal cells was significantly higher on the lesioned side of PD-rVM group compared to that in the PD group (****p < 0.0001, Figure 8A). Semi-quantitative immunohistochemical analysis was performed by normalizing the optical density (OD ratio) of the lesioned side to that of the unlesioned side (100%). Four weeks after cell transplantation, the OD values for the 6-OHDA lesioned side were 47% in the PD-rVM rats when normalized to unlesioned side (**p < 0.01, Figure 8B).

[image: Figure 8]

FIGURE 8
 Quantitative immunohistochemical analysis of TH immunoreactivity in the striatum of PD rats. (A) The number of TH-positive cells was much higher in the lesioned striata of the PD rats receiving cell transplantation (PD-rVM). (B) In PD-rVM group, at 4 weeks after cell transplantation, TH-ir OD ratios reached to 47% when normalized to unlesioned side (100%). **p < 0.01, ****p < 0.001.





Discussion

In the present study, we used motor and non-motor behavior tests, in vivo fMRI, and immunohistochemistry to examine the anti-nociceptive effects of rVM cell transplantation in the striatum following unilateral induction of lesions in DA neurons by micro-injure of 6-OHDA into the right MFB. To the best of our knowledge, this is the first evidence of the anti-nociceptive effects of transplantation of E14 fetal rVM cells based on motor and non-motor behavior tests and in vivo fMRI.

We demonstrated that rats with unilateral intrastriatal 6-OHDA-induced PD exhibited profound asymmetry in motor performance tests, characterized by asymmetric body posture, impaired use of the contralateral forelimb, and sensorimotor orientation defects, i.e., loss of orientating movements elicited by application of sensory stimuli to the body contralateral to the lesion. Moreover, previous reports support the turning rates of the rats with 6-OHDA lesions in the striatum or MFB, as non-linear relationships were observed between turning and the reduction in the DA concentration in the lesioned striatum, loss of tyrosine hydroxylase (TH)-positive neurons in the substantia nigra, and loss of TH-positive innervation in the ipsilateral striatum. These results suggest that at least 40–50% reduction of the nigral TH-positive neurons, striatal TH-positive fibers, and striatal DA levels are required to invoke significant turning (Lee et al., 1996; Kirik et al., 2001; Heuer et al., 2012; Tronci et al., 2012). AMPH-induced rotation was also reported as a sensitive practical and convenient test of functional recovery in cell transplantation, as transplants containing fewer than 500 surviving DA neurons matched well with the number of surviving DA neurons and striatal DA concentration (Brundin et al., 1988; Kirik et al., 2001).

Albeit the usefulness of 6-OHDA-induced PD model was demonstrated by the METH-induced motor function tests in the evidence above and in the current study (Jagmag et al., 2015; Gomez-Paz et al., 2018), quantification analysis of TH-ir striatal and nigral cells, as well as additional motor behavior studies such as gait analysis and forelimb akinesia, provide stronger assessment of the extent of neurotoxin, i.e., MPTP or 6-OHDA in this study, elicited lesions of nigrostriatl DA neurons.

Additionally, we revealed reduced mechanical and thermal detection thresholds in the unilateral hindpaws of the unilateral 6-OHDA-lesioned rats. We also demonstrated the anti-nociceptive effects, i.e., relief of mechanical and thermal pain sensation, of rVM transplantation, which were supported by earlier studies using fetal rVM (Takeda et al., 2014) or chromospheres (Gomez-Paz et al., 2018). However unilateral SNc lesions of DA neurons impaired motor function on the contralateral side (Yoon et al., 2014; Zhou et al., 2019). This finding might partially support the notion that 6-OHDA-induced lesions result in pain hypersensitivity and motor deficits via different pathophysiological mechanisms. These observations may also explain why treatments for motor deficits do not produce comparable benefits for pain symptoms in patients with PD.

Noxious electrical somatosensory stimulation reduced bilateral CBV in the caudate putamen (CPu), which is associated with increased neural activity in the region involved in strong vasoactive neurotransmission (Shih et al., 2009). Furthermore, the decreases in striatal CBV modulated by D2-like dopamine receptors (D2R) observed by fMRI represent an important mechanism that occurs during neurovascular processing of nociception (Hagelberg et al., 2004; Martikainen et al., 2005). Moreover, Hsu et al. (2014) reported that changes in negative BOLD fMRI signals during nociceptive-stimulation in PD rats were associated with altered Ca2+ signaling in the DA system (Hsu et al., 2014).

Lesioning striatal DA neurons increases pain sensitivity (i.e., leads to a lower pain threshold); thus, conversely, recovery of the lesioned neurons may inhibit pain responses (Lin et al., 1984). Therefore, the present results demonstrate that the reduced CBV signals of the lesioned striatum in response to electrical stimulation could be partially explained by DA dysfunction during activation of the nigrostriatal system. Also, administration of the D2R antagonist eticlopride clearly blocked the CBV signals on the unlesioned side. These findings support the suggestion that D2R mediated decreases in CBV play a key role in the anti-nociceptive effects of pain modulation.

Additional to the recovery of behavioral function, our results also showed restored CBV signals in the rVM group, which may be explained by the re-innervation of exogenous rVM cells to dopaminergic fibers (Wakeman et al., 2011). The reduced metabolic demand or loss of cholinergic neurons innervating cortex and microvessels resulted in the reduction of CBV in PD (Globus et al., 1985). Significant region-specific decrease of CBV in the substantia nigra, caudate and putamen in PD patients compared to controls has been evidenced via advanced in vivo MR or single-photon emission computed tomography (SPECT) imaging (Paez et al., 2020) and the change of regional CBV could be considered as a clinical feature for objective evaluation of disease progression (Taguchi et al., 2019). For rVM-based therapies, there are two major factors for evaluation, i.e., efficiency of exogenous rVM cell transplantation and boosting self-repair of endogenous neural stem cells. In summary, based on our current results, we suggested rVM-based therapies could improve the CBV signal and in vivo monitored by using fMRI.

It should be noted that the majority of preclinical validation studies used to assess the therapeutic approaches have been performed in the 6-OHDA rodent model; however, the limitation of 6-OHDA model of PD could be while this is a useful rodent model to assess rVM therapeutic efficiency, it may not reflect the pathological features or progressive status of the disease, such as the abnormal accumulation of misfolded alpha-synuclein (a-Syn) aggregates in different brain areas and its association with neuronal degeneration in PD. Given the fact that Alpha-synuclein (a-Syn) is central to the pathology of PD, mature a-Syn based animal PD models would be valuable to investigate the disease mechanism and therapeutic strategies (Gomez-Benito et al., 2020). Transplantation of human pluripotent stem cells (hPSCs)-derived DA neurons have been reported recently (Chen et al., 2016; Nolbrant et al., 2017). However, controversies do exist surrounding the advantages and disadvantages of different tissue origins for the DA cell replacement therapy in PD. The nature of fetal VM containing high percentage of dopaminergic precursor cells may bypass cell culture or in vitro differentiation before transplantation (Laguna and Barker, 2009). Moreover, it appeared that no tumor formation was reported from fetal VM tissue in PD transplantation therapy (Nanni et al., 2007; Laguna and Barker, 2009). However, the access to human fetal tissue from legally terminated embryos and the difficulty to optimize, and standardize the protocols limited the application of fetal VM tissue-based therapy (Barker and Consortium, 2019; Depierreux et al., 2021).

Nevertheless, with the experiences we established, the future work would be to evaluate the potential of in vivo imaging tool with rVM-derived DA neurons in a-Syn-based PD model. Based on the specificity and sensitivity for the DA synthesis in the nigrostriatal pathway, PET molecular imaging of striatal [18F]-DOPA uptake has been demonstrated as one of the most reliable tool for the in vivo diagnosis of PD, as well as the measurement of terminal loss of dopamine (Nanni et al., 2007; Depierreux et al., 2021). Therefore, [18F]-DOPA PET and CBV fMRI coupling imaging could be a promising in vivo therapeutic diagnosis tool for hPSCs or D2R target therapy.

The current results showed that unilateral 6-OHDA lesions of the MFB in rats can be used to model specific changes in pain behavior with Von Frey and hot plate tests in PD. By using the contralateral side to control for individual differences and analyzing the CBV with fMRI, it is possible to assess disease progression as a function of changes in anti-nociceptive effects. Chen C V. et al. demonstrated that the hypersensitivity to pain stimulus mainly occurred on the side of the body ipsilateral to the right SN lesion and the reduced responsiveness of the striatal CBV reactions occurred ipsilateral to the right SN lesion (Chen et al., 2013). However, the interpretation of the current results was limited by the lack of sham control, and it would be required to avoid misleading or to have a better understanding between disease status of PD and normal control.

Overall, our data indicate that cell replacement therapy alleviated pain and thermal dysesthesia, and correlated with improved motor function in the PD rats. The fMRI data revealed that the grafted striatum exhibited a recovery of the CBV response to nociceptive stimuli. Moreover, we showed the recovery of the CBV signals in the grafted striatum were inhibited by the D2R antagonist eticlopride, which confirmed that rVM tissue transplantation restored DA cells. In summary, good correlations were observed between the recovery of the nociception-induced CBV responses in the motor and non-motor behavior tests and DA innervation in the IHC studies of the grafted striatum.



Conclusion

In summary, the present study demonstrates unilateral microinjection of 6-OHDA into the MFB in rats replicates the motor and non-motor deficits of PD. We also show that transplantation of E14 fetal rVM tissue results in anti-nociceptive effects and improves motor function. Moreover, in vivo fMRI revealed that the E14 fetal grafts reversed the reductions in the CBV signals observed in the 6-OHDA-lesioned striatum. In vivo CBV signaling confirmed the key role of D2R-mediated pain modulation. Therefore, we conclude that rVM tissue transplantation represents a promising therapeutic approach for the treatment of PD-related pain.
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Region Cluster size MNI coordinates Peak Z Peak p (uncorrected)
X y z

(A) CBF increases: PVT vs. Rest

R. Middle frontal gyrus 976 32 40 20 5.55 < 0.001**

R. Occipital 386 20 —94 0 5.03 < 0.001*

R. Middle frontal gyrus 1218 36 8 42 4.73 < 0.001**

L. Occipital 384 —26 —-94 4 4.65 < 0.001*

R. Cerebellum 310 40 —56 —22 3.74 < 0.001*

R. Inferior parietal gyrus 7 52 —40 34 3.88 < 0.001

R. Insula 126 48 16 14 3.64 < 0.001

CBF decreases: PVT vs. Rest

R. Occipital 213 22 —60 —6 3.95 < 0.001

(B) CBF decreases: Rest 2 vs. Rest 1

R. Middle frontal gyrus 317 10 58 18 4.03 < 0.001*

L. Middle frontal gyrus 59 —34 12 44 3.87 < 0.001

Thresholds were set as uncorrected p < 0.001. **The clusters meet FWE corrected p < 0.001, *The clusters meet FWE corrected p < 0.05.L, left, R, right.
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Region Cluster size MNI coordinates Peak Z Peak p

X y z (uncorrected)
CBF increases: PVTq5-PVTq1
R. Superior Temporal Gyrus 374 58 -2 0 3.89 < 0.001*
R. Hippocampus 57 34 —24 —6 3.43 < 0.001
CBF decreases: PVTq1-PVTq5
L. Cerebellum 169 -2 —64 —22 3.80 < 0.001
L. Occipital Cortex 113 —50 —58 —6 3.54 < 0.001
L. Middle Frontal Gyrus 64 -30 26 30 3.53 < 0.001
L. Middle Frontal Gyrus 80 -30 40 16 3.42 < 0.001

Thresholds were set as uncorrected p < 0.001

. *The clusters meet FWE corrected p < 0.05.L, left, R, right.
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Values were presented as mean +SD or median (IQR) or number (proportion).

Statistically significant p values were shown in bold. *p<0.05; **p<0.01; ***p<0.001
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Characteristics No. cases (n)  Ratio (%)
(Total n = 169)

Gender
Male 17 6923
Female 52 3077
Age (years)
Male (Mean age 61.43:12.66)
<30 3 256
30-39 1 085
40-49 17 1453
50-59 2 2137
60-69 36 30.77
70-79 4 2051
=80 11 9.40
Female (Mean age 59.98 % 12.76)
<30 2 385
30-39 1 192
40-49 5 962
50-59 13 2500
60-69 18 3462
70-79 12 2308
>80 1 192
Profession
Farmers 85 5030
State organization and enterprise workers 2 13.02
Unspecified 20 1183
Retirees 17 10.06
Factory floor workers 10 592
Teachers 5 296
Unemployed 3 178
Other 3 178
Housewife 2 118
Medical staffs 1 059
Self-employed workers 1 059
Medical history
Health 87 5148
Unknown 31 18.34
Hypertension 2 1243
Cerebral infarction 7 414
Diabetes 7 414
Nephritis and Nephropathy 5 296
Coronary heart disease 3 178
Pulmonary tuberculosis 3 178
Hepatitis B 2 118
Brain trauma 2 118
Parkinson's disease 1 059
Hospitalization expenses ($)
<10,000 100 59.17
10,000-20,000 34 2012
20,000-50,000 12 7.10

250,000 2 13.61
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Countries/Districts

Seven provinces of China
United States of America
Alberta of Canada

Japan

Hong Kong

South-East England
Ireland

Italy

s,
SDonaghy et al., 2009; $Doi et

Prevalence (per 100,000)

124
500
607
9.90
3.04
491
5.00
789

Duration

2015-2016
2012-20131
199419952
2009-20100
20014
20061
2004-20051¢)
200417

son et al, 1999; 2Fong et al,, 2005; *Abhinav et al,, 2007; 4Chid et al,, 2009;
,2014;7Mehta et al., 2016.
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Variables

Velocity

Stride length
Cadence

Step length CV/
Double support

*p for interaction effect was obtained using the two-way ANOVA with interaction test (diagnosis x motor phenotype) on gait parameters.

Interaction effect (cognitive
status x motor phenotype)

F-value/p-value*

2.08/0.151
2.66/0.104
0.09/0.765
0.05/0.821
1.88/0.172

Main eftect 1
(cognitive status)

F-value/p-value

6.65/0.011
6.05/0.015
1.96/0.162
0.06/0.811
3.49/0.063

Main eftect 2
(motor phenotype)

F-value/p-value

23.53/ < 0.001
30.42/ < 0.001
0.01/0.935
5.45/0.020
14.79/ < 0.001

'V, coefficient of variation.
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PD-MCI

OR* (95% CI) P
Symptoms
Easy falling 1.68 (0.60-4.72) 0.322
Freezing of gait 2.84 (1.08-7.43) 0.034
Gait ignition failure 1.71 (0.59-4.97) 0.328
Gait parameters
Velocity 0.98 (0.97-0.99) 0.022
Stride length 0.98 (0.97-0.99) 0.021
Cadence 0.99 (0.97-1.01) 0.273
Step length CV 0.98 (0.88-1.09) 0.756
Double support ratio 1.04 (1.00-1.09) 0.070

MCI, mild cognitive impairment; PD, Parkinson’s disease; OR, odds ratio; CI, confidence
interval; CV, coefficient of variation. *Adjusted OR for MCI was obtained using
logistic regression analyses with each gait-related symptom or gait parameter as a
single independent predictor, after controlling for age, sex disease duration, and
motor phenotype.
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Velocity Stride length Cadence Step length CV Double support ratio

DST backward 0.241%* 0.250%** 0.062 -0.105 -0.195*
BNT 0.042 0.101 -0.099 -0.036 -0.051
RCFT copy 0.094 0.156* -0.082 -0.100 -0.031
SVLT dr 0.039 0.046 -0.017 -0.066 -0.018
RCFT dr 0.065 0.090 -0.049 -0.056 -0.034
COWAT animal 0.199* 0.222%* 0.001 -0.064 -0.159*
COWAT phonemic 0.232%* 0.250%** 0.015 -0.095 -0.183*
Stroop CR 0.215** 0.263*%* -0.012 -0.134 -0.201*

CV, coefficient of variation; DST, Digit Span Test; BNT, Boston Naming Test; RCFT, Rey-Osterrieth Complex Figure Test; SVLT, Seoul Verbal Learning Test; COWAT, Controlled Oral
Word Association Test; CR, color reading. *p-value < 0.05, **p-value < 0.005, ***p-value < 0.001.
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All (n=44)

#Falls (pre-6 mo and in study, n = 44)

Fall Rate Mean (#/1000 patient days, pre-6 mo and in study, n = 44)
Fall Rate Median

#Fallers (pre-6 mo and at 6 mo in study, n = 44)

Falls no treatment sought

Falls treatment sought + severe injury

Pre-Fallers (n = 25)

#Falls (pre-6 mo and in study, n = 25)

Fall Rate Mean (#/1000 patient days, pre-6 mo and in study, n = 25)
Fall Rate Median

#Fallers (pre-6 mo and at 6 mo in study, n = 25)

Falls no treatment sought

Falls treatment sought + severe injury

Pre-Non-Fallers (n = 19)

#Falls (pre-6 mo and in study, n = 19)

Fall Rate Mean (#/1000 patient days, pre-6 mo and in study, n = 19)
Fall Rate Median

#Fallers (pre-6 mo and at 6 mo in study, n = 19)

Falls no treatment sought

Falls treatment sought + severe injury

Baseline (SD)

53
6.7 (7.7)
5.6
25
n/a

n/a

53
11.8 (6.7)
11.1
25
n/a

n/a

0(0)
0
0
n/a

n/a

26-weeks (SD)

39
48(7.7)
0
20
31
4+4

31
6.7 (9.5)
5.0
13
25
3+3

8
23(3.3)
0
7
6
Ll

P-level

n/a
n/a
0.044*
0.28
n/a

n/a

n/a
n/a
0.0043*
<0.0001
n/a

n/a

n/a
n/a
0.023*
<0.0001
n/a

n/a

All 44 individuals were asked to report their falls throughout the 26-week period. Data for Pre-Fallers and Pre-Non-Fallers are presented separately. Fall rates are reported in number of falls per

1000 patient days. Fall rates were not normally distributed (Shapiro-Wilk W-stat = 0.82). Statistical significance is indicated in bold.

*Wilcoxon Signed Rank test.
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Motor phenotype
AR/TD

Demographics

Age (years)

Sex, females
Education (years)
Disease duration
Hypertension
Diabetes

Easy falling
Freezing of gait
Gait ignition failure
Gait parameters
Velocity (m/s)
Stride length (m)
Cadence

Step length CV
Double support (%)

PD-NC
(n=111)

40 (36.0%)/71
(64.0%)

69.8+7.3
71 (64.0%)
8447
2584271
51 (45.9%)
21 (18.9%)
6 (5.4%)
7 (6.3%)
6 (5.4%)

84.5420.5
94.8 £ 20.0

107.8 £ 14.6
26+2.6
304+54

PD-MCI
(n=146)

50 (34.2%)/96
(65.8%)

71.9 £ 8.0
76 (52.1%)
87+49
27.6+27.
72 (49.3%)
37 (25.3%)
14 (9.6%)
22 (15.1%)
13 (8.9%)

77.7 £23.1
88.3+£23.8

105.6 +10.8
25422
32.0£72

P-value

0.766

0.036
0.056
0.677
0.611
0.592
0.222
0.215
0.028
0.288

0.014
0.021
0.161
0.812
0.051

Values are presented as the mean =+ standard deviation. PD-NC, Parkinson’s disease-

normal cognition; PD-MCI, Parkinson’s disease-mild cognitive impairment; AR, akinetic

rigid-type PD; TD, tremor-dominant-type PD; GV, coefficient of variation.
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Baseline assessment All Pre-F Pre-NF P-level

n=44 n=25 n=19

Gender Female (n) 8 of 44 (18%) 8 of 25 (32%) 00f 19 (0%) <0.01
Use of Assistive Device (n) 25 of 44 (57%) 18 of 25 (72%) 7 of 19 (37%) 0.02
Gait speed self-selected < 0.7 m/s (n) 8 of 44 (18%) 7 of 25 (28%) 1 0f 19 (5%) 0.052
Timed Up and Go > 12 s (n) 21 of 44 (48%) 16 of 25 (64%) 50f 19 (26%) 0.013
4-Stage Balance Test < 30 s (n) 28 of 44 (64%) 18 of 25 (72%) 10 of 19 (53%) 0.19
ABC Score < 67% (n) 24 of 44 (54%) 17 of 25 (68%) 7 of 19 (37%) 0.04
Fallen in Last 6 months (n) 25 of 44 (57%) 25 of 25 (100%) 0 0f 19 (0%) n/a
Fallen in Last 12 months (n) 31 of 44 (70%) 25 0f 25 (100%) 6 0f 19 (32%) <0.0001
Number of Falls 6 months 53 53 0 n/a
Number of Falls 12 months 106 97 of 106 (92%) 9 of 106 (8%) <0.0001

Mean (SD) Mean (SD) Mean (SD) P-level

n=44 n=25 n=19

Age (yrs) 73.5(7.8) 73.1(7.9) 73.9 (7.8) 0.72
Height (m) 1.76 (0.09) 1.76 (0.12) 1.76 (0.05) 0.96
Weight (kg) 90.7 (15.3) 89.7 (17.3) 92.0 (12.5) 0.63
BMI (kg/mz) 29.4 (4.6) 29.0 (5.2) 29.8 (3.8) 0.59
FGA score 15.3 (3.7) 13.9 (3.4) 17.3 (3.3) <0.002
Gait Speed, Self-selected (m/s) 0.89 (0.23) 0.83(0.23) 0.97 (0.21) <0.05
Gait Speed, Fast (m/s) 1.29 (0.36) 1.13 (0.29) 1.50 (0.35) <0.0005
TUG (s) 12.9 (4.0) 14.1 (4.4) 11.4 (2.8) <0.026
4-Stage Balance Test (s) 25.9(7.2) 24.5(6.3) 27.8(8.1) 0.14
Fall-Risk Factors* (n of 7) 3.4(1.5) 4.3(0.9) 2.2(1.1) <0.0001
# Chronic Conditions 8.3(3.3) 8.8(3.3) 7.5(3.3) 0.21
ABC Score (%) 62.9 (16.2) 57.8 (14.0) 69.6 (16.8) <0.02
VADL Mean Score 3.7(1.1) 4.1 (1.0) 3.1(0.8) <0.001
VAS Pain Score (0-10) 29(2.1) 3.0 (2.1) 28(22) 0.89
PHQ-9 4.7 (4.0) 5.7 (4.5) 3.3(2.9) 0.052
Pain InterferencePROMIS® 6b 50.9 (8.1) 52.7(7.7) 48.5 (8.1) 0.09
Satisfaction Social RolesPROMIS® 8a 49.8 (7.0) 49.8 (6.7) 49.9 (7.5) 0.96
Ability to ParticipatePROMIS® 8a 49.9 (7.4) 48.4 (6.7) 51.8 (8.0) 0.13

Participants who reported having fallen in the past 6 months (Pre-F) and those who did not (Pre-NF) are reported separately. Values represent Mean (Standard Deviation). Column p-level
shows significance level for comparison between the Pre-F and Pre-NF groups. In bold if p < 0.05.

*Fall-risk factors assessed in the current study included, recent history of falls (Tinetti and Kumar, 2010), PN diagnosis (Richardson and Hurvitz, 1995), FGA score <23 (Wrisley and
Kumar, 2010), TUG >12 s (CDC 2017), 4-Stage Balance Test <30 s (CDC, 2017), Gait Speed <0.7 m/s (Studenski et al,, 2003, Montero-Odasso et al., 2005), and ABC score <67% (Lajoie
and Gallagher, 2004).
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FGA score

Gait speed self-selected (m/s)

Gait speed fast (m/s)
TUG (s)
4-Stage Balance Test (s)

R/L 1st MTP joint

R/L lateral malleolus

R/L patella

Pre-Fallers

FGA score

Gait speed self-selected (m/s)
Gait speed fast (m/s)

TUG (s)

4-Stage Balance Test (s)

R/L 1st MTP joint

R/L lateral malleolus
R/L patella

Pre-Non-Fallers

FGA score

Gait speed self-selected (m/s)
Gait speed fast (m/s)

TUG (s)

4-Stage Balance Test (s)

R/L 1st MTP joint

R/L lateral malleolus

R/L patella

Statistical significance is indicated in bold. Bonferroni’s adjustment of significance levels for correlated measures was applied (Uitenbroek, 1997).

Baseline Mean (SD)
n=30

15.0 (3.9)
0.89 (0.26)

1.30 (0.41)
13.2 (4.6)
25.6(7.2)

2.8(2.5)
3.8(2.2)

4.0(2.2)

Baseline Mean (SD)
n=18

13.7(3.7)

0.82 (0.25)
1.13 (0.33)
14.5 (5.0)
23.5(6.5)

29(24)

3.75 (2.1)
4.2(2.0)

Baseline Mean (SD)
n=12

17.0 (3.3)

1.00 (0.25)
1.56 (0.40)
11.1(3.1)
28.7 (7.4)
2.5(2.8)
3.7 (2.5)
3.7 (2.5)

26-week Mean (SD)
n=30

19.2 (4.1)
(0.69) 0.036*

0.97 (0.28)
(0.80) 0.040*

1.37 (0.42)
12.3 (3.4)

28.4(5.7)
(0.65) 0.034*

22(24)

3.2(2.1)
(0.60) 0.032*

4.0 (1.8)

26-week Mean (SD)
n=18

18.1 (3.6)
(0.72) 0.037*

0.90 (0.29)
1.23 (0.37)
13.0 (3.9)

27.7 (5.4)
(0.69) 0.037*

1.8 (2.0)
(0.55) 0.03*

3.25(1.9)
4.0 (1.9)

26-week Mean (SD)
n=12

20.8 (4.3)
(0.56) 0.031*

1.08 (0.25)
1.59 (0.42)
113 (2.5)
29.5(6.1)
2.7 (2.8)
3.1(24)
40(17)

P-level

<0.00001

0.02

0.07
0.20
<0.01

0.07
0.032

0.91

P-level

<0.0001

0.12

0.07

0.14
<0.02

0.005

0.07
0.64

P-level

0.004

0.06
0.63
0.78
0.65
0.76
0.21
0.68

Cohen’s d,y,
(95% CI’s)

1.38 (0.82-1.94)
0.49 (—0.03-1.0)

n/a
n/a

0.47 (—0.05-0.98)

n/a

0.32 (—0.19-0.83)

n/a

Cohen’s d;m,
(95% CI’s)

1.58 (0.83-2.33)

n/a
n/a
n/a

0.82 (0.14-1.50)
0.58 (—0.09-1.24)

n/a

n/a

Cohen’s d;p,
(95% CI’s)

1.23 (0.36-2.10)

n/a
n/a
n/a
n/a
n/a
n/a

n/a

Values in (italics) indicate Pearson’s correlation coefficient followed by the adjusted significance level required for an overall significance of 0.05 as marked with *.

Cohen’s d;, indicates effect size for change between baseline and 26 weeks where 0.2 is represents a small effect, 0.5 a medium effect, and 0.8 a large effect. Values in parenthesis show 95%

confidence interval. “Estimate the effect size for single-group pretest-posttest designs” (Morris and DeShon, 2002).
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Baseline Mean (SD) 26-week Mean (SD) P-level

n=44 n=44

ABC-Score (%) 629 (16.2) 65.1 (14.8) 0.39

VADL Mean Score 3.70 (1.06) 3.46 (1.10) 0.08

VAS Score (0-10) 29(2.1) 28(22) 0.66

PHQ-9 47 (4.0) 3.9(4.2) 0.14

Pain Interference PROMIS® 6b 50.9 (8.1) 51.1(8.3) 0.88

Satisfaction Social Roles PROMIS® 8a 49.8 (7.0) 51.9 (8.3) 0.075
Ability to Participate PROMIS® 8a 49.9 (7.4) 52.6 (8.6) <0.05
Pre-Fallers (n = 25) Baseline Mean (SD) 26-week Mean (SD)

ABC-Score (%) 57.8 (13.9) 59.1 (14.4) 0.73

VADL Mean Score 4.14 (1.00) 3.95(0.79) 0.32

VAS Score (0-10) 3.0(2.1) 3.1(1.9) 0.76

PHQ-9 57 (47) 5.1 (4.5) 0.22

Pain Interference PROMIS® 6b 52.7(8.0) 52.9 (7.3) 0.86

Satisfaction Social Roles PROMIS® 8a 49.8 (6.7) 49.2 (6.8) 0.69

Ability to Participate PROMIS® 8a 48.4(7.1) 50.0 (7.1) 0.12

Pre-Non-Fallers (n =19) Baseline Mean (SD) 26-week Mean (SD)

ABC-Score (%) 69.6 (17.1) 73.0 (12.0) 0.34

VADL Mean Score 3.11 (0.86) 2.81 (1.00) 0.14

VAS Score (0-10) 28(2.2) 24 (2.4) 0.35

PHQ-9 33(2.9) 24(3.5) 0.35

Pain Interference PROMIS® 6b 48.5(8.1) 48.6 (9.2) 0.96

Satisfaction Social Roles PROMIS® 8a 49.9(7.7) 55.5(8.9) 0.006
Ability to Participate PROMIS® 8a 51.8(7.5) 55.0 (10.0) 0.18

Data are shown separately for the group as a whole and for Pre-Fallers (having reported fallen in the prior 6 months) and Pre-Non-Fallers (no falls reported in the prior 6 months). Statistical

significance is indicated in bold.
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Bacteria

Phylum Bacteroidetes
Firmicutes
Family Prevotellaceae
Lachnospiraceae
Enterococcaceae
Lactobacillaceae
Blautia
Akkermansia
Enterobacteriaceae
Genus Faecalibacterium
Bacteroides
Prevotella
Clostridium
Verrucomicrobiacea Faecalibacteriume
Ruminococcus
Lactobacillus
Roseburia
Oscillospira

Bifidobacterium
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*nt refers to number of studies reporting increased abundance of gut microbiota in PD

patients compared to controls. n| refers to number of studies reporting decreased abundance.
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Microbial metabolites

SCFAs

Deleterious amino acids

TMAO

Function

Modulate HIF

Activate microglia

Induce oxidative stress, bind the N-terminal region
of the amyloid beta peptide and damage
colonocytes

Transform the conformation of a-synuclein

Reducing the expression of tight junction proteins
and cause inflammation

Potential roles in PD

Coordinate gut barrier protection and regulate
inflammatory responses

Induce increased a-synuclein aggregation in the
brain and aggravate motor deficits

Promote inflammatory responses and a-synuclein
aggregation in the CNS, and damage the gut
barrier

Prevent the a-synuclein aggregation

Disrupt the blood-brain barrier

References

Kelly et al., 2015

Sampson et al., 2016

Diether and Willing, 2019;
Vascellari et al., 2021

Jamal et al., 2017

Janeiro et al., 2018

SCFAs, Short-chain fatty acids; HIE, Hypoxia-inducible factor; CNS, Central nervous system; TMAO, Trimethylamine N-oxide.
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Liu et al. (2021)
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Zhang et al. (2021)

Lin et al. (2016) Inflammatory bowel disease
Peter et al. (2018)

Weimers et al. (2019)

Villumsen et al. (2019)

Park et al. (2019)
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Fujioka et al. (2017)

Kang et al. (2021) Microscopic colitis

Tian et al. (2021) Gastrointestinal neoplasms
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(2021)

Macerollo et al. (2017) Colonic diverticular disease

Association

Positive
Positive
Positive
Positive”
Positive”
Positive
Positive
Positive
Positive
Positive
Positive
Negative
Insigniﬁcant#
Positive*

Insignificant

Positive

Negative*
Positive*

Positive

Possible mechanisms

Abnormal gastrointestinal motility, small intestinal bacterial overgrowth

Age, gene mutations, gut microbiota dysbiosis, intestinal inflammation

Intestinal inflammation or drug side effects

Gut microbiota dysbiosis, gene mutations

Abnormal gut motility, gut microbiota dysbiosis, intestinal inflammation

Positive refers to patients with gastrointestinal diseases having higher risks of PD. Negative refers to patients with gastrointestinal diseases having lower risks of PD. Positive® refers to PD

patients having a higher prevalence of gastrointestinal diseases. Positive* refers to PD patients having higher risks of gastrointestinal diseases. Negative* refers to PD patients having lower risks

of gastrointestinal diseases. Insignificant refers to patients with gastrointestinal diseases not having higher risks of PD. Insignificant® refers to PD patients not having a higher prevalence of

gastrointestinal diseases.
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Class-1 hospitals

Class-2 hospitals

Class-3 hospitals

Total

Number of ALS
outpatients/ total
outpatients
(1/100,000)

2/832,380 (0.24/100,000)
12/5,082,237 (0.24/100,000)

112/8,194,585
(1.37/100,000)
126/14,109,202
(0.89/100,000)

Number of ALS
inpatients/ total
inpatients
(1/100,000)

15/453,506
(3.31/100,000)
128/549,267
(23.30/100,000)
143/1,002,773
(14.26/100,000)
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Districts Number of ~ Number of Prevalence of

ALS patients/ respondents / ALS
respondents total (1/100,000)
respondents
(%)

Jiangxi Province 6/160,983 2212 373
Jiangsu Province 0/14,600 2.00 0.00
Zhejiang Province 1/10,600 1.46 9.43
‘Gansu Province 0/20,786 2.86 0.00
Henan Province 2/52,081 7.16 384
Sichuan Province 0/18,950 2.60 0.00
Shandong Province 0/449,718 61.80 0.00

Total 91727,718 124
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Male
Male
Male
Male
Female
Female
Male
Male
Male

40
45
62
7
46

40
50

Farmer
Farmer
Truck driver
Farmer
Farmer
Unemployed
Farmer
Farmer

Farmer

Medical
history

Unknown
Unknown
Unknown
Unknown
Unknown

Diabetes

Hepa
Unknown

Unknown

Family
history

None
None
None
None
None
None
ALS

ALS

None

Survival
duration

3 years
1 years
0.5 years
1 years
dyears
3 years
8 years
6 years

2 years
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