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Regional associations between
cerebrovascular disease and cholinergic
white matter pathways in the Lewy body
continuum
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AnnaRennie1, MilanNemy1,2, Cene Jerele1,3, Iñigo Rodríguez-Baz4,5, VictorMontal4,5, AlexandreBejanin4,5,
Milica G Kramberger1,6, Dag Aarsland7,8, Juan Fortea4,5, Alberto Lleó4,5, EricWestman1, Daniel Alcolea4,5 &
Daniel Ferreira1,9

Cerebrovascular disease is common in patients on the Lewy body (LB) continuum (dementia with
Lewy bodies (DLB) and prodromal-DLB). White matter signal abnormality (WMSA) volume is higher in
patients with LB than controls, both globally and in cholinergic white matter. However, it remains
unknown if the higher WMSA in cholinergic white matter reflects selective cholinergic vulnerability or
results from higher global WMSA. We modelled cingulate and external capsule cholinergic white
matter pathways using MRI and segmented WMSA overlapping cholinergic pathways and per brain
lobe.We found that patients on the LB-continuum (n = 33) had higher volume andproportion ofWMSA
in the cholinergic white matter compared to controls (n = 36), independent of global WMSA.
CholinergicWMSAwas associatedwith neurodegeneration in the basal forebrain, decreased integrity
of cingulate and external capsule pathways and attention and memory performance. These findings
may suggest a selective vulnerability of cholinergic pathways in patients with LB.

Dementia with Lewy bodies (DLB) is a common type of dementia1–3. There
are diagnostic criteria for both thedementia stage4 and theprodromal stage5.
The diagnosis is currently based on clinical criteria as well as supportive or
indicative biomarkers. Mild cognitive impairment with Lewy bodies (MCI-
LB) is the most common prodromal form. Cholinergic dysfunction is well
established in DLB via imaging studies6–15, postmortem studies16, and
positive clinical response and decreased mortality when medicated with
cholinesterase inhibitors13,17,18.

An important population of cholinergic neurons is located at the
nucleus basalis of Meynert (NbM) in the basal forebrain. These neurons
send widespread cholinergic white matter projections to the neocortex and
hippocampus through medial and lateral pathways. The medial pathway
projects from the NbM through the cingulum whilst the lateral pathway

projects through the external capsule19. Cholinergic dysfunction in DLB is
partly due to neurodegeneration of the NbM and nearby areas compared to
controls8,9. There has recently been an interest in evaluating the cholinergic
system non-invasively in vivo with an automated method based on mag-
netic resonance imaging (MRI). This method uses probabilistic tracto-
graphy based on diffusion tensor imaging (DTI) and has been applied both
in healthy20,21 and pathological11,12,22–26 ageing. Schumacher and colleagues11

and our group22,25 demonstrated that patients with DLB and Alzheimer’s
Disease (AD) both at the dementia andMCI stages exhibit degeneration of
these cholinergic pathways. Furthermore, Schumacher and colleagues12

additionally showed that degeneration of the pathway through the external
capsulewas associatedwith cognitive impairment inpatientswithDLB,AD,
MCI-LB, andMCI-AD as well as with progression to dementia for theMCI
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patients, further highlighting the clinical impact of cholinergic dysfunction
in DLB11.

While Lewy body pathology is the main driver of DLB, small vessel
disease (SVD) is a common co-pathology in DLB27,28. Small vessel disease
can be evaluated using MRI measures, for example, white matter signal
abnormalities (WMSA) of presumed vascular origin29. The placement of
WMSA may differ between DLB and other conditions27. Sarro et al.30

demonstrated that WMSA were more prevalent in the posterior white
matter inDLBas comparedwithAD.We recently showed that patientswith
DLB and MCI-LB have a higher WMSA load in the cholinergic pathways
compared to healthy controls, measured with a radiological visual rating
scale22. Furthermore, Park et al.6 demonstrated that patients with DLB, AD
or Parkinson’s disease with dementia (PDD) had more WMSA in choli-
nergic white matter areas compared to healthy controls, measured with a
visual rating scale.

In our recent publication by Jerele and colleagues22, we observed that
there were no associations of global measurements of WMSA with cog-
nitive measures. Cognitive impairment in specific domains such as
attention or episodic memory is correlated with alterations in specific
brain networks and regions. Therefore, in the current study we hypo-
thesise that using a newly developed regional approach that assesses
cholinergic WMSA in different brain lobes and the insula can capture
associations with cognitive measures, in contrast to the previous study
reporting no associationswith globalWMSA22. Particularly, the insula is a
region of early neurodegeneration in MCI-LB that continues to degen-
erate during manifest DLB and in relation with higher WMSA31,32.
Moreover, it is still not known if the reported higherWMSA in cholinergic
pathways is due to a globally higher WMSA volume or if it is due to a
selective vulnerability of cholinergic pathways to SVD in DLB. Therefore,
investigating cholinergic WMSA both in absolute measures and in pro-
portion to the global or lobar WMSA may clarify whether the higher
volumeof cholinergicWMSA inDLB is a result of the overall higher global
WMSA volume or it may reflect selective vulnerability of the cholinergic
system to CVD. If the higher volume of cholinergicWMSAwas a result of
the overall higher global WMSA, there would be a difference in absolute
measures but not in proportion of cholinergic WMSA between patients
withDLB and controls. In contrast, a possible selective vulnerability could
be reflected as significant group differences in both absolute and pro-
portional measures.

The overall goal of this study was to investigate regional cholinergic
WMSA placement within cholinergic white matter pathways along the
Lewy body (LB) continuum. The LB continuum spans from MCI-LB to
manifest DLB. Our first aim was to characterise the placement of WMSA
and evaluate if LB patients are more likely to have WMSA in cholinergic
pathways compared to controls. Our main measures of interest were the
proportion of cholinergicWMSA, and we further report absolutemeasures
of cholinergic WMSA for completeness of information and interpretation.
Our second aimwas to clarify the impact ofWMSAon cholinergic integrity
and their associationwith selected biomarkers of neurodegeneration suchas
volumeofNbMand integrityof the cholinergicpathwaysmeasured through
mean diffusivity (MD), as well as with AD co-pathology and measures of
cognition.

Results
Cohort characteristics
Table 1 displays the cohort characteristics. The patients with LB groupwere
statistically significantly older than the HC group and had fewer years of
education. As expected, patients with LB had lower MMSE scores, after
adjusting for age and education. There were no statistically significant dif-
ferences in sex distribution between LB and HC.

Global WMSA
Thepatientswith LB grouphad a significantly higher globalWMSAvolume
than the HC group, after adjusting for age and estimated total intercranial
volume (eTIV) (Table 1).

Total and cholinergic pathways WMSA
The patients with LB had a higher absolute volume ofWMSA in the whole
cholinergic system compared to the HC group. The patients with LB group
also had a higher volume of WMSA in cingulate and the external capsule
pathways compared to the HC group (Table 2).

Since our aim was to elucidate whether there was a higher WMSA
volume in the cholinergic system beyond and above the higher global
WMSA volume in LB, we adjusted all cholinergic WMSA measures. Spe-
cifically, for the “total cholinergicWMSA”, we divided the total cholinergic
WMSA by the global WMSA volume (called “proportion total cholinergic
WMSA” from here and onwards). Similarly, we calculated the “proportion
cholinergic WMSA in the cingulate pathway” and “proportion cholinergic
WMSA in the external capsule pathway” by dividing WMSA in each
pathway by the global WMSA volume.

Our findings showed that the patients with LB group had a higher
proportion of total cholinergic WMSA compared to the HC group. The
patients with LB group also had a higher proportion of cholinergic WMSA
in the cingulateand in external capsule pathways compared to theHCgroup
(Table 2).

Cholinergic WMSA within lobes and insula
When absolute cholinergic WMSA was divided into the lobar regions and
the insula, the patients with LB had a higher volume of cholinergic WMSA
in the frontal, temporal, andparietal lobes and in insula compared to theHC
group. (Table 2).

Since our aim was to investigate if there was a higher cholinergic
WMSA in the lobes and insula beyond and above the higher global
WMSA in LB, we adjusted the measures by dividing the volume of
cholinergic WMSA in frontal, temporal, parietal, and occipital lobe as
well as insula by the WMSA volume in each respective lobe or insula.
WMSA volume in each respective lobe or insula was chosen instead
for the global WMSA volume as the regional distribution of WMSA
differs between patients with LB and controls30. To avoid division by
zero, in cases with no WMSA in a particular lobe or insula, the
adjustment was set to zero as there was no cholinergic WMSA (or
any WMSA in the area).

Our findings showed that the patients with LB group had a
higher proportion of frontal cholinergic WMSA compared to the HC
group. We observed no statistically significant differences in the
proportion of cholinergic WMSA in occipital, parietal, and temporal
lobes or insula (Table 2). However, 85% (n = 28) of patients with LB
had cholinergic WMSA in the insula, which was significantly higher
than the frequency observed in the HC group (45%, n = 16, χ² (1,
69) = 10.479, p < 0.001).

The association of WMSA with NbM volume and MD in choli-
nergic pathways
In line with our second aim of clarifying the impact of WMSA on bio-
markers of neurodegeneration, we investigated NbM volume and MD in
cholinergic pathways. The patientswith LB group had a lowerNbMvolume
and a higher MD in cingulate and external capsule pathways compared to
the HC group (Table 1). In the patients with LB, a lower NbM volume
correlated with a higher MD in both the cingulate and external capsule
pathways,while these correlationswerenot statistically significant in theHC
group (Fig. 1A, B).

Regarding the correlations between WMSA and NbM, a higher pro-
portion of cholinergic WMSA in frontal lobe was associated with a lower
NbM volume in the patients with LB. This association was not statistically
significant in the HC group (Fig. 1C). There was no association for the
proportion of cholinergic WMSA in other lobes or insula with NbM
volume.

In terms of the association between WMSA and MD in cholinergic
pathways, a higher proportion of frontal cholinergicWMSAwas associated
with a higher MD in cingulate and external capsule pathways in both
patients with LB and HC (Fig. 2A, B).
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Table 1 | Cohort characteristics

LB group HC group W-value/ χ²-value, p-value

N 33 36

Age, years 76.0 (7) 66.5 (7) W = 1006, p < 0.001

Sex, women N (%) 16 (48.5%) 21 (58.3%) χ² (1, 69) = 0.334, p = 0.563

Education, years 11 (4) 16 (7.25) W = 268, p < 0.001

Global cognition (MMSE, total score) 26.03 (4.5) 29.05 (1.8) W = 135, p < 0.001

Attention (WAIS-III Digit span, total score) 12.21 (3.8) 13.75 (1.9) W = 378, p = 0.03

Episodic memory (FCSRT free and cued recall, total score) 26.08 (22.5) 45.21 (4.7) W = 121, p < .001

CSF Aβ 42/40 ratio 0.073 (0.03) 0.101 (0.03) W = 307, p = 0.04

Positive Aβ 42/40 ratio, N (%) 19 (59%) 5 (18%) χ²(1, 57) = 13.491, p = 0.001

CSF p-Tau 181, pg/mL 53.0 (57.5) 43.8 (19.9) W = 551, p = 0.128

Positive p-tau 181 biomarker, N (%) 16 (48%) 5 (18%) χ²(1, 57) = 11.398, p = 0.003

Median and IQRare reported in the table if not specified (otherwise count and%). Sex differenceswere evaluatedwith the chi2 test, and all other comparisonswere performedwithWilcoxon rank sum tests.
The difference in positive AD biomarkers was tested with a logistic binary regression including age as a covariate. CSF AD biomarkers were adjusted for age. Measures of cognitive performance were
adjusted for education and age. The adjustments were performed by regressing out the effect of the confounder before analysis. 60 participants had undergone CSF testing (32 LB and 28 HC). Cut off for
CSF biomarkers were based on the unadjusted values. Cut-offs used were previously validated, including 0.062 for Aβ 42/40 ratio and 63 pg/mL for p-tau52.
Aβ amyloid beta, AD Alzheimer’s disease, CSF Cerebrospinal fluid, FCSRT Free and Cued Selective Reminding Test, HC Healthy controls, LB Lewy body,MMSEMini Mental State Examination, P-Tau
phosphorylated-Tau,WAISWechsler Adult Intelligence Scale, WMSAWhite matter signal abnormalities.

Table 2 | MRI measures

LB group HC group W-value/ χ²-value, p-value

Global WMSA, log10 3.46 (0.32) 3.26 (0.27) W = 897, p = < 0.001

NbM volume, mm3 220 (77) 242 (60) W = 377, p = 0.009

Absolute cholinergic WMSA

Total cholinergic WMSA, log10 3.02 (0.40) 2.76 (0.29) W = 971, p < 0.001

Cholinergic WMSA in cingulate pathway, log10 2.38 (0.49) 1.79 (0.62) W = 970, p < 0.001

Cholinergic WMSA in External capsule, log10 3.02 (0.40) 2.76 (0.29) W = 970, p < 0.001

Cholinergic WMSA in the frontal lobe, log10 1.51 (1.00) 0.57 (0.76) W = 872, p < 0.001

Cholinergic WMSA in the temporal lobe, log10 1.17 (0.65) 0.87 (0.60) W = 892, p < 0.001

Cholinergic WMSA in the parietal lobe, log10 2.09 (0.75) 1.68 (0.62) W = 863, p = 0.001

Cholinergic WMSA in the occipital lobe, log10 1.97 (0.43) 1.83 (0.40) W = 696, p = 0.222

Cholinergic WMSA in insula, log10 0.90 (0.72) 0.34 (0.69) W = 865, p = 0.001

Proportion Cholinergic WMSA

Proportion total cholinergic WMSA 0.37 (0.09) 0.31 (0.13) W = 817, p = 0.008

Proportion cholinergic WMSA in cingulate pathway 0.09 (0.06) 0.04 (0.05) W = 896, p < 0.001

Proportion cholinergic WMSA in external capsule pathway 0.37 (0.10) 0.31 (0.13) W = 817, p = 0.008

Proportion cholinergic WMSA in Frontal lobe 0.14 (0.37) 0.06 (0.15) W = 803, p = .012

Proportion cholinergic WMSA in Temporal lobe 0.88 (0.30) 0.75 (0.39) W = 649, p = 0.513

Proportion cholinergic WMSA in Parietal lobe 0.77 (0.31) 0.82 (0.34) W = 599, p = 0.957

Proportion cholinergic WMSA in Occipital lobe 0.79 (0.37) 0.80 (0.30) W = 478, p = 0.165

Proportion cholinergic WMSA in Insula 0.57 (0.53) 0.01 (0.79) W = 715, p = 0.149

Mean diffusivity

MD in Cingulate pathway 9.97 × 10−4 (1.08 × 10−4) 9.40 × 10−4 (6.27 × 10−5) W = 887, p < 0.001

MD in External capsule pathway 1.18 × 10−3 (1.21 × 10−4) (1.12 × 10−3) (9.25 × 10−5) W = 895, p < 0.001

MD in the non-cholinergic WM 8.38 × 10−4 (5.46 × 10−5) 8.12 × 10−4 (2.09 × 10−5) W = 864, p = 0.001

Median and IQR are reported in the table. Global WMSA and the absolute measures of WMSA in the cholinergic systemwere log10 transformed. Global WMSA, NbM volume and the absolute cholinergic
WMSA measures were adjusted for age and eTIV. For “proportion total cholinergic WMSA”, “proportion cholinergic WMSA in the cingulate pathway”, and “proportion cholinergic WMSA in the external
capsule pathway”, the rawcholinergicWMSAmeasureswere divided by globalWMSA. For the four lobar proportion cholinergicWMSAmeasures and insulaWMSA, rawcholinergicWMSAmeasureswere
divided by each lobe or insula WMSA. Proportional cholinergic measures and MD in the white matter pathways were adjusted for age.
HC Healthy controls, LB Lewy body,MD Mean diffusivity, NbM Nucleus basalis of Meynert,WM white matter,WMSAWhite matter signal abnormalities.
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The association of WMSA with cognitive performance
We performed correlations for the global WMSA and all proportional
cholinergicWMSAmeasures with the three included cognitive tests. In the
patients with LB, a higher proportion of cholinergic WMSA in the frontal
lobe was associated with a better performance on the attention test, and a
higherproportionof cholinergicWMSAin the temporal lobewas associated
with a better performance on episodic memory. Neither of these associa-
tions was significant in HC (Fig. 3A, B). Since these associations were in the
opposite direction than what expected, to clarify the results we performed
post hoc analysis for the correlation between the proportion of non-
cholinergicWMSA in the frontal lobe and the attention test aswell as for the
proportion of non-cholinergic WMSA in the temporal lobe and episodic
memory in the patientswith LB. The proportion of non-cholinergicWMSA
was calculated following the same formula as for the cholinergic WMSA
described in themethods.Weobserved that ahigher frontal non-cholinergic
WMSAproportionwas associatedwithworse performance on the attention

test (Rho =−0.41, p = 0.023). Similarly, we observed a trend towards a
higher proportion of non-cholinergic WMSA in the temporal lobe to be
associated with worse episodic memory performance (Rho =−0.36,
p = 0.052). We also followed these analyses with a correlation between the
absolute values of cholinergic WMSA in the frontal lobe and the attention
test (Rho =−0.18, p = 0.32), as well as the correlation between the absolute
values of cholinergicWMSA in the temporal lobe and the episodicmemory
test (Rho =−0.21, p = 0.27).

There were no statistically significant associations other than the ones
reported above.

The association of WMSA with CSF biomarkers
A total of 62 participants had undergone CSF testing (32 patients with LB
and28HC).As expected, thepatientswithLBhadahigherproportionofAβ
positive cases and a lowerAβ 42/40 ratio thanHC.The patientswith LB also
had a higher proportion of p-tau positive cases, whilst the difference in the

Fig. 1 | Associations with Nucleus basalis of Meynert (NbM) volume among
patients on the Lewy body continuum and the healthy controls. All analysis are
Spearman correlations. In A we display the association between mean diffusivity
(MD) of the cingulate pathway and the volume of theNbM,B display the association
between the MD of the external capsule pathway and the volume of the NbM,

Cdisplay the association between the proportion of cholinergicWMSA in the frontal
lobe with the volume of the NbM. Prior to analysis, NbM volume was adjusted for
age and estimated intercranial volume, while MD in the cingulate and external
capsule pathways as well as proportion of cholinergicWMSA in the frontal lobewere
adjusted for age. WMSA, white matter signal abnormalities.

Fig. 2 | Associations between integrity in the cholinergic pathways and propor-
tion of frontal cholinergic WMSA volume among patients on the Lewy body
continuum and the healthy controls. All analysis are Spearman correlations. In
A we display the association between mean diffusivity (MD) of the cingulate
pathway and the proportion of cholinergicWMSA in the frontal lobe, inBwedisplay

the association between the MD of the external capsule pathway and the proportion
of cholinergic WMSA in the frontal lobe. Prior to analysis, MD in the cingulate and
external capsule pathways as well as proportion of cholinergicWMSA in the frontal
lobe were adjusted for age. WMSA white matter signal abnormalities.
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continuous p-tau levels did not reach statistical significance (Table 1). In
patients with LB, there were no statistically significant correlations between
the proportional WMSA measures and CSF biomarkers.

Discussion
Our overall goal was to investigate regional WMSA placement within
cholinergic white matter pathways along the Lewy body (LB) continuum,
spanning from MCI-LB to DLB. Our first aim was to characterise the
placement ofWMSAand evaluate if patientswith LBaremore likely to have
WMSA in cholinergic pathways compared to controls. Our second aimwas
to clarify the impact of WMSA on cholinergic integrity and their associa-
tionswith biomarkers of neurodegeneration andADco-pathology aswell as
measures of cognition.Wedemonstrated that patientswithLBhave ahigher
proportion of WMSA in cholinergic pathways compared to controls. Spe-
cifically, the patients with LBhad a higher proportion of cholinergicWMSA
in the frontal lobe compared to the controls. In the insula,wedidnotobserve
any statistically significant difference in the proportion of cholinergic
WMSA, but the patients with LB group more often had any cholinergic
WMSA in the insula compared to the controls. In addition, we observed an
association of the proportion of cholinergicWMSA in the frontal lobe with
the integrity of cholinergic white matter pathways and NbM volume.
Finally, we observed an association of the proportion of cholinergicWMSA
in frontal and temporal lobes with cognitive performance in patients
with LB.

In this study, we demonstrated that patients with LB aremore likely to
have WMSA in cholinergic pathways compared to healthy controls. We
observed this both in absolute and proportion measures of cholinergic
WMSA, i.e., when global WMSA volume is accounted for. This finding
included both the cingulum and external capsule pathways as well as the
total cholinergicWMSA.Ahigher volumeof cholinergicWMSA inpatients
with neurodegenerative diseases has been reported in two previous studies
using radiological visual ratings. Park et al.6 reported that a combined group
of patients with DLB, AD, or PDD had more cholinergic WMSA than
controls. In Jerele et al.22, we reported that patients with LB had more
cholinergic WMSA compared to controls, which correlated with global
WMSA.Unlike these previous studies, our present study is thefirst using an
automated method for cholinergicWMSA22. Since automatedmethods are
more sensitive than radiological visual ratings, our current approach helped
us capturing a higher WMSA volume in the cingulate pathway in the

patients with LB compared to controls, which we did not observe using the
radiological visual rating in the same cohort in Jerele et al.22 Another novelty
of our study is that we do not only investigate absolute volume as in the two
previous studies, but we also investigate the proportion of cholinergic
WMSA. This allowed us to assess whether cholinergic system is more fre-
quently affected by WMSA than non-cholinergic WMSA as well as in
comparison to controls. The proportion approach is important because
patients with LB often have more WMSA than controls27,28, meaning that
more cholinergic WMSA could just be explained by the overall higher
WMSA volume in LB. We demonstrated that patients with LB are more
likely to have a higher proportion of WMSA in cholinergic pathways
compared to controls, irrespectively of their higher global WMSA. This
finding may indicate a higher vulnerability to WMSA in the cholinergic
system in patients with LB.

Our first aim was to not only evaluate WMSA in the cholinergic
pathways but also to investigate their placement inbrain lobes and insula.As
such, we investigated the absolute volume of cholinergic WMSA in each
lobe and insula, but also more importantly the proportion of cholinergic
WMSA. We demonstrated that the patients with LB had a higher propor-
tion ofWMSA in the cholinergic white matter of the frontal lobe compared
to the controls. Cholinergic white matter projecting through either the
cingulum or the external capsule traverse areas associated with the frontal
lobe19, for example in parts of the centrum semiovale or corona radiata.
Sarro et al.30 reported widespread areas where patients with DLB had more
WMSA than controls including regions in the frontal lobe. In contrast, we
observed no statistical difference between the patients with LB and HC-
groups in the proportion of WMSA in the cholinergic white matter of
temporal, parietal, and occipital lobes and insula. Similarly, we observed no
statistical difference between groups in the absolute cholinergic WMSA in
the lobes and insula. However, we qualitatively observed that cholinergic
WMSA in insula was not as common in HC while it was frequent in LB.
Hence,we followedourmain analysis to statistically investigate the presence
of cholinergicWMSA in insula. This analysis demonstrated that thepatients
with LB group (85%) was statistically significantly more likely to have
cholinergic WMSA in the insula compared to the HC group (45%). It has
been previously reported that patients with LB have lower grey matter
volume in the insula compared to controls, as well as that a higher WMSA
volume is associated with a lower greymatter volume in the insula inDLB31

,32. The neurodegenerative process of the insula may start in prodromal-

Fig. 3 | Associations between regional cholinergic WMSA and cognition among
patients on the Lewy body continuum and the healthy controls. All analysis are
Spearman correlations. In A we display the association between performance on an
attention test (WAIS-III Digit span, total score) and the proportion of cholinergic
WMSA in the frontal lobe. In Bwe display the association between the performance

on a memory test (FCSRT free and cued recall, total score) and the proportion of
cholinergic WMSA in the temporal lobe. Prior to analysis, the cognitive tests were
adjusted for age and education while the proportion of cholinergic WMSA in the
frontal lobe and temporal lobes were adjusted for age. WMSA white matter signal
abnormalities.
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DLB31 and progress over time, extending to other cortical areas that receive
cholinergic input in the transition to DLB33. A previous study showed that
the insula is affected not only by α-synuclein but also Aβ and p-tau-related
pathologies34. Our current findings suggest that WMSA may be an addi-
tional contributor to theneurodegenerationof the insula inpatientswithLB,
at least for the cholinergic white matter adjacent to the insula.

Our second aim was to clarify the impact of WMSA on cholinergic
integrity and their associations with biomarkers of neurodegeneration and
AD co-pathology. We did not observe any statistically significant associa-
tion of regional cholinergic WMSA with CSF biomarkers of AD co-
pathology in our analyses. This was partially expected as there were no
associations in Jerele et al.22, when this association was evaluatedwith global
WMSA measures. Hence, our current data contributes to the conclusion
that AD-related pathology may not be one of main contributors to the
neurodegeneration of cholinergic pathways in aging, AD or LB20,22,25.
Instead, we found significant associations of cholinergicWMSAwith NbM
volume and integrity of cholinergic pathways. We demonstrated that a
higher proportion of frontal cholinergic WMSA was associated with lower
NbM volume in the patients with LB group, but not in the HC group.
Involvement of the NbM is well documented in patients with LB13,14,35. The
observed associations could aid in understanding the contribution of
WMSA towards cholinergic dysfunction in LB. This is further supported by
our study demonstrating an association between cholinergic WMSA in the
frontal lobe and the integrity of the cholinergic pathways in both the LB and
theHCgroups. Previous studies showed that ahigher globalWMSAvolume
is associated with decreased thickness or volume in grey matter in areas
receiving cholinergic innervation, especially in frontal areas inDLB but also
in the insula32,36. Further, disruption of the white matter connectivity is
pronounced in DLB and can proceed MRI measures of grey matter
neurodegeneration37. We have earlier suggested that decreased integrity in
the cholinergic systemmay be an earliermarker of cholinergic degeneration
than NbM volume in the AD continuum25.

Finally, we aimed to clarify the impact of cholinergic WMSA on cog-
nitive measures. In our recent publication by Jerele and collegues22, we did
not observe any significant associations between global measurements of
WMSAwith cognitivemeasures in the same cohort that used in the current
study. Generally, the role of WMSA on cognition in DLB is unclear with
some publications suggesting an effect on global cognition and other
not27,28,38. However, as cognitive impairment in specific domains correlates
with alterations in specific brainnetworks or regions, in the current studywe
hypothesised that using our regional and proportional method to evaluate
cholinergicWMSA in different lobes of the brain and insula would capture
associations with cognitive measures. We selected measures of global cog-
nition as well as attention and memory, because previous studies showed
their associationwith cholinergic whitematter pathways11,21,25.We observed
in our analysis that patients with LBwith a higher proportion of cholinergic
WMSA had better cognitive performance, which was not observed among
the controls. Specifically, a higher proportion of frontal cholinergicWMSA
was associated with a better performance in attention, and a higher pro-
portion of cholinergic WMSA in the temporal lobe was associated with a
better performance in episodic memory. There are some previous pub-
licationswith a regional approach toWMSAand cognition.Membreno and
collegues39 reported an association between higher temporal WMSA and
worse memory in cognitively intact individuals and people with MCI39.
Pozorski and collegues40 reported an association between more WMSA
primarily in the frontal lobe with worse memory as well as an association
between higher WMSA in frontal, temporal, and parietal lobes with worse
executive function inpatientswithParkinsonsdisease (PD)40.Coenen et al.41

showed that higher total WMSA but also moreWMSA in the left and right
anterior thalamic radiation and forceps major were associated with worse
memory performance. Likewise, more WMSA in the left inferior fronto-
occipital fasciculus, anterior thalamic radiation, and forceps major were
associated with lower performance of attention and executive ability in
participants ranging from subjective cognitive complaints through to
dementia41. The anterior thalamic radiation traverses the frontal lobe and

the inferior fronto-occipital fasciculus traverses both the temporal lobe and
the frontal lobe, with partial overlap with cholinergic whitematter. As it can
be noted, all these previous studies showed that a higher WMSA volume
correlated with worse cognitive performance, while in our study we
observed that a higher proportion of cholinergic WMSA correlated with
better cognitive performance. One interpretation of our result is that a
higher proportion ofWMSA in the cholinergic whitematter reflects a lower
proportion of WMSA in the non-cholinergic white matter. We therefore
performed post-hoc analysis where we evaluated the association between
the proportion of non-cholinergic WMSA in the temporal lobe with epi-
sodicmemory andproportion of non-cholinergicWMSA in the frontal lobe
with attention.Our results showed that, indeed, a higher proportion of non-
cholinergicWMSAwas associatedwithworse cognitive performance. Thus,
a higherproportionofWMSA in the cholinergic system is not protective but
rather reflects that there is less WMSA placed in strategically more detri-
mental locations for the selected cognitive tests in LB. This interpretation is
also supported by our finding of no statistically significant associations
between the absolute values of cholinergicWMSA in the frontal or temporal
lobes and the cognitive tests, as the absolute valueunlike theproportiondoes
not depend on the proportion ofWMSA outside of the cholinergic system.

This study has some limitations. Our patients with LB were older and
had lower education than theHCgroup. To circumvent this, we adjusted all
our variables for age before statistical analysis and additionally for education
when investigating cognitive measures. The adjustments ought to have
limited the effects of age and education, but our findings need to be inter-
preted accordingly. All our participants had a clinical diagnosis without
postmortem confirmation. However, there is a reasonable correspondence
between clinical and postmortemdiagnosis as shown in previous research42.
The proportion of cholinergicWMSA is an approach that has not been used
in previous studies and the possibility of a selective vulnerability in the
cholinergic system needs to be further evaluated in other cohorts. We used
the WAIS-III Digit span as a measure of attention43,44. However, we
acknowledge that the Digit span is also a test of working memory45, which
may make Digit span additionally tap on non-cholinergic frontal white
matter. An advantage of Digit span is that it does not contain any visuos-
patial component, hence avoiding the influence of visuospatial impairment
commonly reported in DLB and prodromal DLB4,5. Finally, whilst our
sample size is in-line with previous publications in DLB focussing on dif-
fusion MRI, statistical power may have been insufficient to detect more
discrete associations.

To conclude, patients on the LB continuum have more WMSA in
cholinergic system compared to controls, both in terms of absolute volume
and as aproportionofWMSAabove andbeyond their higher globalWMSA
volume. Specifically, patientswith LBhad ahigher proportion of cholinergic
WMSAin the frontal lobes,whichwas associatedwithneurodegeneration in
the NbM and cholinergic white matter pathways. We also demonstrated
associations of cholinergic WMSA in frontal and temporal lobes with
attention and memory cognitive tests, respectively. Our data thus suggest
that there may be a selective vulnerability to WMSA in the cholinergic
systemof patientswith LB. Thesefindings also highlight the importanceof a
regional approach to understanding the role ofWMSA. Further endeavours
should strive for a greater understanding of the longitudinal changes of
WMSA and cholinergic degeneration in individuals with LB. Our current
findings contribute to the consolidation of the recent evidence on the
interplay between WMSA and cholinergic neurodegeneration in the Lewy
body continuum11,12,22,36.

Methods
Participants
We included a total of 71 participants (33 patients with LB and 36 cogni-
tively unimpaired controls) from the Sant Pau Initiative on Neurodegen-
eration (SPIN) cohort46. Patients with LB were recruited at the Sant Pau
Memory Unit (Barcelona, Spain) between June 2013 and December 2017.
The patients with LB were diagnosed following the diagnostic criteria for
probableDLB4 orMCI-LB5. Specifically, 12had a diagnosis of probableDLB
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and 21 had a diagnosis of MCI-LB at the time of MRI acquisition. The
diagnosis was determined by neurologists through extensive neurological
and neuropsychological evaluations in addition to clinical MRI scans and
cerebrospinal fluid (CSF) measures. The 36 controls had no cognitive
complaints, no impairment in daily living and, per selection, their Mini-
Mental State Examination (MMSE)47,48 total score was ≥27. Further details
about the selection criteria in the SPIN cohort are available elsewhere46.

In this study, MMSE was used as a measure of global cognition. Since
the cholinergic system is primarily involved in attention and episodic
memory49, we included the Free and Cued Selective Reminding Test
(FCSRT) free and cued recall total score as ameasureof episodicmemory50,51

and theWAIS-III Direct and Reverse Digit span total score as a measure of
attention43,44.

CSF assessment is described in detail elsewhere46. Briefly, CSF samples
were analysed for the Aβ 42/40 ratio and phosphorylated-Tau at threonine
181 (p-tau) using an ELISA. Cut-offs used were previously validated,
including 0.062 for the Aβ 42/40 ratio and 63 pg/mL for p-tau52.

All procedures in this study were approved by the local Ethics Com-
mittee in Barcelona, Spain following the Helsinki Declaration. All the par-
ticipants supplied informed written consent.

MRI scanning
All participants were scanned with the same 3 T Philips Achieva scanner
(Philips Healthcare) following the SPIN protocol46. Two MRI sequences
were used in our analyses: a high-resolution 3DT1-weightedmagnetisation
prepared rapid gradient echo (MPRAGE) sequence, with 8.1ms repetition
time, 3.7ms echo time, 160 slices with a slice thickness of 1mm and a voxel
size of 0.94 × 0.94 × 0.94mm; and a diffusion-weighted echo-planar
sequence with a 10,800ms repetition time, 78ms echo time, 80 slices with a
slice thickness of 2mm, a voxel size of 2 × 2 × 2mm, 32 isotropically dis-
tributed gradient orientations (b = 1000 s/mm2), along with a single b = 0
image and an additional b = 0 image with inverted phase encoding. The
data, pre-processing and storage were managed in the HiveDB53.

Segmentation of NbM and cholinergic tractography
Wesegmented theNbMusing a region of interest created frompostmortem
data54. The subsequent tractography method is described in detail
elsewhere21,25. Briefly, the diffusion-weighted MRI data was pre-processed
using FSL (FMRIB Software Library)55. Probabilistic tracking was per-
formed through the repetition of 5000 random samples from each voxel
within the NbM mask56. To be retained, the generated streamlines had to
pass through either mid-way cingulum or external capsule masks from the
Johns Hopkins white matter atlas57, available in FSL. We also applied
exclusionmasks for the brainstem (fromFSL’s First segmentation routine)58

and the anterior commissure21. In the next step, we created an unbiased
template by using the pre-processed b0 images. Both pathways (through the
cingulum and external capsule) from all HC cases were then non-linearly
warped into the space of this unbiased template. Finally, pathway-specific
binary masks were created by retaining voxels present in at least 60% of the
individual warped tracts Next, we calculated the index of mean diffusivity
(MD) to evaluate the microstructure properties of the two resulting choli-
nergic pathways for each participant, as in previous publications11,12,20–22,25.

Segmentation measures of WMSA
The focus of this study wasWMSA in the cholinergic system. To approach
our aim, we estimated seven different WMSA measures spanning from
more global to lobar measures of WMSA. We started with estimating the
“global WMSA volume”, which is an estimation of all WMSA in the brain.
We did this by performing automated segmentation of WMSA volume on
T1-weighted images with the FreeSurfer v7.3.1 Image Analysis software59.
Specifically, FreeSurfer relies on an algorithm that labels each voxel based on
local and intensity-relatedprobabilistic informationbasedupon estimations
from a built-in training dataset59. WMSA from T1 correlate strongly with
WMSA from fluid-attenuated inversion recovery MRI20,60–62.

Next,we continuedwith several estimations of cholinergicWMSA.We
calculated the total cholinergicWMSAvolume, which is an estimation of all
WMSAoverlappingwith thewhitematter of cholinergic pathways.We also
calculated two measures of WMSA specifically in the cingulum and the
external capsule pathways of the cholinergic system. To estimate these three
measures, we overlapped the global WMSA segmentation with the tract-
specific binarymasks for the cingulum and external capsule described in the
previous section. This gave us estimates of “cholinergic WMSA in the
cingulate pathway” and “cholinergic WMSA in external capsule pathway”.
Afterwards, we combined these two pathwaymeasures to create an estimate
of the “total cholinergic WMSA” volume.

Additionally, we estimated the cholinergic WMSA in each brain lobe.
To do that, we first segmented the white matter with labels of the adjacent
cortex extended 5mm inwards63. Then, we combined all these segmenta-
tions into four lobes and insula as described in Klein & Tourville64. We
overlapped the “global WMSA” and the “total cholinergic WMSA” with
these segmentations of lobes and insula, which provided us with measures
for total WMSA and cholinergic WMSA in each area (i.e. cholinergic
WMSAin frontal, temporal, parietal, andoccipital lobe aswell as cholinergic
WMSA in insula). The calculation of cholinergicWMSA allowed us to also
calculate non-cholinergic WMSA by estimating WMSA outside of the
cholinergic masks.

For all these WMSA measures but the global WMSA volume, we
estimated both absolute and proportional measures as further elaborated in
the results section.Absolutemeasures ofWMSAwere adjusted for eTIVand
age (see below). The eTIV was calculated through FreeSurfer v7.3.1 Image
Analysis software59.

Statistical analysis
Our aimwas to evaluate the differences between the LB andHC groups in
terms of WMSA in the cholinergic system and evaluate differential
associations of WMSA with neurodegeneration, cognition, and CSF
biomarkers within each group (e.g. the association of cholinergic WMSA
and NbM volume separately in patients with LB and HC groups). Due to
WMSA measures not being normally distributed, we transformed abso-
lute volumetric measures of cholinergic WMSA with log10 transforma-
tion. In the regions that contained cases with no cholinergic WMSA, all
participants had their volume increased by 1 to facilitate the transfor-
mation. While log10 transformation approximated WMSA measures
towards the normal distribution,main statistical analyses were performed
using robust statistical tests against slightly skewed distributions. Speci-
fically, group differences between patients with LB and HC were assessed
with the Wilcoxon rank sum test for continuous variables and the Chi-
square test or logistic binary regression for dichotomous variables; and
Spearman’s correlationswere used to test for associations betweenpairs of
continuous variables.

Furthermore, we adjusted the study variables to remove the influence
of confounders before statistical analysis.More specifically, we regressed out
the effect of age from all measures except education and sex with a linear
regression model. For the volumetric measurements of global WMSA,
cholinergic WMSA and NbM, we adjusted for eTIV in addition to age.
Cognitive measures were adjusted for education in addition to age. All
adjustments were performed with the formula proposed by Voevodskaya
et al.65, by computing mean and beta values frommultiple linear regression
models solely in the HC group, where the variable of interest was the
outcome variable and the confounder was predictor. For variables adjusted
for more than one confounder, they were fitted in the same model. The
adjustment was performed in both patients with LB and controls.

R Studio was used for all statistical analysis and α was set to 0.05 and
confidence intervals to 95%.

Data availability
Data may be available upon reasonable request if legal and ethical
requirements can be met.

https://doi.org/10.1038/s41531-025-01118-5 Article

npj Parkinson’s Disease |          (2025) 11:250 7

www.nature.com/npjparkd


Received: 5 June 2025; Accepted: 8 August 2025;

References
1. Hogan, D. B. et al. The prevalence and incidence of dementia with

Lewy bodies: a systematic review. Can. J. Neurol. Sci. 43, S83–S95
(2016).

2. Kane, J. P. M. et al. Clinical prevalence of Lewy body dementia.
Alzheimer’s Res. Ther. 10, 19–19 (2018).

3. Vann Jones, S. A. & O’Brien, J. T. The prevalence and incidence of
dementia with Lewy bodies: a systematic review of population and
clinical studies. Psychol. Med. 44, 673–683 (2014).

4. McKeith, I. G. et al. Diagnosis and management of dementia with
Lewy bodies: fourth consensus report of the DLB Consortium.
Neurology 89, 88–100 (2017).

5. McKeith, I. G. et al. Research criteria for the diagnosis of prodromal
dementia with Lewy bodies. Neurology 94, 743–755 (2020).

6. Park, H.-E. et al. Subcortical whiter matter hyperintensities within the
cholinergic pathways of patients with dementia and parkinsonism. J.
Neurol. Sci. 353, 44–48 (2015).

7. Shimada, H. et al. Dementia with Lewy bodies can be well-
differentiated from Alzheimer’s disease by measurement of brain
acetylcholinesterase activity-a [11C]MP4A PET study. Int. J. Geriatr.
Psychiatry 30, 1105–1113 (2015).

8. Grothe, M. J. et al. Atrophy of the cholinergic basal forebrain in
dementia with Lewy bodies and Alzheimer’s disease dementia. J.
Neurol. 261, 1939–1948 (2014).

9. Colloby, S. J., Elder, G. J., Rabee, R., O’Brien, J. T. & Taylor, J.-P.
Structural grey matter changes in the substantia innominata in
Alzheimer’s disease and dementia with Lewybodies: a DARTEL-VBM
study. Int. J. Geriatr. Psychiatry 32, 615–623 (2017).

10. Shimada, H. et al.Mapping of brain acetylcholinesterase alterations in
Lewy body disease by PET. Neurology 73, 273–278 (2009).

11. Schumacher, J. et al. Cholinergic white matter pathways in dementia
with Lewy bodies and Alzheimer’s disease. Brain145, 1773–1784
(2022).

12. Schumacher, J. et al. Free water imaging of the cholinergic system in
dementia with Lewy bodies and Alzheimer’s disease. Alzheimer’s
Dement. https://doi.org/10.1002/alz.13034 (2023).

13. Hanyu, H. et al. MR features of the substantia innominata and
therapeutic implications in dementias. Neurobiol. aging 28, 548–554
(2007).

14. Kim,H. J., Lee, J. E., Shin, S. J., Sohn, Y.H. & Lee, P. H. Analysis of the
substantia innominata volume in patients with Parkinson’s disease
with dementia, dementia with lewy bodies, and Alzheimer’s disease.
J. Mov. Disord. 4, 68–72 (2011).

15. Okkels, N. et al. Cholinergic changes in Lewy body disease:
implications for presentation, progression and subtypes. Brain
https://doi.org/10.1093/brain/awae069 (2024).

16. Fujishiro, H. et al. Depletion of cholinergic neurons in the nucleus of
the medial septum and the vertical limb of the diagonal band in
dementia with Lewy bodies. Acta Neuropathol. 111, 109–114 (2006).

17. Watts, K. E., Storr, N. J., Barr, P. G. & Rajkumar, A. P. Systematic
review of pharmacological interventions for people with Lewy body
dementia. Aging Ment. Health 27, 203–216 (2023).

18. Xu, H. et al. Long-term effects of cholinesterase inhibitors and
memantine on cognitive decline, cardiovascular events, andmortality
in dementia with Lewy bodies: an up to 10-year follow-up study.
Alzheimer’s Dement. https://doi.org/10.1002/alz.14118 (2024).

19. Selden,N.R.,Gitelman,D.R., Salamon-Murayama,N., Parrish, T.B. &
Mesulam, M. M. Trajectories of cholinergic pathways within the
cerebral hemispheres of the human brain. Brain121, 2249–2257
(1998).

20. Cedres, N. et al. Association of cerebrovascular and Alzheimer
disease biomarkers with cholinergic white matter degeneration in

cognitively unimpaired individuals. Neurology 99, e1619–e1629
(2022).

21. Nemy, M. et al. Cholinergic white matter pathways make a stronger
contribution to attention and memory in normal aging than
cerebrovascular health and nucleus basalis of Meynert.
NeuroImage211, 116607–116607 (2020).

22. Jerele, C. et al. Cerebrovascular co-pathology and cholinergic white
matter pathways along the Lewy body continuum. Brain Commun.
https://doi.org/10.1093/braincomms/fcaf173 (2025).

23. Lin,C. P. et al. Structural (dys)connectivity associateswith cholinergic
cell density in Alzheimer’s disease. Brain145, 2869–2881 (2022).

24. Liu, Q. et al. White matter damage in the cholinergic system
contributes to cognitive impairment in subcortical vascular cognitive
impairment, no dementia. Front. Aging Neurosci. 9, 47–47 (2017).

25. Nemy, M. et al. Cholinergic white matter pathways along the
Alzheimer’s disease continuum. Brainhttps://doi.org/10.1093/brain/
awac385 (2022).

26. Qiu, T. et al. Degeneration of cholinergic white matter pathways and
nucleus basalis of Meynert in individuals with objective subtle
cognitive impairment. Neurobiol. Aging 132, 198–208 (2023).

27. Hijazi, Z., Yassi, N., O’Brien, J. T. & Watson, R. The influence of
cerebrovascular disease in dementia with Lewy bodies and
Parkinson’s disease dementia. Eur. J. Neurol. 29, 1254–1265 (2022).

28. Rennie, A. et al. Cerebrovascular andAlzheimer’s disease biomarkers
in dementia with Lewy bodies and other dementias. Brain Commun.
https://doi.org/10.1093/braincomms/fcae290 (2024).

29. Duering, M. et al. Neuroimaging standards for research into small
vessel disease-advances since 2013. Lancet Neurol. https://doi.org/
10.1016/S1474-4422(23)00131-X (2023).

30. Sarro, L. et al. An investigation of cerebrovascular lesions in dementia
with Lewy bodies compared to Alzheimer’s disease. Alzheimer’s
Dement. 13, 257–266 (2017).

31. Roquet, D. et al. Insular atrophy at the prodromal stage of dementia
with Lewy bodies: a VBM DARTEL study. Sci. Rep. 7, 9437–9410
(2017).

32. Ferreira, D. et al. Cross-sectional Associations of β-Amyloid, Tau, and
cerebrovascular biomarkers with neurodegeneration in probable
dementia with lewy bodies. Neurology 100, e846–e859 (2023).

33. Chiu, S. Y. et al. Longitudinal free-water changes in dementia with
lewy bodies.Mov. Disord. 39, 836–846 (2024).

34. Fathy, Y. Y. et al. Axonal degeneration in the anterior insular
cortex is associated with Alzheimer’s co-pathology in Parkinson’s
disease and dementia with Lewy bodies. Transl. Neurodegen. 11,
52 (2022).

35. Whitwell, J. L. et al. Focal atrophy in dementia with Lewy bodies on
MRI: a distinct pattern from Alzheimer’s disease. Brain130, 708–719
(2007).

36. Ferreira, D. et al. Cerebrovascular disease, neurodegeneration, and
clinical phenotype in dementia with Lewy bodies. Neurobiol. Aging
105, 252–261 (2021).

37. Habich, A., Wahlund, L. O., Westman, E., Dierks, T. & Ferreira, D. Dis-)
Connecteddots indementiawith lewybodies—asystematic reviewof
connectivity studies.Mov. Disord 38, 4–15 (2023).

38. Chen, T.-Y., Chan, P.-C., Tsai, C.-F., Wei, C.-Y. & Chiu, P.-Y. White
matter hyperintensities in dementia with Lewy bodies are associated
with poorer cognitive function and higher dementia stages. Front.
Aging Neurosci. 14, 935652. https://doi.org/10.3389/fnagi.2022.
935652 (2022).

39. Membreno, R. et al. Regional white matter hyperintensities relate to
specific cognitive abilities in older adults without dementia.Alzheimer
Dis. Assoc. Disord. 37, 303–309 (2023).

40. Pozorski, V. et al. Cross-sectional and longitudinal associations
between total and regional white matter hyperintensity volume and
cognitive and motor function in Parkinson’s disease. NeuroImage
Clin. 23, 101870. https://doi.org/10.1016/j.nicl.2019.101870 (2019).

https://doi.org/10.1038/s41531-025-01118-5 Article

npj Parkinson’s Disease |          (2025) 11:250 8

https://doi.org/10.1002/alz.13034
https://doi.org/10.1002/alz.13034
https://doi.org/10.1093/brain/awae069
https://doi.org/10.1093/brain/awae069
https://doi.org/10.1002/alz.14118
https://doi.org/10.1002/alz.14118
https://doi.org/10.1093/braincomms/fcaf173
https://doi.org/10.1093/braincomms/fcaf173
https://doi.org/10.1093/brain/awac385
https://doi.org/10.1093/brain/awac385
https://doi.org/10.1093/brain/awac385
https://doi.org/10.1093/braincomms/fcae290
https://doi.org/10.1093/braincomms/fcae290
https://doi.org/10.1016/S1474-4422(23)00131-X
https://doi.org/10.1016/S1474-4422(23)00131-X
https://doi.org/10.1016/S1474-4422(23)00131-X
https://doi.org/10.3389/fnagi.2022.935652
https://doi.org/10.3389/fnagi.2022.935652
https://doi.org/10.3389/fnagi.2022.935652
https://doi.org/10.1016/j.nicl.2019.101870
https://doi.org/10.1016/j.nicl.2019.101870
www.nature.com/npjparkd


41. Coenen, M. et al. Strategic white matter hyperintensity locations for
cognitive impairment: a multicenter lesion-symptom mapping study
in 3525 memory clinic patients. Alzheimer’s Dement19, 2420–2432
(2023).

42. Skogseth, R. et al. Accuracy of clinical diagnosis of dementia with
lewy bodies versus neuropathology. J. Alzheimer’s Dis. 59,
1139–1152 (2017).

43. Peña-Casanova, J. et al. Spanish Multicenter Normative Studies
(NEURONORMA Project): norms for verbal span, visuospatial span,
letter and number sequencing, trail making test, and symbol digit
modalities test. Arch. Clin. Neuropsychol. 24, 321–341 (2009).

44. Wechsler, D.Wechsler Adult Intelligence Scale-Third Edition (WAIS-
III). Administration and scoring manual (The Psychological
Corporation, 1997).

45. Groth-Marnat, G. & Baker, S. Digit span as a measure of everyday
attention: a study of ecological validity. Percept. Mot. Skills 97,
1209–1218 (2003).

46. Alcolea, D. et al. The Sant Pau Initiative on Neurodegeneration (SPIN)
cohort: a data set for biomarker discovery and validation in
neurodegenerative disorders.Alzheimer’sDement.5, 597–609 (2019).

47. Folstein, M. F., Folstein, S. E. & McHugh, P. R. “Mini-mental state”: a
practical method for grading the cognitive state of patients for the
clinician. J. Psychiatr. Res. 12, 189–198 (1975).

48. Blesa, R. et al. Clinical validity of the ‘mini-mental state’ for Spanish
speaking communities. Neuropsychologia 39, 1150–1157 (2001).

49. Ballinger, E. C., Ananth, M., Talmage, D. A. & Role, L. W. Basal
forebrain cholinergic circuits and signaling in cognition and cognitive
decline. Neuron91, 1199–1218 (2016).

50. Peña-Casanova, J. et al. Spanish Multicenter Normative Studies
(NEURONORMA Project): norms for the Rey–Osterrieth Complex
Figure (Copy and Memory), and Free and Cued Selective Reminding
Test. Arch. Clin. Neuropsychol. 24, 371–393 (2009).

51. Buschke,H.Cued recall in amnesia.J.Clin.Neuropsychol.6, 433–440
(1984).

52. Alcolea, D. et al. Agreement of amyloid PET and CSF biomarkers for
Alzheimer’s disease on Lumipulse. Ann. Clin. Transl. Neurol. 6,
1815–1824 (2019).

53. Muehlboeck, J. S., Westman, E. & Simmons, A. TheHiveDB image
data management and analysis framework. Front. Neuroinform. 7, 49
(2014).

54. Kilimann, I. et al. Subregional basal forebrain atrophy in Alzheimer’s
disease: a multicenter study. J. Alzheimer’s Dis. 40, 687–700 (2014).

55. Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W. &
Smith, S. M. FSL. NeuroImage62, 782–790 (2012).

56. Behrens, T. E. J. et al. Characterization andpropagationof uncertainty
in diffusion-weightedMR imaging.Magn.Reson.Med.50, 1077–1088
(2003).

57. Mori, S. MRI atlas of human white matter. 1st edn, (Elsevier, 2005).
58. Zhang, Y., Brady, M. & Smith, S. Segmentation of brain MR images

through a hidden Markov random field model and the expectation-
maximization algorithm. IEEE Trans. Med. imaging 20, 45–57 (2001).

59. Fischl, B. FreeSurfer. NeuroImage62, 774–781 (2012).
60. Cedres, N. et al. Predicting Fazekas scores from automatic

segmentations of white matter signal abnormalities. Aging12,
894–901 (2020).

61. Wei, K. et al. White matter hypointensities and hyperintensities have
equivalent correlations with age and CSF β-amyloid in the
nondemented elderly. Brain and behavior 9, e01457-n/a https://doi.
org/10.1002/brb3.1457 (2019).

62. Mohanty, R., Ferreira, D. & Westman, E. Multi-pathological
contributions toward atrophy patterns in the Alzheimer’s disease
continuum. Front. Neurosci. 18, 1355695–1355695 (2024).

63. Salat, D. H. et al. Regional white matter volume differences in
nondemented aging and Alzheimer’s disease. NeuroImage44,
1247–1258 (2009).

64. Klein, A. & Tourville, J. 101 labeled brain images and a consistent
human cortical labeling protocol. Front. Neurosci. 6, 171–171 (2012).

65. Voevodskaya, O. et al. The effects of intracranial volume adjustment
approaches on multiple regional MRI volumes in healthy aging and
Alzheimer’s disease. Front. Aging Neurosci. 6, 264–264 (2014).

Acknowledgements
The authors thank all the staff involved in the data collection and
management in the SPIN cohort. We also want to extend a heartfelt thank
you to the patients and participants that have contributed as researchwould
be impossiblewithout them.Funding for thisproject hasbeen received from:
the Swedish Research Council (Vetenskapsrådet, grant 2022-00916), the
Center for Innovative Medicine (CIMED, grants 20200505 and FoUI-
988826), the regional agreement onmedical training and clinical research of
Stockholm Region (ALF Medicine, grants FoUI-962240 and FoUI-987534),
the Swedish Brain Foundation (Hjärnfonden FO2025-0214, FO2023-0261,
FO2022-0175, FO2021-0131), the Swedish Alzheimer Foundation (Alzhei-
merfondenAF-968032,AF-980580,AF-994058, AF-1010553), theStrategic
Research Area for Neuroscience at Karolinska Institutet (StratNeuro), the
Swedish Dementia Foundation (Demensfonden), the Gamla Tjänarinnor
Foundation, the Gun och Bertil Stohnes Foundation, Funding for Research
from Karolinska Institutet, Neurofonden, Foundation for Geriatric Diseases
at Karolinska Institutet and The Swedish Parkinson's foundation (Parkin-
sonfonden), as well as contributions from private bequests and academic
agreements with industry. MN was partially supported by institutional
resources of Czech Technical University in Prague and the Czech Science
FoundationGrant No. 25-18359M. ABacknowledges support from Instituto
deSaludCarlos III andco-fundedby theEuropeanUnion through theMiguel
Servet grant (CP20/00038) and Fondo de Investigaciones Sanitario (PI22/
00307), theAlzheimer's Association (AARG-22-923680) and theAjuntament
de Barcelona, in collaboration with Fundació La Caixa (23S06157-001). EW
was supported the Swedish Research Council (VR) 2016-02282, 2021-
01861, the Center for Innovative Medicine (CIMED) FoUI-954459, FoUI-
975174, the regional agreement on medical training and clinical research
(ALF) between Stockholm County Council and Karolinska Institutet FoUI-
952838, FoUI-954893, The Swedish Brain Foundation (Hjärnfonden)
FO2022-0084, FO2024-0239, The Swedish Alzheimer's Foundation (Alz-
heimerfonden) AF-967495, AF-980387, The Swedish Parkinson's founda-
tion (Parkinsonfonden) 1443/2022, 1521/23, King Gustaf V:s and Queen
Victorias Foundation, and Olle Engkvists Foundation (Olle Engkvists Stif-
telse) 186-0660, 224-0069 as well as Birgitta and Sten Westerberg for
additional financial support. The SPIN cohort received funding from the
Fondo de Investigaciones Sanitario (FIS), Instituto de Salud Carlos III (PI21/
00791, PI14/01126, PI17/01019, PI20/01473, PI13/01532, PI16/01825,
PI18/00335, PI19/00882, PI18/00435, PI22/00611, INT19/00016, INT23/
00048,PI17/01896andAC19/00103) and theCIBERNEDprogram(Program
1, Alzheimer Disease to AL), jointly funded by Fondo Europeo de Desarrollo
Regional, Unión Europea, “Unamanera de hacer Europa”. The SPIN cohort
was also supported by the National Institutes of Health (NIA grants
1R01AG056850-01A1; R21AG056974; and R01AG061566), by Generalitat
de Catalunya (2017-SGR-547, SLT006/17/125, SLT006/17/119, SLT002/
16/408), “Marató TV3” foundation grants 20141210, 044412 and 20142610,
a grant from the Fundació Bancaria La Caixa to RB (DABNI project), Fun-
dació Catalana Síndrome de Down and Fundació Víctor Grífols i Lucas.
Horizon 21 Consortium is partly funded by Jérôme Lejeune Foundation.

Author contributions
A.R. designed the study, performed formal statistical analysis and
interpreted the data, and drafted the manuscript, M.N. contributed to data
curation and formal image analysis aswell as critically revised and approved
the final manuscript. C.J. contributed to data curation and critically revised
and approved the final manuscript. I.R.B., V.M., A.B., J.F., and A.L.,
contributed to data acquisition and critically revised and approved the final
manuscript. D.A. and M.K. critically revised and approved the final
manuscript. E.W. provided the resources for data analysis and processing,

https://doi.org/10.1038/s41531-025-01118-5 Article

npj Parkinson’s Disease |          (2025) 11:250 9

https://doi.org/10.1002/brb3.1457
https://doi.org/10.1002/brb3.1457
https://doi.org/10.1002/brb3.1457
www.nature.com/npjparkd


critically revisedandapproved thefinalmanuscript.D.Al. contributed todata
acquisition, cohort management, critically revised and approved the final
manuscript. D.F. designed the study, interpreted the data, obtained funding,
and critically revised and approved the final manuscript.

Funding
Open access funding provided by Karolinska Institute.

Competing interests
D.Aa. has received research support and/or honoraria fromAstraZeneca, H.
Lundbeck, Novartis Pharmaceuticals and GE Health and served as a paid
consultant for H. Lundbeck, Eisai and Evonik. D.Al. participated in advisory
boards fromFujirebio-Europe,RocheDiagnostics,GrifolsS.A., andLilly, and
received speaker honoraria from Fujirebio-Europe, Roche Diagnostics,
Nutricia, Krka Farmacéutica S.L., Zambon S.A.U., Neuraxpharm, Alter
Medica, Lilly and Esteve Pharmaceuticals S.A. D.Al. declares a filed patent
application (WO2019175379 A1 Markers of synaptopathy in
neurodegenerative disease). D.F. consults for BioArctic and has received
honoraria from Esteve.

Additional information
Correspondence and requests for materials should be addressed to
Daniel Ferreira.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41531-025-01118-5 Article

npj Parkinson’s Disease |          (2025) 11:250 10

http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjparkd

	Regional associations between cerebrovascular disease and cholinergic white matter pathways in the Lewy body continuum
	Results
	Cohort characteristics
	Global WMSA
	Total and cholinergic pathways WMSA
	Cholinergic WMSA within lobes and insula
	The association of WMSA with NbM volume and MD in cholinergic pathways
	The association of WMSA with cognitive performance
	The association of WMSA with CSF biomarkers

	Discussion
	Methods
	Participants
	MRI scanning
	Segmentation of NbM and cholinergic tractography
	Segmentation measures of WMSA
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




