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Patients who have dementia with Lewy bodies and Alzheimer’s disease show early degeneration of the cholinergic
nucleus basalis of Meynert. However, how white matter projections between the nucleus basalis of Meynert and
the cortex are altered in neurodegenerative disease is unknown.
Tractography of white matter pathways originating from the nucleus basalis of Meynert was performed using dif-
fusion-weighted imaging in 46 patients with Alzheimer’s disease dementia, 48 with dementia with Lewy bodies,
35 with mild cognitive impairment with Alzheimer’s disease, 38 with mild cognitive impairment with Lewy bodies
and 71 control participants. Mean diffusivity of the resulting pathways was compared between groups and related
to cognition, attention, functional EEG changes and dementia conversion in the mild cognitive impairment groups.
We successfully tracked a medial and a lateral pathway from the nucleus basalis of Meynert. Mean diffusivity of
the lateral pathway was higher in both dementia and mild cognitive impairment groups than controls (all
P50.03). In the patient groups, increased mean diffusivity of this pathway was related to more impaired global
cognition (b = –0.22, P = 0.06) and worse performance on an attention task (b = 0.30, P = 0.03). In patients with mild
cognitive impairment, loss of integrity of both nucleus basalis of Meynert pathways was associated with increased
risk of dementia progression [hazard ratio (95% confidence interval), medial pathway: 2.51 (1.24–5.09); lateral path-
way: 2.54 (1.24–5.19)]. Nucleus basalis of Meynert volume was reduced in all clinical groups compared to controls
(all P50.001), but contributed less strongly to cognitive impairment and was not associated with attention or de-
mentia conversion. EEG slowing in the patient groups as assessed by a decrease in dominant frequency was asso-
ciated with smaller nucleus basalis of Meynert volumes (b = 0.22, P = 0.02) and increased mean diffusivity of the
lateral pathway (b = –0.47, P = 0.003).
We show that degeneration of the cholinergic nucleus basalis of Meynert in Alzheimer’s disease and dementia
with Lewy bodies is accompanied by an early reduction in integrity of white matter projections that originate from
this structure. This is more strongly associated with cognition and attention than the volume of the nucleus basa-
lis of Meynert itself and might be an early indicator of increased risk of dementia conversion in people with mild
cognitive impairment.
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Introduction
Dementia with Lewy bodies (DLB) and Alzheimer’s disease are
both characterized by marked cholinergic deficits.1 Previous in vivo
studies of the cholinergic system in these conditions have investi-
gated volumetric changes within the nucleus basalis of Meynert
(NBM), a cortically projecting and predominantly cholinergic nu-
cleus located in the basal forebrain.2–4 A reduction in NBM volume
is evident in both Alzheimer’s disease and DLB patients compared
to healthy controls,5–7 is already present in people with mild cogni-
tive impairment (MCI),8–12 and is associated with global cognitive
impairment7,12 and impaired performance on attention tasks.13,14

Furthermore, the cholinergic system has been implicated in the
core Lewy body symptoms of visual hallucinations15 and cognitive
fluctuations.5 Cholinergic remediation with cholinesterase inhibi-
tors is therefore a mainstay of symptomatic treatment in DLB and
Alzheimer’s disease.16,17

Previous studies have shown that cholinergic projections from
the NBM to the cortex travel in discrete, organized bundles.18 Two
main white matter pathways have been identified that originate
from the NBM and pass to different parts of the cortex: A medial
pathway travelling through the cingulum towards cingulate, retro-
splenial and subcallosal cortex, and a lateral pathway travelling
through the external capsule and uncinate fasciculus to innervate
the insula as well as frontal, parietal and temporal cortex.18–20

Recently, it has been demonstrated that structural integrity of
these NBM white matter pathways may make a stronger contribu-
tion to cognitive health in normal ageing than NBM volume.19

However, whether they also play a role in neurodegenerative dis-
eases like DLB and Alzheimer’s disease is not currently known.

Additionally, our recent work has shown that changes in NBM
volume are related to functional EEG changes, indicating that the
slowing of the resting-state EEG rhythm that is typically observed
in dementia and MCI patients is related to a loss of NBM volume12;
however, the role of NBM white matter projections in this process
has not been investigated yet.

The aim of the present study was therefore to investigate the
integrity of the NBM pathways in people with Alzheimer’s disease
dementia and DLB compared to age-matched controls without de-
mentia using diffusion-weighted imaging data. In addition to
those with an established dementia diagnosis, we also included
people at the MCI stage with the aim of assessing whether any
changes in NBM pathways occur early in the course of the disease
and whether these changes are predictive of future dementia
onset in these patients. Finally, we aimed to investigate the contri-
bution of structural integrity of the two NBM pathways described
before to decline in global cognitive performance, attention and
dementia-related functional EEG changes.

Materials and methods
Participants

This analysis included 246 participants from previous studies who
were over 60 years of age.12,21,22 Fifty-two were diagnosed with
probable DLB, 46 with probable Alzheimer’s disease dementia, 38
with probable MCI with Lewy bodies (MCI-LB), 36 with MCI due to
Alzheimer’s disease (MCI-AD) and 74 were healthy control partici-
pants with no history of psychiatric or neurological illness.
Patients were recruited from the local community-dwelling popu-
lation who had been referred to old-age psychiatry and neurology
services. Dementia and MCI diagnoses were performed independ-
ently by a consensus panel of three experienced clinicians in ac-
cordance with consensus clinical criteria for probable DLB,23

probable Alzheimer’s disease dementia,24 probable MCI-LB25 and
MCI-AD.26 All MCI participants underwent dopaminergic imaging
with FP-CIT SPECT and MIBG myocardial scintigraphy. These scans
were used for the diagnosis of probable MCI-LB as set out in the
diagnostic criteria25 and all participants diagnosed with MCI-AD
showed normal MIGB and FP-CIT scans. Healthy control partici-
pants were recruited from a local research register and from rela-
tives and friends of patients.

Neuropsychological testing

All participants underwent a detailed clinical assessment includ-
ing the Mini-Mental State Examination (MMSE) as a measure of
global cognition, the Unified Parkinson’s Disease Rating Scale
(UPDRS) part III for the assessment of Parkinsonian motor prob-
lems, the Neuropsychiatric Inventory (NPI) and the Clinician
Assessment of Fluctuations (CAF) for the assessment of cognitive
fluctuations. Participants also performed computerized tests
including a choice reaction time task.27,28 MCI participants were
followed up annually and reassessed with neuropsychological
testing and clinical panel review of diagnosis and assessment for
the presence of incident dementia.29

The study was approved by Newcastle & North Tyneside 1
Research Ethics Committee (10/H0906/19) and Newcastle & North
Tyneside 2 Research Ethics Committee (15/NE/0420 and 13/NE/
0064), and written informed consent was obtained from all
participants.

MRI acquisition

T1-weighted MR images were acquired on a 3 T Philips Intera
Achieva scanner with a magnetization prepared rapid gradient
echo sequence, sagittal acquisition, echo time 4.6 ms, repetition
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time 8.3 ms, inversion time 1250 ms, flip angle = 8�, SENSE
factor = 2 and in-plane field of view 240 � 240 mm2 with slice
thickness 1.0 mm, yielding a voxel size of 1.0 � 1.0 � 1.0 mm3.

Diffusion-weighted images (DWI) were acquired with the fol-
lowing parameters: repetition time 6126 ms, echo time 70 ms,
124 � 120 matrix; 270 � 270 field of view, 59 slices with slice thick-
ness 2.11 mm, 64 gradient orientations (b = 1000 s/mm2) and six
images without diffusion weighting (b = 0 s/mm2, b0).

MRI preprocessing

The methods below approximately follow the pipeline developed
in Nemy et al.19 for NBM segmentation and diffusion-based track-
ing of NBM white matter projections.

The DWI data were visually inspected for artefacts and then
processed using the FSL toolbox (v.6.0.2). As a first step, brain ex-
traction was performed using FSL’s bet function30 (Fig. 1A). Second,
FSL’s eddy tool was applied to correct for eddy currents and head

Figure 1 Overview of NBM white matter tract estimation. (A) Brain extraction of diffusion-weighted data using FSL’s bet function. (B) Correction for
eddy currents and head motion using FSL’s eddy tool. (C) Fitting of the diffusion tensor model using FSL’s dtifit. (D) Estimation of fibre orientations in
each voxel using FSL’s BedpostX with a ball-and-stick model with three fibres per voxel. (E) Transformation of region of interest from T1 MNI space to
individual subject T2 space. (F) Transformation of region of interest from standard T2 space to individual subject T2 space. (G) Probabilistic tractogra-
phy with FSL’s ProbtrackX using the NBM region of interest as seed, the cingulum and external capsule region of interest as waypoint masks, and the
brainstem and anterior commissure as exclusion masks. (H) Building of unbiased group template from 100 randomly selected b0 images. (I)
Transformation of tracts from individual subject T2 space to the unbiased group template. (K) Estimation of group tracts for the medial and lateral
NBM pathways. (L) Extraction of diffusion parameters from the estimated tracts. AC = anterior commissure.
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motion31 (Fig. 1B). Participants whose average absolute motion
exceeded 3 mm were excluded from further analysis.

FSL’s dtifit was then applied to fit a diffusion tensor model to
the data (Fig. 1C) and BedpostX was applied to calculate diffusion
parameters using a standard ball-and-sticks model in each voxel
with three fibres modelled per voxel32 (Fig. 1D).

Regions of interest

Five region of interest masks were used to guide the probabilistic
tractography based on previous research.18–20 A mask of the NBM
was used as the seed region for the tractography. This was based
on a cytoarchitectonic map of the cholinergic basal forebrain in
MNI T1 space that has been derived from combined histology and
MRI of a post-mortem brain.33 The NBM region of interest was cre-
ated by combining the anterior-lateral, anterior-intermediate and
posterior Ch4 subregions of the basal forebrain map. Previous
studies have identified two main white matter pathways originat-
ing from the NBM: a medial pathway that passes through the cin-
gulum and a lateral pathway going through the external
capsule.18,19 Regions of interest of the cingulum and external cap-
sule were therefore used as waypoint masks to constrain the trac-
tography to these pathways. The cingulum and external capsule
masks were obtained from the Johns Hopkins University white
matter atlas in FSL34 in standard T2 space. Finally, regions of inter-
est of the anterior commissure and the brainstem were used as ex-
clusion masks to avoid contamination of estimated tracts from
non-cholinergic pathways.4,19 The anterior commissure mask was
obtained from FSLs’ XTRACT tool35 in MNI T1 space and the brain-
stem mask was estimated using FSL’s FIRST segmentation
routine.36

All five regions of interest were transformed into each individu-
al’s T2 space. Subject-space T1 images were transformed to MNI T1

space and each subject’s T2 (b0) image was registered with the cor-
responding T1 image. The inverse transforms of these two registra-
tion steps were then applied to warp the regions of interest that
were defined in MNI T1 space (NBM, anterior commissure, brain-
stem) to subject-specific T2 space (Fig. 1E). Transformations from
each subject’s T2 image to the standard DTI template were esti-
mated and the inverse transformations were applied to register
regions of interest from standard DTI space (cingulum, external
capsule) to subject T2 space (Fig. 1F). All transformations were esti-
mated with Advanced Normalization Tools (ANTs),37 using ANTs’
non-linear SyN registration algorithm for subject T1!MNI T1 and
subject T2! standard T2 space and affine registration between
subject T1 and T2 images.

Tractography

Probabilistic tracking was performed with FSL’s ProbtrackX by gen-
erating 5000 random samples from the NBM seed region of interest
that propagated through the local probability density function of
the estimated diffusion parameters38 (Fig. 1G). The cingulum and
external capsule regions of interest were used as waypoint masks,
i.e. only streamlines that passed through either of these regions of
interest were retained. Pathways that entered the brainstem or an-
terior commissure were excluded.

Tracts estimated in individual subject space were brought to a
common space to estimate a group tract. An unbiased group tem-
plate was created with ANTs’ buildtemplate function using the b0
images of 100 randomly selected participants (20 from each diag-
nostic group, Fig 1H), and individual subject tracts were trans-
formed to the group template space (Fig. 1J). Medial and lateral
group tracts were created by including all voxels that were
included in at least 50% of the individual subject tracts (Fig. 1K).

This threshold was chosen based on visual inspection of the
resulting group tracts and is lower than in Nemy et al.,19 potentially
due to greater atrophy in our patient populations. The medial and
lateral group tracts were then transformed back into individual
subject T2 space and mean diffusivity from voxels belonging to
each tract was extracted for each participant (Fig. 1L).

The analyses presented here were focussed on mean diffusivity
based on the previous study by Nemy et al.19 and due to the fact
that mean diffusivity appears to be an earlier marker of white mat-
ter changes in neurodegenerative disease compared to other DTI
metrics such as fractional anisotropy.39–41 As a supplementary
analysis, we also investigated radial and axial diffusivity.

To test the specificity of any effects for the NBM white matter
pathways, we created a white matter control mask by subtracting
the two NBM tracts from a whole-brain white matter mask that
was obtained by running FSL FAST on each subject’s T1-weighted
image.42

Estimation of NBM volumes

Preprocessing of T1-weighted MR images was performed in SPM12
(http://www.fil.ion.ucl.ac.uk/spm/). Images were first segmented
into grey matter, white matter and cerebrospinal fluid. The
DARTEL algorithm was used to create a study-specific template
and all grey matter images were coregistered to this template.43 To
transform the NBM mask from MNI standard space to the study-
specific DARTEL template space, we used ANTs’ non-linear SyN al-
gorithm to register the DARTEL template to MNI space and applied
the inverse transform to the NBM map. Mean grey matter volumes
within the NBM mask were calculated and proportionally normal-
ized by total intracranial volume.

EEG acquisition and analysis

Eyes closed resting-state EEG data (128 electrodes) were available
for a subset of participants (49 controls, 33 MCI-AD, 25 Alzheimer’s
disease dementia, 37 MCI-LB and 20 DLB). Acquisition and prepro-
cessing have been described in detail before.44 Briefly, preprocess-
ing included bandpass-filtering between 0.3 and 54 Hz and
epoching the data into non-overlapping 2 second epochs. Visually
identified noisy channels and epochs were excluded before apply-
ing independent component analysis for further removal of mus-
cular, cardiac, ocular and line noise artefacts. Previously excluded
channels were then replaced using spherical spline interpolation
and data were average referenced. Power spectral density was esti-
mated using Bartlett’s method in MATLAB and the dominant fre-
quency was calculated as the frequency with the highest power
between 4 and 15 Hz (averaged across epochs and electrodes).

Statistics

Statistical analyses were performed in R (https://www.r-project.
org/) and figures were produced using the package ggplot2.45

Normalized NBM volumes were compared between the groups
using a univariate analysis of covariance (ANCOVA) controlling for
age and sex, followed by post hoc tests with Bonferroni correction
for multiple comparisons.

Mean diffusivity from the two NBM tracts was compared be-
tween the groups with a univariate ANCOVA controlling for age,
sex and mean diffusivity from the white matter control mask. The
ANCOVA was followed by pairwise post hoc tests with Bonferroni
correction.

As an additional control analysis, we also applied univariate
ANCOVAs to investigate group differences in mean diffusivity
within the standard white matter regions of interest (cingulum
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and external capsule) that were used to guide the tractography
(controlling for age and sex).

We also calculated Pearson’s correlations between NBM vol-
ume and mean diffusivity values of the NBM pathways and from
the white matter control mask.

Cox proportional hazards models were estimated in R to assess
risks of developing dementia in the MCI groups, and associations
with NBM volume, and mean diffusivity of the medial and lateral
NBM white matter pathways. The latter two predictors were mod-
elled controlling for the mean diffusivity of the white matter con-
trol mask. All models also controlled for age at baseline, and
cognitive function at baseline as assessed by the Addenbrooke’s
Cognitive Examination—Revised. Age was centred at the grand
mean, while cognitive function and all NBM volumetric and diffu-
sivity variables were standardized with respect to the control
group.

To test the association of NBM volume and the integrity of the
NBM tracts with global cognition, a multiple linear regression
model was run across all MCI and dementia patients with MMSE
as the dependent variable and mean diffusivity along the medial
and lateral NBM tracts and NBM volume as predictor variables,
including age, sex, diagnosis and mean diffusivity from the white
matter control mask as covariates. A similar model was run with
mean choice reaction time as the dependent variable to test the
association with attentional performance and with EEG dominant
frequency as the dependent variable to test the relationship with
EEG slowing.

Additionally, we tested the degree of contribution of NBM vol-
ume and NBM tract integrity to cognitive measures and EEG slow-
ing by performing a random forest regression analysis with
conditional inference trees for unbiased variable selection using
the party package in R.46,47 Random forests are an ensemble learn-
ing method that can be used to determine prediction accuracy.
The relative importance of a feature for the overall prediction can
be assessed by a conditional feature importance score that is com-
puted by measuring the increase in prediction error (i.e. mean
squared error between predicted and actual response) when per-
muting the feature of interest on a grid defined by the other fea-
tures included in the model. This analysis was run separately for
MMSE, choice reaction time and EEG slowing including features for
mean diffusivity along the medial and lateral NBM tracts, normal-
ized NBM volume, mean diffusivity of the white matter control
mask, age and sex. The number of trees was set to 3000.

To investigate associations with clinical symptoms in the Lewy
body groups, we used multiple linear regression with CAF scores,
NPI hallucination scores and UPDRS scores as dependent variables
including mean diffusivity along the lateral and medial NBM
tracts, NBM volume and mean diffusivity from the white matter
control mask as predictors.

Finally, to test whether the use of cholinesterase inhibitors was
associated with NBM tract integrity or NBM volumes, we compared
NBM volume and mean diffusivity along the medial and lateral
NBM tracts between patients taking cholinesterase inhibitors
(n = 108) and patients not taking these medications (n = 56) using
univariate ANCOVAs including a covariate for cognitive status
(MCI/dementia) to control for the fact that more dementia patients
were taking cholinesterase inhibitors compared to the MCI groups.

Data availability

The data that support the findings of this study are available from
the corresponding author, on reasonable request.

Results
Demographics

Three DLB participants were excluded because of artefacts on the
diffusion-weighted data. Additionally, three controls, one patient
with DLB and one MCI-AD patient were excluded because of exces-
sive motion. Thus, 35 participants with MCI-AD, 46 with
Alzheimer’s disease dementia, 38 with MCI-LB, 48 with DLB and 71
healthy controls were included for further analysis. There was no
difference in average motion between the groups [F(4,233) = 1.6,
P = 0.2]. Table 1 shows an overview of demographics and clinical
information. As expected, global cognition as measured by the
MMSE was more impaired in the two dementia groups compared
to the MCI groups, but there was no difference between MCI-AD
and MCI-LB or between Alzheimer’s disease dementia and DLB.

Fifteen MCI-AD and 30 MCI-LB patients had undergone at least
one clinical reassessment at the point of data locking (additional
data collection delayed due to COVID-19), and a further two had
died before any follow-up (excluded from longitudinal analysis).
There were 14 cases of dementia identified in the follow-up from
MCI cohorts: five from MCI-AD (all clinical Alzheimer’s disease de-
mentia) and nine from MCI-LB (all probable DLB); these occurred
after a mean of 1.5 years. The remaining 31 MCI patients had been
assessed for a mean of 1.6 years since baseline without developing
dementia.

NBM white matter pathways

The medial and lateral NBM group tracts are shown in Fig. 2A and
B. They include comparable white matter regions to those found in
previous studies of NBM tractography.19,20 The medial pathway
projects from the NBM to the cingulum and continues to the cingu-
late and retrosplenial cortices. The lateral pathway travels through
the external capsule and the uncinate fasciculus to the frontal
pole and via the posterior thalamic radiation and internal capsule
towards parietal and temporal cortex.

Group comparison of NBM tracts

After controlling for age, sex and mean diffusivity from the white
matter control mask, there was an overall effect of diagnosis for
mean diffusivity along the medial (cingulum) NBM pathway:
F(4,230) = 3.4, P = 0.01. Post hoc tests revealed that mean diffusivity
along the medial pathway was increased in Alzheimer’s disease
dementia compared to controls (P = 0.003), whereas all other pair-
wise comparisons between both MCI and both dementia groups
were not significant (P40.05, Fig. 2A). When the covariate for
mean diffusivity from the white matter control mask was removed
from the model, there was a significant increase in mean diffusiv-
ity along the medial NBM pathway in Alzheimer’s disease demen-
tia compared to controls (P50.001) and in DLB patients compared
to controls (P = 0.009) while all other pairwise comparisons
remained non-significant (all P40.05).

For mean diffusivity in the lateral (external capsule) NBM path-
way, the univariate ANCOVA revealed a significant overall effect of
diagnosis: F(4,230) = 9.9, P50.001. Post hoc tests showed that mean
diffusivity along the lateral pathway was increased in both MCI
and both dementia groups compared to controls (Fig. 2B) with no
significant difference between any of the MCI and dementia
groups. These results remained the same when not controlling for
mean diffusivity from the white matter control mask.

The supplementary analysis of group differences in axial and
radial diffusivity showed very similar results to the analysis of
mean diffusivity (Supplementary Table 1).
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There was no significant effect of diagnosis on mean diffusivity
of the standard cingulum [F(4,231) = 2.0, P = 0.1] and external cap-
sule regions of interest [F(4,231) = 0.9, P = 0.5], controlling for age
and sex.

Group comparison of NBM volume

There was an effect of diagnosis on normalized overall NBM volumes
after controlling for age and sex: F(4,231) = 11.0, P50.001. Post hoc tests
showed that NBM volume was significantly reduced in both MCI and
dementia groups compared to controls with no significant difference
between the MCI and dementia groups (Fig. 3).

Association between NBM volume and pathway
integrity

Figure 5 shows scatterplots between NBM volume and mean diffu-
sivity along the two NBM pathways and from the white matter
control mask, with Pearson’s correlation values (across all partici-
pants and within each diagnostic group separately) shown in the
upper right part. Mean diffusivity from the medial and lateral
pathways showed relatively high correlation values between 0.70
and 0.88 whereas NBM pathway diffusivity was moderately corre-
lated with NBM volume (between –0.09 and –0.51) and with mean
diffusivity of the white matter control mask (values between 0.41
to 0.65).

Table 1 Demographics and clinical information

Controls
(n = 71)

MCI-AD
(n = 35)

MCI-LB
(n = 38)

AD
(n = 46)

DLB (n = 48) Group differences

Male:female 51:20 15:20 34:4 38:8 35:13 v2 = 23.4, P5 0.001a

P(HC, MCI-AD) = 0.004
P(HC, MCI-LB) = 0.034
P(MCI-AD, MCI-LB)5 0.001
P(MCI-AD, AD)5 0.001
P(MCI-AD, DLB) = 0.006
P(MCI-LB, DLB) = 0.06

Age 75.3 (6.9) 75.8 (7.8) 74.5 (6.5) 77.1 (7.5) 76.2 (6.6) F(4,233) = 0.83, P = 0.51b

AChEI – 7 (21%)e 18 (49%)f 39 (85%) 44 (92%) v2 = 55.7, P5 0.001c

P(MCI-AD, MCI-LB) = 0.02
P(MCI-AD, AD)50.001
P(MCI-AD, DLB)50.001
P(MCI-LB, AD)50.001
P(MCI-LB, DLB)50.001

PD meds – 0e 4 (11%)f 0 21 (44%) v2 = 45.0, P5 0.001c

P(MCI-AD, MCI-LB) = 0.052
P(MCI-AD, DLB)5 0.001
P(MCI-LB, AD) = 0.02
P(MCI-LB, DLB) = 0.001
P(AD, DLB)50.001

MMSE 28.8 (1.0) 26.8 (2.1) 26.5 (2.4) 21.1 (4.0) 22.6 (4.5) F(3,163) = 26.0, P5 0.001d

P(MCI-AD, AD)5 0.001
P(MCI-AD, DLB)5 0.001
P(MCI-LB, AD)5 0.001
P(MCI-LB, DLB)5 0.001

UPDRS III – 8.3 (7.3) 12.3 (7.6) 3.6 (2.7) 19.3 (8.8) F(3,162) = 42.3, P5 0.001d

P(MCI-AD, AD) = 0.02
P(MCI-AD, DLB)5 0.001
P(MCI-LB, AD)5 0.001
P(AD, DLB)5 0.001

CAF total – 1.4 (2.7)g 3.7 (4.3)h 1.9 (3.9)i 5.0 (4.4)k F(3,150) = 6.7, P5 0.001d

P(MCI-AD, DLB) = 0.002
P(AD, DLB) = 0.002

NPI total – 8.4 (9.5)g 16.0 (13.0)h 8.5 (8.7)i 14.3 (13.4)k F(3,150) = 4.3, P = 0.006d

P(MCI-AD, MCI-LB) = 0.07
P(MCI-LB, AD) = 0.03

NPI hall – 0.04 (0.2)l 0.6 (1.1)h 0.07 (0.4)i 2.1 (2.4)k F(3,148) = 18.5, P5 0.001d

P(MCI-AD, DLB)5 0.001

P(AD, DLB)5 0.001

ACE-R = Addenbrooke’s Cognitive Examination-Revised; AChEI = number of patients taking acetylcholinesterase inhibitors; AD = Alzheimer’s disease dementia; CAF total =

Clinician Assessment of Fluctuation total score; HC = healthy controls; NPI hall = NPI hallucination score; PD meds = number of patients taking dopaminergic medication for

the management of Parkinson’s disease symptoms; UPDRS III = Unified Parkinson’s disease Rating Scale III (motor subsection).
aChi-square test all groups.
bUnivariate ANOVA all groups.
cChi-square test MCI and dementia groups.
dUnivariate ANOVA MCI and dementia groups.
en = 33; fn = 37; gn = 27; hn = 35; in = 45; kn = 47; ln = 25.
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Survival analysis

Primary analyses in Table 2 explored whether (i) NBM volume;
[ii(a)] mean diffusivity of the medial NBM pathway; and [ii(b)]
mean diffusivity of the lateral NBM pathway were associated with
increased risk of dementia onset. Normalized NBM volume was
not a significant positive or negative predictor of dementia onset
in MCI. In both the medial and lateral NBM white matter tracts,

higher mean diffusivity was associated with significantly
increased risk of dementia onset (Fig. 2). These results survived
correction for diagnostic group, but not cholinesterase inhibitor
use (Table 2).

Correlations between Schoenfeld residuals and time were
assessed for each included variable in each model; in each case no
significant associations were identified, supporting the assump-
tion of proportional hazards.

Association with cognitive performance and EEG
slowing

Only normalized NBM volume (b = 0.22, P5 0.001) and mean diffu-
sivity of the lateral NBM tract (b = –0.22, P = 0.06) uniquely pre-
dicted MMSE scores beyond age (Fig. 4A), while mean diffusivity
along the medial tract (b = 0.04, P = 0.73) and mean diffusivity from
the white matter control mask (b = 0.04, P = 0.59) did not.

Choice reaction time (note that data were available for 32
patients with MCI-AD, 45 with Alzheimer’s disease dementia, 37
with MCI-LB and 47 with DLB) was uniquely predicted by mean dif-
fusivity of the lateral NBM tract (b = 0.30, P = 0.03, Fig. 4B) while
normalized NBM volume (b = –0.09, P = 0.22), mean diffusivity of
the medial tract (b = –0.10, P = 0.44) and mean diffusivity of the
white matter control mask (b = 0.03, P = 0.76) did not contribute sig-
nificantly to the model.

EEG dominant frequency was significantly predicted by mean
diffusivity of the lateral NBM tract (b = –0.47, P = 0.003) and NBM
volume (b = 0.22, P = 0.01, Fig. 4C), whereas mean diffusivity of the
medial tract (b = 0.22, P = 0.12) and of the white matter control
mask (b = 0.0, P = 0.99) were not significant predictors.

The random forest analysis confirmed these results: mean diffu-
sivity of the lateral NBM tract achieved the strongest importance score
in the prediction of both MMSE and choice reaction time performance
and also contributed to the prediction of EEG dominant frequency
(Fig. 4D). Normalized NBM volume contributed to the prediction of
MMSE and EEG dominant frequency whereas all other features
received relatively low conditional feature importance scores.

Association with clinical symptoms in the Lewy
body groups

The regression models predicting Lewy body symptom scores
from NBM tract integrity and NBM volume were not significant for

Figure 2 Group comparison of NBM pathway integrity. (A) Medial NBM pathway (shown in orange) estimated with the NBM region of interest as seed
(shown in red), the cingulum as waypoint mask (shown in yellow), and brainstem and anterior commissure as exclusion masks (not shown). (B)
Lateral NBM pathway (shown in cyan) estimated with the NBM region of interest as seed (shown in red), the external capsule as waypoint mask
(shown in pink), and the brainstem and anterior commissure as exclusion masks (not shown). In each box plot the central line corresponds to the
sample median, the upper and lower border of the box represent the 25th and 75th percentile, respectively, and the length of the whiskers corre-
sponds to 1.5 times the interquartile range. P-values result from pairwise post hoc tests with Bonferroni correction for multiple comparisons. All P-val-
ues for comparisons that are not shown are 40.05. The plots on the right show survival probabilities in MCI without dementia given a standardized
(A) medial and (B) lateral pathway mean diffusivity of –1, 0, or + 1 (representative z-scores with 0 being the mean, + 1 being 1 standard deviation (SD)
higher and –1 being 1 SD lower than mean diffusivity). AD = Alzheimer’s disease dementia; MD = mean diffusivity.
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CAF [F(4,76) = 0.87, P = 0.49] and NPI hallucination score
[F(4,77) = 0.96, P = 0.43], whereas UPDRS score was associated with
NBM volume (b = 0.28, P = 0.009), with mean diffusivity of the lat-
eral NBM tract (b = 0.46, P = 0.01), and with mean diffusivity from
the white matter control mask (b = –0.34, P = 0.004).

There was no difference between participants taking cholin-
esterase inhibitors and those not taking these medications after
controlling for cognitive status for mean diffusivity of the lateral
NBM tract [F(1,161) = 0.2, P = 0.67] or NBM volume [F(1,161) = 1.0,
P = 0.3], whereas mean diffusivity of the medial NBM tract was
slightly higher in participants who were not taking cholinesterase
inhibitors [F(1,161) = 3.9, P = 0.05].

Discussion
In this study, we investigated the integrity of white matter path-
ways originating from the NBM in Alzheimer’s disease dementia
and DLB, and their respective MCI stages using diffusion-weighted
imaging. We found reduced integrity of the lateral NBM pathway
in both dementia and MCI groups compared to controls. In the pa-
tient groups, integrity of this pathway was related to global cogni-
tion, attentional performance and EEG slowing, and a loss of
integrity of both NBM pathways was associated with an increased
risk of progression to dementia in MCI. While NBM volume was
also reduced in all clinical groups compared to controls, this con-
tributed less strongly to global cognitive impairment and was not
associated with attentional performance or conversion to demen-
tia. Finally, the inclusion of mean diffusivity from a white matter
control mask in our analyses confirmed these results were specific
to NBM white matter tracts.

Degeneration of the NBM is a hallmark of Alzheimer’s disease
and DLB, and previous studies have shown that atrophy of this re-
gion occurs early in both conditions.1 Post-mortem and PET

studies have described a cortical cholinergic depletion in people
with dementia that has been suggested to be mainly due to degen-
eration of cholinergic neurons within the NBM.48–50 However, the
white matter pathways originating from the NBM that provide cor-
tical cholinergic innervation are largely unexplored in the context
of neurodegenerative dementia.

We successfully tracked the two main NBM white matter path-
ways as previously described in immunohistochemical18 and DTI
tractography studies.19,20 We found impaired white matter micro-
structure within the lateral (external capsule) pathway in both MCI
and dementia groups compared to controls. In contrast, the medial
(cingulum) pathway was only affected in people with Alzheimer’s
disease dementia whereas changes in this pathway in the DLB
group did not go beyond global diffusivity changes. Previous post-
mortem work has suggested that degeneration of neurons within
the NBM leads to a destruction of axons that are travelling from
this structure to the cortical surface.51 This degenerative process
within the NBM is thought to be mainly driven by neurofibrillary
tangle deposition and the presence of Lewy bodies rather than
amyloid deposition.51,52 Furthermore, a relationship between Lewy
body pathology in the NBM and the cortical cholinergic deficit has
been established,48 suggesting that Lewy body pathology is also
associated with the degeneration of ascending NBM pathways.
The involvement of both Alzheimer’s disease and Lewy body path-
ology in NBM degeneration is consistent with our observation that
changes in the NBM white matter pathways occurred in both MCI
and dementia groups. We did not observe any significant differen-
ces in the pairwise comparison between the Alzheimer’s disease
and Lewy body groups, indicating that changes in NBM pathways
present similarly across the two conditions. While this comparison
might have been underpowered to detect small group differences,
our sample size was relatively large compared to other studies,
and the lack of differences between the two dementia groups is in
line with previous findings indicating that cholinergic deficits are
involved in both conditions.53,54

Previous studies in healthy individuals and people with vascular
cognitive impairment have reported an association between NBM
pathway integrity and white matter lesion load, indicating that vas-
cular disease might also be related to a loss of integrity in choliner-
gic pathways.19,20 However, it has been shown that the presence of
white matter hyperintensities in people with neurodegenerative de-
mentia might indicate cortical Alzheimer’s disease pathology rather
than vascular disease,55,56 suggesting that the influence of vascular
processes on the observed NBM pathway alterations in the present
study might be less substantial. Nevertheless, studying the impact
of the different Alzheimer’s disease- and Lewy body-associated
pathologies and vascular factors on NBM pathway integrity will be
an important aspect of future studies.

The severity of global cognitive impairment in the patient
groups was associated with a loss of integrity of the lateral NBM
pathway and reduced NBM volumes, consistent with previous
studies.7,12,14 In contrast, attentional performance was only associ-
ated with NBM pathway integrity, but not with NBM volume. This
was confirmed in the random forest analysis, which indicated that
mean diffusivity of the lateral NBM pathway was a stronger con-
tributor to global cognitive and choice reaction time performance
than NBM volumes. This is in line with a previous study in healthy
individuals that found a stronger contribution of the NBM white
matter pathways to cognitive performance compared to NBM vol-
ume.19 Moreover, we found that a greater loss of integrity of both
NBM pathways was related to a higher risk of dementia conversion
in people with MCI, whereas NBM volume was not. Taken together,
these results underline the importance of studying other aspects
of the cholinergic system besides NBM volumes—which has been
typically done as the standard until now—and suggest that in

Figure 3 Group comparison of normalized NBM volume. In each box
plot the central line corresponds to the sample median, the upper and
lower border of the box represent the 25th and 75th percentile, respect-
ively, and the length of the whiskers corresponds to 1.5 times the inter-
quartile range. P-values result from pairwise post hoc tests with
Bonferroni correction for multiple comparisons. All P-values for com-
parisons that are not shown are 40.05. AD = Alzheimer’s disease
dementia.
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Alzheimer’s disease and DLB, the integrity of the ascending NBM
white matter pathways might be more directly related to a loss of
cognitive function and dementia progression. However, in contrast
to the present findings, previous studies have found NBM volume
to be a predictor of future cognitive decline in Parkinson’s dis-
ease39,57 and Alzheimer’s disease.11 The lack of association in our
study might be explained by the relatively short follow-up time of
our MCI cohort. Further longitudinal follow-up data are therefore
needed to further elucidate the relationship between NBM degen-
eration and cognitive decline in MCI-LB.

EEG slowing as measured by dominant frequency was related
to NBM volume and integrity of the lateral, but not the medial
NBM pathway, mirroring the regression results for the cognitive

measures. These results are in line with previous findings in de-
mentia suggesting a relationship between EEG slowing and the
cholinergic system.12,58,59 We extend these by showing that not
only the volume of the NBM itself, but also the integrity of its cor-
tical connections is associated with EEG slowing.

Limitations

This study is subject to some limitations. First, some patients were
taking cholinesterase inhibitors, which have been shown to influ-
ence NBM degeneration.60 The effect of cholinesterase inhibitors
on the integrity of NBM white matter projections has not yet been
investigated and we did not find differences between patients who

Table 2 Primary analysis of NBM volume and mean diffusivity of NBM pathways predicting dementia onset, and sensitivity analy-
ses controlling for diagnostic group differences and cholinesterase inhibitor use

Predictora Primary analysis Sensitivity analyses

Diagnostic group Cholinesterase inhibitor
use

Normalized NBM volume 0.97 [0.55–1.69] – –
Mean diffusivity, NBM medial pathwayb 2.51 [1.24–5.09] 2.50 [1.23–5.07] 2.07 [0.88–4.89]
Mean diffusivity, NBM lateral pathwayb 2.54 [1.24–5.19] 2.95 [1.31–6.64] 1.54 [0.62–3.83]

Data are presented as hazard Ratio [95% CI].
aAll controlling for baseline age and cognitive function.
bAlso controlling for mean diffusivity of the whiter matter control mask.

Figure 4 Association with cognitive and attentional performance. Association between mean diffusivity (MD) along NBM pathways and (A) MMSE as a
measure of overall cognition, (B) choice reaction time and (C) EEG dominant frequency. b-values result from a multiple linear regression analysis
including mean diffusivity along the two NBM pathways, normalized NBM volume, diagnosis, age, sex and mean diffusivity from the white matter
control mask as predictors. Grey shaded areas correspond to 95% confidence intervals. (D) Results from the random forest analysis showing the con-
ditional feature importance (i.e. increase in prediction error when permuting a feature on a grid defined by the other features in the model). Higher
values indicate higher importance of a feature in predicting the response variable (choice reaction time, MMSE and EEG dominant frequency). AD =
Alzheimer’s disease dementia; MD = mean diffusivity; WM = white matter.
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were taking cholinesterase inhibitors and those who were not tak-
ing this medication. For the survival analysis we found no signifi-
cant effects while controlling for cholinesterase inhibitor use.
However, this may reflect a post-treatment bias since cholinester-
ase inhibitors were not randomly allocated through this observa-
tional study, i.e. those who were developing dementia were more
likely to be prescribed these medications. The prescription rates of
cholinesterase inhibitors in this patient sample reflect local pre-
scription practices and follow recent guidelines.16 Nevertheless,
future studies should investigate the effect of this medication on
NBM pathways in a prospective manner as well. A second limita-
tion is the fact that our groups were not balanced with respect to
sex due to the differences in prevalence of Alzheimer’s disease
and DLB in males and females.61,62 This might have influenced the
analysis given that there is some evidence for sex differences in
NBM structure.63 We have included sex as a covariate to minimize
the influence of this imbalance on the reported group differences.
Nevertheless, studying the influence of sex on NBM white matter
pathways in people with dementia and MCI might be an interest-
ing avenue for future studies.

For the survival analysis, the number of MCI cases with follow-
up data was small, with a relatively short follow-up time. While
the incidence of dementia was quite high compared to other pro-
spective studies in MCI, there were few cases overall. While our
tests did not refute the assumption of proportional hazards, this
could be due to the small sample conferring low power to these
tests. In both cases, a larger sample and longer assessment period
are required to validate these findings.

Another potential limitation is the lack of Alzheimer’s disease
biomarkers in this study.

While we successfully identified the two NBM pathways that
have been described in previous studies,18–20 the actual cholinergic
contribution to these tracts cannot be resolved with diffusion MRI
data. The similarity with tracts described in a previous immuno-
histochemistry study with cholinergic markers18 provides some
evidence for their cholinergic nature. Additionally, our control
analysis of mean diffusivity within the standard cingulum and ex-
ternal capsule regions of interest did not show any significant
group differences, indicating that the observed changes are more
specific to the reconstructed NBM pathways and not merely a re-
flection of general diffusivity changes within the anatomically
defined fibre bundles that were used to guide the tractography.

Conclusion
The present study sheds important new light on the integrity of
the cholinergic system in neurodegenerative dementia. We extend
previous findings by showing that the well-established observa-
tion of degeneration of the NBM itself is accompanied by a reduc-
tion in the integrity of white matter pathways originating from
this structure in Alzheimer’s disease dementia and DLB—a process
that appears to begin early in both conditions as evidenced by the
findings in our MCI groups. Importantly, we show that impaired
white matter microstructure of NBM pathways is more strongly
associated with cognitive and attentional impairment than meas-
ures of NBM volume and might represent an early indicator of

Figure 5 Correlation structure between different predictor variables. Scatterplots (bottom left) and Pearson’s correlation values (top right) between
mean diffusivity from the two NBM pathways, NBM volume and diffusivity of the white matter control mask, across all diagnostic groups and for
each group separately. Significant correlations (P5 0.05) are marked with an asterisk. AD = Alzheimer’s disease dementia; MD = mean diffusivity;
WM = white matter.
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increased risk of conversion to dementia in people with MCI.
These measures might therefore provide an additional marker of
integrity of the cortical cholinergic system and have additional
clinical utility as a progression predictor compared to NBM
volume.
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