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Parkinson’s Disease

Body-First and Brain-First
Parkinson’s Disease

An accumulating body of evidence supports that Lewy
pathology commonly originates in nerve fibres outside
the brain.*” Alpha-synuclein proteins likely begin
aggregating in peripheral nerves and this process then
spreads inside nerve cells and can also be transmitted
between them.>° It seems likely that Lewy pathology
initially forms in a very localized manner but then
spreads through the micro-architecture of the nervous
system. Accumulating intracellular Lewy pathology leads
to damage and eventually death in a range of vulnerable
nerve cells, leading to the many debilitating symptoms of
LBD.

Our understanding of potential trigger mechanisms and
vulnerability factors is still limited. Many potential
trigger mechanisms have been linked to increased LBD
risk, including toxins (e.g. pesticides), infections, and
inflammatory diseases.”® Rather than a single “smoking
gun’”, it seems probable that LBD can be initiated by
various external factors, particularly in genetically
susceptible, older individuals.

BvB: body-first and brain-first; LBD: Lewy body disease; PD:
Parkinson’s disease; RBD: REM sleep behaviour disorder; iRBD:
isolated REM sleep behaviour disorder; OB: olfactory bulb; DLB:
dementia with Lewy bodies; CT: computed tomography.
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The Body- and Brain-first model

The BvB model proposes that in most cases of
LBD, the first pathological alpha-synuclein
aggregates are formed either in the gut or the
olfactory bulb (Figure 1)*"°"%, In body-first LBD,
Lewy pathology originates in the enteric
nervous system of the gut and invades the
brain via the parasympathetic vagus nerve and
the sympathetic autonomic nerve fibres. These
body-first patients commonly develop
autonomic symptoms and REM sleep
behaviour disorder (RBD) years before the
clinical diagnosis. In contrast, most cases with
brain-first LBD are triggered in the olfactory
epithelium in the nose, where Lewy pathology
invades the brain via the olfactory nerve. By
this route, the pathology reaches the
dopaminergic cells faster and the prodromal
phase of brain-first LBD is therefore shorter.
Brain-first patients generally do not develop
autonomic problems or RBD before diagnosis —
but most patients will develop these symptoms
after diagnosis; however, most will develop
these symptoms later as the spreading
pathology inevitably affects all parts of the
nervous system in advanced stages of LBD.
Thus, while body- and brain-first patients start
out very differently, they become increasingly
similar as the disease progresses.

Clinical Brain- and Body-First
Types

The clinical trajectory of LBD is often
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summarized as shown in Figure 2A. This
creates the impression of a relatively
homogeneous disease course, beginning with
autonomic symptoms like constipation 20
years before diagnosis, followed by RBD and
hyposmia, until finally motor symptoms
emerge (Figure 2A). However, this disease
trajectory is only representative of a minority
of patients with Parkinson’s disease (PD) and is
therefore an oversimplification.

In fact, only around one-third of PD patients
develop RBD and constipation before
diagnosis“'®. The BvB model suggests that this
clinical subtype reflects a body-first origin of
the disease. The other two-thirds of PD
patients typically do not develop RBD or
constipation before parkinsonism emerges.
Indeed, they have mild or sometimes no non-
motor symptoms at the time of diagnoses
(Figure 2B). The BvB model suggests that this
clinical subtype with mild or no “bodily
symptoms” before diagnosis reflects a brain-
first origin of the disease, where the pathology
is initiated in the olfactory system of the nose
or sometimes in the brain itself (typically the
limbic system).

Notably, most brain-first patients eventually
develop the same symptoms as body-first
patients, but in reversed order. Around one-
third of PD patients have RBD at the time of
diagnosis, and the sleep disorder typically
appeared many years before motor symptoms.
However, 10 years after diagnosis, 87% of PD
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Figure 1. Body-First vs Frain-First Lewy Body Disease

Characteristics of proposed body-first and brain-first subtypes of PD. Arrows indicate the direction
of spread of a-synuclein pathology. In body-first Parkinson disease (left), the first a-synuclein
aggregation occurs in the gut and propagates through the sympathetic nervous system to the
sympathetic trunk and heart, and via the vagus nerve to the brainstem. Autonomic dysfunction and
REM sleep behaviour disorder (RBD) are prodromal features. In brain-first PD (right), the initial a-
synuclein pathology enters via the olfactory bulb (OB) and spreads to the amygdala and nigrostriatal
dopamine system. The pathology then descends through the brainstem and RBD and dysautonomia
generally develop after the onset of parkinsonism. During the later disease stages, nearly all patients
have widespread pathology in these systems and their symptomatology therefore converges.

The BvB model posits that PD and dementia
with Lewy bodies (DLB) are variants of the

patients have RBD, meaning that most of the pathology component in these two disease
originally RBD-negative patients have now types is indis'cinguishable.20 On the other hand,
developed RBD."”"® The same trend is seen for it is well known that DLB patients on average
constipation and many other symptoms. " have significantly more Alzheimer-type co-

pathology compared to non-demented PD
patients, which is believed to significantly
contribute to the different clinical appearance

same disease. More specifically, that the Lewy of DLB.2"??
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Importantly, the BvB model proposes that the
majority of DLB patients have body-first Lewy
body disease. Studies indicate that over two-
thirds of DLB patients develop RBD before
525 Other studies report that DLB
patients develop much more frequent
constipation, urinary dysfunction, and
orthostatic hypotension prior to diagnosis
when compared to PD.”” In summary, these
findings suggest that most PD patients have
brain-first Lewy body disease, whereas most
DLB patients have body-first Lewy body

diagnosis.

disease.

In summary, these findings
suggest that most PD
patients have brain-first Lewy
body disease, whereas most
DLB patients have body-first
Lewy body disease.

Imaging Brain- and Body-First

If the BvB model is correct, it would be
expected that imaging can demonstrate signs
of neurodegeneration in the autonomic
nervous system of the gut and heart years
before dopamine loss commences in body-first
patients. In contrast, brain-first patients should
show signs of dopamine loss on brain scans
first, and develop pathology on heart and gut
imaging only later (Figure 3).

These studies require a complex set-up, as
patients must undergo multiple imaging
modalities, often unavailable within a single
department. Also, patients need to be included
at the earliest possible disease stage, where
the contrasting brain- and body-first imaging
patterns are clearest. As the disease
progresses, LBD patients tend to converge and

b2

neurotorium

show pathology on most imaging parameters.
It is also important to include other robust
methodologies such as video-
polysomnography to diagnose RBD, and to
document whether RBD developed before or
after diagnosis in the patient population.

Utilizing multi-modal imaging, it has been
documented that approximately 95% of
patients with isolated RBD (prodromal body-
first LBD) exhibit severe degeneration of
sympathetic terminals in the heart, measured
by [123I]MIBG scans. In most RBD cases, the
heart is invisible on these scans (Figure 3, top
panel). In contrast, around 70% of these iRBD
patients still have normal brain dopamine
scans, and those patients with pathological
dopamine scans generally show significantly
less severe dopamine loss compared to newly
diagnosed PD patients."”***' Such iRBD
patients also show delayed colonic transit time
and enlarged colon volumes on CT scans
compared to PD patients without RBD.*”

In most body-first cases, the
heart starts to degenerate 8-
10 years or more before the
dopamine system starts to
decline, and 16-20 years
before the patient is
diagnosed.

It can be estimated that it takes approximately
8-10 years for the heart to become invisible on
MIBG scans (based on data from Tsujikawa et
al.*®). It is also known that it takes on average 8
years for a prodromal iRBD patient to convert
to clinical PD or DLB.*” This means that in most
body-first cases, the heart starts to degenerate
8-10 years or more before the dopamine
system starts to decline, and 16-20 years
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Figure 2: The Trajectory of Brain-First and Body-First PD

In Parkinson’s Disease (PD), the disease course is often summarized as depicted in panel A. Patients
develop autonomic symptoms such as constipation and REM sleep behaviour disorder (RBD) 10-20
years before diagnosis. This trajectory is however only representative of around 1/3 of PD patients,
but 2/3 or more of dementia with Lewy bodies patients follow this trajectory. B. The other 2/3 of PD
patients typically follow the disease course depicted in panel B. They have mild or no obvious non-

motor symptoms before diagnosis. Yet, most of these patients will develop RBD, autonomic problems

and other symptoms after diagnosis.

before the patient is diagnosed.

Newly diagnosed PD patients without RBD and
minimal autonomic problems (brain-first) have
clearly pathological dopamine brain scans, but
they typically show normal or near-normal
MIBG heart scans (Figure 3, bottom panel).
They also show normal colon transit time and
volumes, near-normal cholinergic signal in the
colon evidencing limited parasympathetic
denervation, and normal integrity of the locus
coeruleus on MRI scans.'**”’
pattern shows that brain-first LBD at the time
of diagnosis exhibits clear, measurable

Collectively, this

pathology in the top of the brainstem, where
the dopamine neurons are located, but limited
or no measurable neurodegeneration or
dysfunction below this level. This aligns with
the brain-first subtype of LBD, where
pathology begins above the brainstem.

Of note, MIBG studies consistently
demonstrate that all later stage PD patients
display severely pathological scans, i.e. an
invisible heart.*** Thus, severe degeneration
of the cardiac sympathetic nerves seems to be
inevitable and occurs in all LBD patients. In
most body-first patients, this degeneration
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Figure 3: Trajectories of Neurodegeneration in Body- and Brain-First Subtypes of Lewy Body
Disease

Trajectories of neurodegeneration in body- and brain-first subtypes of Lewy body disease. In body-
first patients (top panel) the sympathetic innervation of the heart starts to degenerate 15-20 years
before diagnosis. Prodromal patients with isolated RBD (iRBD) nearly all have severe cardiac
denervation (invisble heart), but a normal or near-normal dopamine scan of the brain. When
diagnosed with PD, these patients typically have a dopamine scan with rather symmetric loss in the
putamen and an invisible heart. In brain-first patients (bottom panel), the dopamine system starts to
degenerate early. At the time of PD diagosis, these patients often shown quite asymmetric dopamine
loss in the putamen, but most patients still have a normal or near-normal heart scan. A few years

later, brain-first patients will start to show loss of the cardiac sympathetic innervation.

starts more than 16 years before diagnosis,
whereas in most brain-first patients, the
cardiac degeneration develops after diagnosis.

Postmortem Brain- and Body-
First

In 2003, a landmark hypothesis was proposed
by the German neuropathologist Heiko
Braak.””** In short, this model suggested that
Lewy pathology in all cases of PD initially
appears in the gut and in the olfactory bulb.
However, it was proposed that the olfactory
pathology was not significant, since it did not
spread very far. The Braak model therefore
postulated that the earliest defining pathology
is that in the parasympathetic nucleus at the
bottom of the brainstem, from where it climbs
sequentially upwards, reaching the dopamine
cells, and eventually the cortex.

Following the Braak model's publication,
studies revealed that many early-stage
postmortem cases lacked pathology in the
parasympathetic nucleus but exhibited it in the
limbic system, olfactory bulb, and upper
brainstem.”>** This was taken as evidence that
not all cases followed the spreading pattern

predicted by the Braak model.

A competing model was developed, which

described brainstem-predominant and limbic-
predominant neuropathological subtypes45.
However, this model suggested that Lewy
pathology in all cases of LBD originates in the
olfactory system and never in the gut.”®“** This
alternative interpretation is also very difficult
to reconcile with clinical and imaging evidence
reviewed above. For this hypothesis to be true,
Lewy pathology originating in the olfactory
system would have to spread to the
sympathetic postganglionic neurons, which is
almost at the other end of the nervous system,
leading to complete degeneration of this
system over a 10-year period, while leaving the
next-door neighbour, the highly vulnerable
dopamine system, unharmed for a decade or
more.

The BvB model can be seen as a fusion of these
two previous models. In body-first LBD, the
first pathology is triggered in the gut, and
spreads via the vagus nerve to the
parasympathetic nucleus in the brainstem as
proposed by Braak, but also via the
sympathetic nerve fibres to the paravertebral
ganglia, which is how the pathology reaches
the heart so early.” Animal studies have
demonstrated that upon injection of Lewy
pathology-like material in the gut of rodents,
the pathology spreads equally well via the
vagus and the sympathetic system, and that
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the pathology in the ganglia and heart most
likely comes via the sympathetic route.””? |
brain-first LBD, the pathology is triggered in
the olfactory system or sometimes originates in
the amygdala or other brain structures. The
pathology then spreads via the connectome in
the opposite direction of that seen in body-first

cases.

n

Gradients in postmortem
studies

An important yet often overlooked aspect of
the BvB model is the concept of Lewy
pathology gradients. This concept builds on
the assumption that Lewy pathology displays
certain characteristics. First, that the
pathology starts very localized and spreads
across synapses to connected neurons.
Second, that the pathology builds up in each
affected nucleus over time. If these
assumptions are correct, gradients of
pathology would be expected to emerge, and
to be clearly discernible at the early stages of
LBD before the brain is saturated with
pathology and before significant neuron death
has occurred.

Early body-first cases would be expected to
show most pathology in peripheral
sympathetic autonomic ganglia and at the
bottom of the brainstem, and then
progressively less pathology in the upper
brainstem and limbic system. Early brain-first
cases would show most pathology in the
olfactory bulb and amygdala, less pathology in

the lower brainstem, and little or no pathology
in peripheral autonomic ganglia. These two
overarching types of graded Lewy pathology
have been clearly demonstrated in several,
recent postmortem studies.””"'>°' Moreover, the
proportion of cases with these two opposing
gradients is approximately 50/50. It should be
noted that less than 10% of postmortem cases
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show aberrant patterns, i.e. they represent
“rare exceptions”, whereas the two opposing
gradients represent “the rule” in postmortem
studies.

The presence of these gradients in early
incidental Lewy body disease is very
compatible with the BvB model. It is also very
compatible with the two opposing phenotypes
seen in imaging studies and clinical symptoms.
In contrast, these two gradients seem difficult
to explain if Lewy pathology in all cases started
in the gut™ and likewise, if it in all cases
started in the olfactory bulb.””

The two opposing gradients
explained above seem to be
much more stereotypical and
non-random. They point to
the olfactory bulb and
peripheral autonomic
neurons being the first
affected structures in most
cases of LBD.

Other authors have suggested alternative
models, which is built on the idea that Lewy
pathology does not spread from neuron to
neuron, but rather arises in neurons due to cell-
autonomous factors, induced by triggers
coming via the blood stream, or arising in the

52-55
However,

dopamine-motor cortex circuitry.
such models are also difficult to reconcile with
the two opposing gradients seen at
postmortem. Blood-borne factors could in
principle trigger the first Lewy pathology
anywhere in the brain, and “multi-focal” cases
would also be expected to occur, i.e. cases

with restricted pathology in far removed, non-
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connected brain regions.

This is not what the postmortem evidence
shows. The two opposing gradients explained
above seem to be much more stereotypical and
non-random. They point to the olfactory bulb
and peripheral autonomic neurons being the
first affected structures in most cases of LBD.
By extension, this suggests that the first Lewy
pathology is not triggered by blood-borne
factors, but by factors affecting the epithelium
in the gut and nose, which could include toxins
(e.g. pesticides), infections, and inflammation?.

Dementia

As mentioned above, a large number of clinical
studies show that body-first symptoms,
including RBD, constipation, and orthostatic
hypotension are much more common in
prodromal DLB compared to prodromal PD.
Also, in patients diagnosed with PD, the
presence of these body-first symptoms at the
time of diagnosis is a risk factor for faster
progression towards dementia.”®*® This
suggests, perhaps somewhat
counterintuitively, that body-first LBD leads to
more rapid dementia than brain-first disease.
There may be several explanations for this.

The BvB model proposes that body-first LBD is
inherently a more symmetric brain disease,
since Lewy pathology arising in the gut may
spread in a symmetric manner via the left and
right vagus nerve and sympathetic
connections.” This is corroborated in animal
models.””®° Also, most imaging studies report
that body-first PD and DLB patients show more
symmetric dopamine loss on imaging

. . 61-68
compared to brain-first cases,

although a
single study did not corroborate these
findings.”” Of note, no postmortem studies
have systematically explored right-left
asymmetries of Lewy pathology, since all

modern brain banks conduct histology on

single hemispheres, since the other
hemisphere is fresh frozen for other types of
analyses.

If correct, the more symmetric involvement of
both hemispheres in body-first disease means
that these patients have less reserve capacity
compared to brain-first cases. Also, at the time
of diagnosis body-first cases have profound
(and possibly more symmetric) involvement of
several key modulatory systems, including the
raphe nuclei, locus coeruleus,
pedunculopontine nucleus, and cholinergic
basal forebrain. Dysfunction in these
subcortical systems may contribute to slower
cognition, impaired attention, fatigue, sleep
and mood disorders. They may also serve as an

efficient mechanism for spreading Lewy
pathology across the central nervous system,
since these systems collectively innervate the
entire brain in a diffuse manner. Thus, severe
involvement of these systems in body-first LBD
may lead to faster limbic and neocortical Lewy
body disease affecting both hemispheres.
These arguments are all speculative, but can
be tested in animal models, left-right
hemisphere comparisons in postmortem
studies, and especially, once an alpha-
synuclein PET tracer becomes available.

Conclusion

Patients with LBD exhibit significant
heterogeneity in symptom burden and disease
progression. Accumulating evidence support
that there is more than one subtype of LBD.
These subtypes are probably caused by
variable risk factors, triggers, and other
pathogenic mechanisms. Improved
understanding of LBD subtypes and the
underlying causative mechanisms is necessary
to pave the way for subtype-specific disease-
modifying therapies in the future.

The body-first and brain-first hypothesis of

8 https://neurotorium.org/body-first-and-brain-first-parkinsons-disease/


https://neurotorium.org/tool/brain-atlas/#cranial-nerves:-vagus-nerve
https://neurotorium.org/tool/brain-atlas/#pons:-raphe-nuclei
https://neurotorium.org/tool/brain-atlas/#pons:-locus-coeruleus

Body-First and Brain-First Parkinson’s Disease

LBD is a recently proposed theoretical disease
model, which attempts to account for some of
the variation seen among patients by focusing
on the plausible origin sites and spreading
patterns of aggregated alpha-synuclein.
Although the model seems to have some
explanatory power, it is likely an imperfect
approximation at best and needs to be further
validated and refined.

Improved understanding of
LBD subtypes and the
underlying causative
mechanisms is necessary to
pave the way for subtype-
specific disease-modifying
therapies in the future.

It is important to note that individual
vulnerability factors including different genetic
risks impact on the disease course among
patients. Some patients may have neurons that
are more vulnerable to intracellular Lewy
pathology, and they would conceivably
progress faster than patients with more
resilient neurons, even in the presence of
identical amounts of Lewy pathology.
Improved understanding of such mechanisms
will also identify novel treatment targets that
can be explored in clinical trials.

References

1. Beach, T. G. et al. Multi-organ distribution of
phosphorylated alpha-synuclein histopathology in
subjects with Lewy body disorders. Acta Neuropathol
119, 689-702, doi:10.1007/s00401-010-0664-3 (2010).

2.  Gelpi, E. et al. Multiple organ involvement by alpha-
synuclein pathology in Lewy body disorders. Mov
Disord 29, 1010-1018, doi:10.1002/mds.25776 (2014).

3. Tanei, Z. |. et al. Lewy pathology of the esophagus

correlates with the progression of Lewy body disease:

a Japanese cohort study of autopsy cases. Acta

10.

1.

12.

13.

14.

15.

16.

17.

2

neurotorium

Neuropathol 141, 25-37, doi:10.1007/s00401-020-
02233-8 (2021).

Borghammer, P. The alpha-Synuclein Origin and
Connectome Model (SOC Model) of Parkinson's
Disease: Explaining Motor Asymmetry, Non-Motor
Phenotypes, and Cognitive Decline. Journal of
Parkinson's disease 11, 455-474, doi:10.3233/JPD-
202481 (2021).

Goedert, M., Masuda-Suzukake, M. & Falcon, B. Like
prions: the propagation of aggregated tau and alpha-
synuclein in neurodegeneration. Brain 140, 266-278,
doi:10.1093/brain/aww230 (2017).

Uchihara, T. & Giasson, B. |. Propagation of alpha-
synuclein pathology: hypotheses, discoveries, and yet
unresolved questions from experimental and human
brain studies. Acta Neuropathol 131, 49-73,
doi:10.1007/s00401-015-1485-1 (2016).

Dorsey, E. R., De Miranda, B. R., Horsager, J. &
Borghammer, P. The Body, the Brain, the Environment,
and Parkinson's Disease. Journal of Parkinson's
disease 14, 363-381, doi:10.3233/JPD-240019 (2024).

Cocoros, N. M. et al. Long-term Risk of Parkinson
Disease Following Influenza and Other Infections.
JAMA Neurol 78, 1461-1470, doi:10.1001/
jamaneurol.2021.3895 (2021).

Weimers, P. et al. Inflammatory Bowel Disease and
Parkinson's Disease: A Nationwide Swedish Cohort
Study. Inflamm. Bowel Dis. 25, 111-123, doi:10.1093/
ibd/izy190 (2019).

Borghammer, P. & Van Den Berge, N. Brain-First
versus Gut-First Parkinson's Disease: A Hypothesis.
Journal of Parkinson's disease 9, $281-S295,
doi:10.3233/JPD-191721 (2019).

Borghammer, P. et al. Neuropathological evidence of
body-first vs. brain-first Lewy body disease.
Neurobiol. Dis. 161, 105557, doi:10.1016/j.
nbd.2021.105557 (2021).

Borghammer, P. et al. A postmortem study suggests a
revision of the dual-hit hypothesis of Parkinson's
disease. NPJ Parkinsons Dis 8, 166, doi:10.1038/s41531-
022-00436-2 (2022).

Horsager, J. et al. Brain-first versus body-first
Parkinson's disease: a multimodal imaging case-
control study. Brain 143, 3077-3088, doi:10.1093/brain/
awaa238 (2020).

Baumann-Vogel, H. et al. REM sleep behavior in
Parkinson disease: Frequent, particularly with higher
age. PLoS One 15, 0243454, doi:10.1371/journal.
pone.0243454 (2020).

Hogl, B., Stefani, A. & Videnovic, A. Idiopathic REM
sleep behaviour disorder and neurodegeneration - an
update. Nat Rev Neurol 14, 40-55, doi:10.1038/
nrneurol.2017.157 (2018).

Mollenhauer, B. et al. Nonmotor and diagnostic
findings in subjects with de novo Parkinson disease of
the DeNoPa cohort. Neurology 81, 1226-1234,
doi:10.1212/WNL.0b013e3182a6cbd5 (2013).

Sixel-Doering, F. et al. The increasing prevalence of

https://neurotorium.org/body-first-and-brain-first-parkinsons-disease/ 9


https://pubmed.ncbi.nlm.nih.gov/20306269/
https://pubmed.ncbi.nlm.nih.gov/20306269/
https://pubmed.ncbi.nlm.nih.gov/20306269/
https://pubmed.ncbi.nlm.nih.gov/20306269/
https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.25776
https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.25776
https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.25776
https://pubmed.ncbi.nlm.nih.gov/33150517/
https://pubmed.ncbi.nlm.nih.gov/33150517/
https://pubmed.ncbi.nlm.nih.gov/33150517/
https://pubmed.ncbi.nlm.nih.gov/33150517/
https://pubmed.ncbi.nlm.nih.gov/33150517/
https://pubmed.ncbi.nlm.nih.gov/33682732/
https://pubmed.ncbi.nlm.nih.gov/33682732/
https://pubmed.ncbi.nlm.nih.gov/33682732/
https://pubmed.ncbi.nlm.nih.gov/33682732/
https://pubmed.ncbi.nlm.nih.gov/33682732/
https://pubmed.ncbi.nlm.nih.gov/33682732/
https://pubmed.ncbi.nlm.nih.gov/27658420/
https://pubmed.ncbi.nlm.nih.gov/27658420/
https://pubmed.ncbi.nlm.nih.gov/27658420/
https://pubmed.ncbi.nlm.nih.gov/27658420/
https://pubmed.ncbi.nlm.nih.gov/26446103/
https://pubmed.ncbi.nlm.nih.gov/26446103/
https://pubmed.ncbi.nlm.nih.gov/26446103/
https://pubmed.ncbi.nlm.nih.gov/26446103/
https://pubmed.ncbi.nlm.nih.gov/26446103/
https://pubmed.ncbi.nlm.nih.gov/38607765/
https://pubmed.ncbi.nlm.nih.gov/38607765/
https://pubmed.ncbi.nlm.nih.gov/38607765/
https://pubmed.ncbi.nlm.nih.gov/38607765/
https://pubmed.ncbi.nlm.nih.gov/34694344/
https://pubmed.ncbi.nlm.nih.gov/34694344/
https://pubmed.ncbi.nlm.nih.gov/34694344/
https://pubmed.ncbi.nlm.nih.gov/34694344/
https://pubmed.ncbi.nlm.nih.gov/29788069/
https://pubmed.ncbi.nlm.nih.gov/29788069/
https://pubmed.ncbi.nlm.nih.gov/29788069/
https://pubmed.ncbi.nlm.nih.gov/29788069/
https://pubmed.ncbi.nlm.nih.gov/31498132/
https://pubmed.ncbi.nlm.nih.gov/31498132/
https://pubmed.ncbi.nlm.nih.gov/31498132/
https://pubmed.ncbi.nlm.nih.gov/31498132/
https://pubmed.ncbi.nlm.nih.gov/34763110/
https://pubmed.ncbi.nlm.nih.gov/34763110/
https://pubmed.ncbi.nlm.nih.gov/34763110/
https://pubmed.ncbi.nlm.nih.gov/34763110/
https://pubmed.ncbi.nlm.nih.gov/36450732/
https://pubmed.ncbi.nlm.nih.gov/36450732/
https://pubmed.ncbi.nlm.nih.gov/36450732/
https://pubmed.ncbi.nlm.nih.gov/36450732/
https://pubmed.ncbi.nlm.nih.gov/32830221/
https://pubmed.ncbi.nlm.nih.gov/32830221/
https://pubmed.ncbi.nlm.nih.gov/32830221/
https://pubmed.ncbi.nlm.nih.gov/32830221/
https://pubmed.ncbi.nlm.nih.gov/33284860/
https://pubmed.ncbi.nlm.nih.gov/33284860/
https://pubmed.ncbi.nlm.nih.gov/33284860/
https://pubmed.ncbi.nlm.nih.gov/33284860/
https://pubmed.ncbi.nlm.nih.gov/29170501/
https://pubmed.ncbi.nlm.nih.gov/29170501/
https://pubmed.ncbi.nlm.nih.gov/29170501/
https://pubmed.ncbi.nlm.nih.gov/29170501/
https://pubmed.ncbi.nlm.nih.gov/23997153/
https://pubmed.ncbi.nlm.nih.gov/23997153/
https://pubmed.ncbi.nlm.nih.gov/23997153/
https://pubmed.ncbi.nlm.nih.gov/23997153/
https://doi.org/10.1002/mdc3.13908

Body-First and Brain-First Parkinson’s Disease

i

neurotorium

REM sleep behavior disorder with Parkinson’s disease
progression: a polysomnography-supported study.
Mov Disord Clin Pract, doi:https://doi.org/10.1002/
mdc3.13908 (2023).

18. Sringean, J. et al. Rapid eye movement sleep behavior
disorder and rapid eye movement sleep without
atonia are more frequent in advanced versus early
Parkinson's disease. Sleep 44, doi:10.1093/sleep/
zsab067 (2021).

19. Schrag, A. et al. The late stage of Parkinson's -results
of a large multinational study on motor and non-
motor complications. Parkinsonism Relat Disord 75,
91-96, doi:10.1016/j.parkreldis.2020.05.016 (2020).

20. Borghammer, P., Okkels, N. & Weintraub, D.
Parkinson's Disease and Dementia with Lewy Bodies:
One and the Same. Journal of Parkinson's disease 14,
383-397, doi:10.3233/JPD-240002 (2024).

21. Petrou, M. et al. Amyloid deposition in Parkinson's
disease and cognitive impairment: a systematic
review. Mov Disord 30, 928-935, doi:10.1002/
mds.26191 (2015).

22. Irwin, D. J. et al. Neuropathological and genetic
correlates of survival and dementia onset in
synucleinopathies: a retrospective analysis. Lancet
neurology 16, 55-65, doi:10.1016/S1474-4422(16)30291-
5 (2017).

23. Pao, W. C. et al. Polysomnographic findings in
dementia with Lewy bodies. Neurologist 19, 1-6,
doi:10.1097/NRL.0b013e31827c6bdd (2013).

24. van de Beek, M. et al. Prodromal Dementia With Lewy
Bodies: Clinical Characterization and Predictors of
Progression. Mov Disord 35, 859-867, doi:10.1002/
mds.27997 (2020).

25. Choudhury, P. et al. The temporal onset of the core
features in dementia with Lewy bodies. Alzheimers
Dement 18, 591-601, doi:10.1002/alz.12411 (2022).

26. Boeve, B. F. et al. REM sleep behavior disorder and
degenerative dementia: an association likely
reflecting Lewy body disease. Neurology 51, 363-370,
doi:10.1212/wnl.51.2.363 (1998).

27. Nedelec, T. et al. A Comparison Between Early
Presentation of Dementia with Lewy Bodies,
Alzheimer's Disease, and Parkinson's Disease:
Evidence from Routine Primary Care and UK Biobank
Data. Ann Neurol 94, 259-270, doi:10.1002/ana.26670
(2023).

28. Knudsen, K. et al. In-vivo staging of pathology in REM
sleep behaviour disorder: a multimodality imaging
case-control study. Lancet neurology 17, 618-628,
doi:10.1016/51474-4422(18)30162-5 (2018).

29. Nishikawa, N. et al. Idiopathic rapid eye movement
sleep behavior disorder in Japan: An observational
study. Parkinsonism Relat Disord 103, 129-135,
doi:10.1016/j.parkreldis.2022.08.011 (2022).

30. Bauckneht, M. et al. Presynaptic dopaminergic
neuroimaging in REM sleep behavior disorder: A
systematic review and meta-analysis. Sleep Med Rev
41, 266-274, doi:10.1016/j.smrv.2018.04.001 (2018).

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Miyamoto, T. & Miyamoto, M. Reduced cardiac (123)I-
MIBG uptake is a robust biomarker of Lewy body
disease in isolated rapid eye movement sleep
behaviour disorder. Brain Commun 6, fcae148,
doi:10.1093/braincomms/fcael148 (2024).

Fedorova, T. D. et al. Imaging progressive peripheral
and central dysfunction in isolated REM sleep
behaviour disorder after 3 years of follow-up.
Parkinsonism Relat Disord 101, 99-104, doi:10.1016/j.
parkreldis.2022.07.005 (2022).

Tsujikawa, K. et al. Chronological changes of 123]-
MIBG myocardial scintigraphy and clinical features of
Parkinson's disease. J Neurol Neurosurg Psychiatry
86, 945-951, doi:10.1136/jnnp-2015-310327 (2015).

Postuma, R. B. et al. Risk and predictors of dementia
and parkinsonism in idiopathic REM sleep behaviour
disorder: a multicentre study. Brain 142, 744-759,
doi:10.1093/brain/awz030 (2019).

Sommerauer, M. et al. Evaluation of the noradrenergic
system in Parkinson's disease: an 11C-MeNER PET and
neuromelanin MRI study. Brain 141, 496-504,
doi:10.1093/brain/awx348 (2018).

Ehrminger, M. et al. The coeruleus/subcoeruleus
complex in idiopathic rapid eye movement sleep
behaviour disorder. Brain 139, 1180-1188, do0i:10.1093/
brain/aww006 (2016).

Garcia-Lorenzo, D. et al. The coeruleus/subcoeruleus
complex in rapid eye movement sleep behaviour
disorders in Parkinson's disease. Brain 136, 2120-2129,
doi:10.1093/brain/awt152 (2013).

Nagayama, H., Hamamoto, M., Ueda, M., Nagashima,
J. & Katayama, Y. Reliability of MIBG myocardial
scintigraphy in the diagnosis of Parkinson's disease. J
Neurol Neurosurg Psychiatry 76, 249-251, doi:10.1136/
jnnp.2004.037028 (2005).

Kashihara, K., Imamura, T. & Shinya, T. Cardiac 123I-
MIBG uptake is reduced more markedly in patients
with REM sleep behavior disorder than in those with
early stage Parkinson's disease. Parkinsonism Relat
Disord 16, 252-255, doi:10.1016/j.
parkreldis.2009.12.010 (2010).

Braak, H. et al. Staging of brain pathology related to
sporadic Parkinson's disease. Neurobiol Aging 24, 197-
211 (2003).

Braak, H., Rub, U., Gai, W. P. & Del Tredici, K.
Idiopathic Parkinson's disease: possible routes by
which vulnerable neuronal types may be subject to
neuroinvasion by an unknown pathogen. J Neural
Transm (Vienna) 110, 517-536, doi:10.1007/s00702-002-
0808-2 (2003).

Hawkes, C. H., Del Tredici, K. & Braak, H. Parkinson's
disease: a dual-hit hypothesis. Neuropathol. Appl.
Neurobiol. 33, 599-614, doi:NAN874 [pii] 10.1111/].1365-
2990.2007.00874.x (2007).

Parkkinen, L., Pirttila, T. & Alafuzoff, |. Applicability of
current staging/categorization of alpha-synuclein
pathology and their clinical relevance. Acta
Neuropathol 115, 399-407, doi:10.1007/s00401-008-
0346-6 (2008).

10 https://neurotorium.org/body-first-and-brain-first-parkinsons-disease/


https://doi.org/10.1002/mdc3.13908
https://doi.org/10.1002/mdc3.13908
https://doi.org/10.1002/mdc3.13908
https://doi.org/10.1002/mdc3.13908
https://academic.oup.com/sleep/article/44/9/zsab067/6171208
https://academic.oup.com/sleep/article/44/9/zsab067/6171208
https://academic.oup.com/sleep/article/44/9/zsab067/6171208
https://academic.oup.com/sleep/article/44/9/zsab067/6171208
https://academic.oup.com/sleep/article/44/9/zsab067/6171208
https://pubmed.ncbi.nlm.nih.gov/33522312/
https://pubmed.ncbi.nlm.nih.gov/33522312/
https://pubmed.ncbi.nlm.nih.gov/33522312/
https://pubmed.ncbi.nlm.nih.gov/33522312/
https://pubmed.ncbi.nlm.nih.gov/38640172/
https://pubmed.ncbi.nlm.nih.gov/38640172/
https://pubmed.ncbi.nlm.nih.gov/38640172/
https://pubmed.ncbi.nlm.nih.gov/38640172/
https://pubmed.ncbi.nlm.nih.gov/25879534/
https://pubmed.ncbi.nlm.nih.gov/25879534/
https://pubmed.ncbi.nlm.nih.gov/25879534/
https://pubmed.ncbi.nlm.nih.gov/25879534/
https://pubmed.ncbi.nlm.nih.gov/27979356/
https://pubmed.ncbi.nlm.nih.gov/27979356/
https://pubmed.ncbi.nlm.nih.gov/27979356/
https://pubmed.ncbi.nlm.nih.gov/27979356/
https://pubmed.ncbi.nlm.nih.gov/27979356/
https://pubmed.ncbi.nlm.nih.gov/23269098/
https://pubmed.ncbi.nlm.nih.gov/23269098/
https://pubmed.ncbi.nlm.nih.gov/23269098/
https://pubmed.ncbi.nlm.nih.gov/32048343/
https://pubmed.ncbi.nlm.nih.gov/32048343/
https://pubmed.ncbi.nlm.nih.gov/32048343/
https://pubmed.ncbi.nlm.nih.gov/32048343/
https://pubmed.ncbi.nlm.nih.gov/34761850/
https://pubmed.ncbi.nlm.nih.gov/34761850/
https://pubmed.ncbi.nlm.nih.gov/34761850/
https://pubmed.ncbi.nlm.nih.gov/9710004/
https://pubmed.ncbi.nlm.nih.gov/9710004/
https://pubmed.ncbi.nlm.nih.gov/9710004/
https://pubmed.ncbi.nlm.nih.gov/9710004/
https://pubmed.ncbi.nlm.nih.gov/37098633/
https://pubmed.ncbi.nlm.nih.gov/37098633/
https://pubmed.ncbi.nlm.nih.gov/37098633/
https://pubmed.ncbi.nlm.nih.gov/37098633/
https://pubmed.ncbi.nlm.nih.gov/37098633/
https://pubmed.ncbi.nlm.nih.gov/37098633/
https://pubmed.ncbi.nlm.nih.gov/29866443/
https://pubmed.ncbi.nlm.nih.gov/29866443/
https://pubmed.ncbi.nlm.nih.gov/29866443/
https://pubmed.ncbi.nlm.nih.gov/29866443/
https://pubmed.ncbi.nlm.nih.gov/36113390/
https://pubmed.ncbi.nlm.nih.gov/36113390/
https://pubmed.ncbi.nlm.nih.gov/36113390/
https://pubmed.ncbi.nlm.nih.gov/36113390/
https://pubmed.ncbi.nlm.nih.gov/29784534/
https://pubmed.ncbi.nlm.nih.gov/29784534/
https://pubmed.ncbi.nlm.nih.gov/29784534/
https://pubmed.ncbi.nlm.nih.gov/29784534/
https://pubmed.ncbi.nlm.nih.gov/38725707/
https://pubmed.ncbi.nlm.nih.gov/38725707/
https://pubmed.ncbi.nlm.nih.gov/38725707/
https://pubmed.ncbi.nlm.nih.gov/38725707/
https://pubmed.ncbi.nlm.nih.gov/38725707/
https://pubmed.ncbi.nlm.nih.gov/35853349/
https://pubmed.ncbi.nlm.nih.gov/35853349/
https://pubmed.ncbi.nlm.nih.gov/35853349/
https://pubmed.ncbi.nlm.nih.gov/35853349/
https://pubmed.ncbi.nlm.nih.gov/35853349/
https://pubmed.ncbi.nlm.nih.gov/25935888/
https://pubmed.ncbi.nlm.nih.gov/25935888/
https://pubmed.ncbi.nlm.nih.gov/25935888/
https://pubmed.ncbi.nlm.nih.gov/25935888/
https://pubmed.ncbi.nlm.nih.gov/30789229/
https://pubmed.ncbi.nlm.nih.gov/30789229/
https://pubmed.ncbi.nlm.nih.gov/30789229/
https://pubmed.ncbi.nlm.nih.gov/30789229/
https://pubmed.ncbi.nlm.nih.gov/29272343/
https://pubmed.ncbi.nlm.nih.gov/29272343/
https://pubmed.ncbi.nlm.nih.gov/29272343/
https://pubmed.ncbi.nlm.nih.gov/29272343/
https://pubmed.ncbi.nlm.nih.gov/26920675/
https://pubmed.ncbi.nlm.nih.gov/26920675/
https://pubmed.ncbi.nlm.nih.gov/26920675/
https://pubmed.ncbi.nlm.nih.gov/26920675/
https://pubmed.ncbi.nlm.nih.gov/23801736/
https://pubmed.ncbi.nlm.nih.gov/23801736/
https://pubmed.ncbi.nlm.nih.gov/23801736/
https://pubmed.ncbi.nlm.nih.gov/23801736/
https://pubmed.ncbi.nlm.nih.gov/15654042/
https://pubmed.ncbi.nlm.nih.gov/15654042/
https://pubmed.ncbi.nlm.nih.gov/15654042/
https://pubmed.ncbi.nlm.nih.gov/15654042/
https://pubmed.ncbi.nlm.nih.gov/15654042/
https://pubmed.ncbi.nlm.nih.gov/20097595/
https://pubmed.ncbi.nlm.nih.gov/20097595/
https://pubmed.ncbi.nlm.nih.gov/20097595/
https://pubmed.ncbi.nlm.nih.gov/20097595/
https://pubmed.ncbi.nlm.nih.gov/20097595/
https://pubmed.ncbi.nlm.nih.gov/20097595/
https://pubmed.ncbi.nlm.nih.gov/12498954/
https://pubmed.ncbi.nlm.nih.gov/12498954/
https://pubmed.ncbi.nlm.nih.gov/12498954/
https://pubmed.ncbi.nlm.nih.gov/12721813/
https://pubmed.ncbi.nlm.nih.gov/12721813/
https://pubmed.ncbi.nlm.nih.gov/12721813/
https://pubmed.ncbi.nlm.nih.gov/12721813/
https://pubmed.ncbi.nlm.nih.gov/12721813/
https://pubmed.ncbi.nlm.nih.gov/12721813/
https://pubmed.ncbi.nlm.nih.gov/19686202/
https://pubmed.ncbi.nlm.nih.gov/19686202/
https://pubmed.ncbi.nlm.nih.gov/19686202/
https://pubmed.ncbi.nlm.nih.gov/19686202/
https://pubmed.ncbi.nlm.nih.gov/18297293/
https://pubmed.ncbi.nlm.nih.gov/18297293/
https://pubmed.ncbi.nlm.nih.gov/18297293/
https://pubmed.ncbi.nlm.nih.gov/18297293/
https://pubmed.ncbi.nlm.nih.gov/18297293/

i

Body-First and Brain-First Parkinson’s Disease

neurotorium

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

1"

Kalaitzakis, M. E., Graeber, M. B., Gentleman, S. M. &
Pearce, R. K. The dorsal motor nucleus of the vagus is
not an obligatory trigger site of Parkinson's disease: a
critical analysis of alpha-synuclein staging.
Neuropathol. Appl. Neurobiol. 34, 284-295,
doi:10.1111/j.1365-2990.2007.00923.x (2008).

Beach, T. G. et al. Unified staging system for Lewy
body disorders: correlation with nigrostriatal
degeneration, cognitive impairment and motor
dysfunction. Acta Neuropathol 117, 613-634,
doi:10.1007/s00401-009-0538-8 (2009).

Adler, C. H. & Beach, T. G. Neuropathological basis of
nonmotor manifestations of Parkinson's disease. Mov
Disord 31, 1114-1119, doi:10.1002/mds.26605 (2016).

Beach, T. G. et al. Vagus Nerve and Stomach
Synucleinopathy in Parkinson's Disease, Incidental
Lewy Body Disease, and Normal Elderly Subjects:
Evidence Against the "Body-First" Hypothesis. Journal
of Parkinson's disease 11, 1833-1843, doi:10.3233/JPD-
212733 (2021).

Borghammer, P. The brain-first vs. body-first model of
Parkinson's disease with comparison to alternative
models. J Neural Transm (Vienna) 130, 737-753,
doi:10.1007/500702-023-02633-6 (2023).

Van Den Berge, N. et al. Evidence for bidirectional and
trans-synaptic parasympathetic and sympathetic
propagation of alpha-synuclein in rats. Acta
Neuropathol 138, 535-550, doi:10.1007/s00401-019-
02040-w (2019).

Van Den Berge, N. et al. Ageing promotes
pathological alpha-synuclein propagation and
autonomic dysfunction in wild-type rats. Brain,
doi:10.1093/brain/awab061 (2021).

Raunio, A. et al. Lewy-related pathology exhibits two
anatomically and genetically distinct progression
patterns: a population-based study of Finns aged 85.
Acta Neuropathol 138, 771-782, doi:10.1007/s00401-
019-02071-3 (2019).

Engelender, S. & Isacson, O. The Threshold Theory for
Parkinson's Disease. Trends Neurosci 40, 4-14,
doi:10.1016/j.tins.2016.10.008 (2017).

Surmeier, D. J., Obeso, J. A. & Halliday, G. M.
Selective neuronal vulnerability in Parkinson disease.
Nat Rev Neurosci 18, 101-113, doi:10.1038/nrn.2016.178
(2017).

Surmeier, D. J., Obeso, J. A. & Halliday, G. M.
Parkinson's Disease Is Not Simply a Prion Disorder. J
Neurosci 37, 9799-9807, doi:10.1523/JNEUROSCI.1787-
16.2017 (2017).

Blesa, J., Foffani, G., Dehay, B., Bezard, E. & Obeso, J.
A. Motor and non-motor circuit disturbances in early
Parkinson disease: which happens first? Nat Rev
Neurosci 23, 115-128, doi:10.1038/s41583-021-00542-9
(2022).

Leta, V. et al. Constipation is Associated with
Development of Cognitive Impairment in de novo
Parkinson's Disease: A Longitudinal Analysis of Two
International Cohorts. Journal of Parkinson's disease
11, 1209-1219, doi:10.3233/JPD-212570 (2021).

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Fereshtehnejad, S. M. et al. New Clinical Subtypes of
Parkinson Disease and Their Longitudinal Progression:
A Prospective Cohort Comparison With Other
Phenotypes. JAMA Neurol 72, 863-873, doi:10.1001/
jamaneurol.2015.0703 (2015).

Merola, A. et al. Benign versus malignant Parkinson
disease: the unexpected silver lining of motor
complications. J. Neurol. 267, 2949-2960, doi:10.1007/
s00415-020-09954-6 (2020).

Kim, S. et al. Transneuronal Propagation of Pathologic
alpha-Synuclein from the Gut to the Brain Models
Parkinson's Disease. Neuron 103, 627-641 €627,
doi:10.1016/j.neuron.2019.05.035 (2019).

Breid, S. et al. Neuroinvasion of alpha-Synuclein
Prionoids after Intraperitoneal and Intraglossal
Inoculation. J. Virol. 90, 9182-9193, doi:10.1128/
JV1.01399-16 (2016).

Knudsen, K. et al. Asymmetric Dopaminergic
Dysfunction in Brain-First versus Body-First
Parkinson's Disease Subtypes. Journal of Parkinson's
disease 11, 1677-1687, doi:10.3233/JPD-212761 (2021).

Walker, Z. et al. Striatal dopamine transporter in
dementia with Lewy bodies and Parkinson disease: a
comparison. Neurology 62, 1568-1572, doi:10.1212/01.
wnl.0000123248.39847.1d (2004).

Fedorova, T. D. et al. Dopaminergic Dysfunction Is
More Symmetric in Dementia with Lewy Bodies
Compared to Parkinson's Disease. Journal of
Parkinson's disease 13, 515-523, doi:10.3233/JPD-
230001 (2023).

Ryu, D. W. et al. Comparison of disease progression
between brain-predominant Parkinson's disease
versus Parkinson's disease with body-involvement
phenotypes. Neurobiol. Dis. 174, 105883, doi:10.1016/j.
nbd.2022.105883 (2022).

Totsune, T. et al. Nuclear Imaging Data-Driven
Classification of Parkinson's Disease. Mov Disord 38,
2053-2063, doi:10.1002/mds.29582 (2023).

Woo, K. A. et al. Symmetric and Profound
Monoaminergic Degeneration in Parkinson's Disease
with Premotor REM Sleep Behavior Disorder. Journal
of Parkinson's disease 14, 823-831, doi:10.3233/JPD-
230459 (2024).

Xu, Q. et al. The impact of probable rapid eye
movement sleep behavior disorder on Parkinson's
disease: A dual-tracer PET imaging study.
Parkinsonism Relat Disord 95, 47-53, doi:10.1016/j.
parkreldis.2021.11.035 (2022).

Yoo, S. W. et al. Estimating motor progression
trajectory pursuant to temporal dynamic status of
cardiac denervation in Parkinson's disease. J. Neurol.
271, 2019-2030, doi:10.1007/s00415-023-12158-3
(2024).

Lovdal, S. S. et al. Investigating the aspect of
asymmetry in brain-first versus body-first Parkinson's
disease. NPJ Parkinsons Dis 10, 74, doi:10.1038/541531-
024-00685-3 (2024).

https://neurotorium.org/body-first-and-brain-first-parkinsons-disease/


https://pubmed.ncbi.nlm.nih.gov/18053026/
https://pubmed.ncbi.nlm.nih.gov/18053026/
https://pubmed.ncbi.nlm.nih.gov/18053026/
https://pubmed.ncbi.nlm.nih.gov/18053026/
https://pubmed.ncbi.nlm.nih.gov/18053026/
https://pubmed.ncbi.nlm.nih.gov/18053026/
https://pubmed.ncbi.nlm.nih.gov/19399512/
https://pubmed.ncbi.nlm.nih.gov/19399512/
https://pubmed.ncbi.nlm.nih.gov/19399512/
https://pubmed.ncbi.nlm.nih.gov/19399512/
https://pubmed.ncbi.nlm.nih.gov/19399512/
https://pubmed.ncbi.nlm.nih.gov/27030013/
https://pubmed.ncbi.nlm.nih.gov/27030013/
https://pubmed.ncbi.nlm.nih.gov/27030013/
https://pubmed.ncbi.nlm.nih.gov/34151862/
https://pubmed.ncbi.nlm.nih.gov/34151862/
https://pubmed.ncbi.nlm.nih.gov/34151862/
https://pubmed.ncbi.nlm.nih.gov/34151862/
https://pubmed.ncbi.nlm.nih.gov/34151862/
https://pubmed.ncbi.nlm.nih.gov/34151862/
https://pubmed.ncbi.nlm.nih.gov/37062013/
https://pubmed.ncbi.nlm.nih.gov/37062013/
https://pubmed.ncbi.nlm.nih.gov/37062013/
https://pubmed.ncbi.nlm.nih.gov/37062013/
https://pubmed.ncbi.nlm.nih.gov/31254094/
https://pubmed.ncbi.nlm.nih.gov/31254094/
https://pubmed.ncbi.nlm.nih.gov/31254094/
https://pubmed.ncbi.nlm.nih.gov/31254094/
https://pubmed.ncbi.nlm.nih.gov/31254094/
https://pubmed.ncbi.nlm.nih.gov/33880502/
https://pubmed.ncbi.nlm.nih.gov/33880502/
https://pubmed.ncbi.nlm.nih.gov/33880502/
https://pubmed.ncbi.nlm.nih.gov/33880502/
https://pubmed.ncbi.nlm.nih.gov/31494694/
https://pubmed.ncbi.nlm.nih.gov/31494694/
https://pubmed.ncbi.nlm.nih.gov/31494694/
https://pubmed.ncbi.nlm.nih.gov/31494694/
https://pubmed.ncbi.nlm.nih.gov/31494694/
https://pubmed.ncbi.nlm.nih.gov/27894611/
https://pubmed.ncbi.nlm.nih.gov/27894611/
https://pubmed.ncbi.nlm.nih.gov/27894611/
https://pubmed.ncbi.nlm.nih.gov/28104909/
https://pubmed.ncbi.nlm.nih.gov/28104909/
https://pubmed.ncbi.nlm.nih.gov/28104909/
https://pubmed.ncbi.nlm.nih.gov/28104909/
https://pubmed.ncbi.nlm.nih.gov/29021297/
https://pubmed.ncbi.nlm.nih.gov/29021297/
https://pubmed.ncbi.nlm.nih.gov/29021297/
https://pubmed.ncbi.nlm.nih.gov/29021297/
https://pubmed.ncbi.nlm.nih.gov/34907352/
https://pubmed.ncbi.nlm.nih.gov/34907352/
https://pubmed.ncbi.nlm.nih.gov/34907352/
https://pubmed.ncbi.nlm.nih.gov/34907352/
https://pubmed.ncbi.nlm.nih.gov/34907352/
https://pubmed.ncbi.nlm.nih.gov/33843697/
https://pubmed.ncbi.nlm.nih.gov/33843697/
https://pubmed.ncbi.nlm.nih.gov/33843697/
https://pubmed.ncbi.nlm.nih.gov/33843697/
https://pubmed.ncbi.nlm.nih.gov/33843697/
https://pubmed.ncbi.nlm.nih.gov/26076039/
https://pubmed.ncbi.nlm.nih.gov/26076039/
https://pubmed.ncbi.nlm.nih.gov/26076039/
https://pubmed.ncbi.nlm.nih.gov/26076039/
https://pubmed.ncbi.nlm.nih.gov/26076039/
https://pubmed.ncbi.nlm.nih.gov/32488298/
https://pubmed.ncbi.nlm.nih.gov/32488298/
https://pubmed.ncbi.nlm.nih.gov/32488298/
https://pubmed.ncbi.nlm.nih.gov/32488298/
https://pubmed.ncbi.nlm.nih.gov/31255487/
https://pubmed.ncbi.nlm.nih.gov/31255487/
https://pubmed.ncbi.nlm.nih.gov/31255487/
https://pubmed.ncbi.nlm.nih.gov/31255487/
https://pubmed.ncbi.nlm.nih.gov/27489279/
https://pubmed.ncbi.nlm.nih.gov/27489279/
https://pubmed.ncbi.nlm.nih.gov/27489279/
https://pubmed.ncbi.nlm.nih.gov/27489279/
https://pubmed.ncbi.nlm.nih.gov/34334424/
https://pubmed.ncbi.nlm.nih.gov/34334424/
https://pubmed.ncbi.nlm.nih.gov/34334424/
https://pubmed.ncbi.nlm.nih.gov/34334424/
https://pubmed.ncbi.nlm.nih.gov/15136683/
https://pubmed.ncbi.nlm.nih.gov/15136683/
https://pubmed.ncbi.nlm.nih.gov/15136683/
https://pubmed.ncbi.nlm.nih.gov/15136683/
https://pubmed.ncbi.nlm.nih.gov/37212074/
https://pubmed.ncbi.nlm.nih.gov/37212074/
https://pubmed.ncbi.nlm.nih.gov/37212074/
https://pubmed.ncbi.nlm.nih.gov/37212074/
https://pubmed.ncbi.nlm.nih.gov/37212074/
https://pubmed.ncbi.nlm.nih.gov/36208865/
https://pubmed.ncbi.nlm.nih.gov/36208865/
https://pubmed.ncbi.nlm.nih.gov/36208865/
https://pubmed.ncbi.nlm.nih.gov/36208865/
https://pubmed.ncbi.nlm.nih.gov/36208865/
https://pubmed.ncbi.nlm.nih.gov/37638533/
https://pubmed.ncbi.nlm.nih.gov/37638533/
https://pubmed.ncbi.nlm.nih.gov/37638533/
https://pubmed.ncbi.nlm.nih.gov/38640171/
https://pubmed.ncbi.nlm.nih.gov/38640171/
https://pubmed.ncbi.nlm.nih.gov/38640171/
https://pubmed.ncbi.nlm.nih.gov/38640171/
https://pubmed.ncbi.nlm.nih.gov/38640171/
https://pubmed.ncbi.nlm.nih.gov/35030449/
https://pubmed.ncbi.nlm.nih.gov/35030449/
https://pubmed.ncbi.nlm.nih.gov/35030449/
https://pubmed.ncbi.nlm.nih.gov/35030449/
https://pubmed.ncbi.nlm.nih.gov/35030449/
https://pubmed.ncbi.nlm.nih.gov/38183421/
https://pubmed.ncbi.nlm.nih.gov/38183421/
https://pubmed.ncbi.nlm.nih.gov/38183421/
https://pubmed.ncbi.nlm.nih.gov/38183421/
https://pubmed.ncbi.nlm.nih.gov/38183421/
https://pubmed.ncbi.nlm.nih.gov/38555343/
https://pubmed.ncbi.nlm.nih.gov/38555343/
https://pubmed.ncbi.nlm.nih.gov/38555343/
https://pubmed.ncbi.nlm.nih.gov/38555343/

