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Abstract
Background and Objectives
The goal of this work was to determine the relationship between diffusion microstructure and
early changes in Alzheimer disease (AD) severity as assessed by clinical diagnosis, cognitive
performance, dementia severity, and plasma concentrations of neurofilament light chain.

Methods
Diffusion MRI scans were collected on cognitively normal participants (CN) and patients with
early mild cognitive impairment (EMCI), late mild cognitive impairment, and AD. Free water
(FW) and FW-corrected fractional anisotropy were calculated in the locus coeruleus to
transentorhinal cortex tract, 4 magnocellular regions of the basal forebrain (e.g., nucleus basalis
of Meynert), entorhinal cortex, and hippocampus. All patients underwent a battery of cognitive
assessments; neurofilament light chain levels were measured in plasma samples.

Results
FW was significantly higher in patients with EMCI compared to CN in the locus coeruleus to
transentorhinal cortex tract, nucleus basalis of Meynert, and hippocampus (mean Cohen d =
0.54; pfdr < 0.05). FW was significantly higher in those with AD compared to CN in all the
examined regions (mean Cohen d = 1.41; pfdr < 0.01). In addition, FW in the hippocampus,
entorhinal cortex, nucleus basalis of Meynert, and locus coeruleus to transentorhinal cortex
tract positively correlated with all 5 cognitive impairment metrics and neurofilament light chain
levels (mean r2 = 0.10; pfdr < 0.05).

Discussion
These results show that higher FW is associated with greater clinical diagnosis severity, cog-
nitive impairment, and neurofilament light chain. They also suggest that FW elevation occurs in
the locus coeruleus to transentorhinal cortex tract, nucleus basalis of Meynert, and hippo-
campus in the transition from CN to EMCI, while other basal forebrain regions and the
entorhinal cortex are not affected until a later stage of AD. FW is a clinically relevant and
noninvasive early marker of structural changes related to cognitive impairment.
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Extracellular β-amyloid aggregates and intracellular tau lesions
are pathologic hallmarks of AD.1 However, other markers of
neurodegeneration are strong predictors of AD clinical symp-
toms.2 Free water (FW) is a diffusion MRI (dMRI) measure
that estimates the volume fraction of extracellular space3 and is
increased under conditions of neurodegeneration.4,5 Recent
findings suggest that, compared to atrophy, FWmay be a more
effective early marker of neurodegeneration.6 However, it is
unclear how FW relates to clinical diagnosis, clinical measures,
and assays of global neurodegeneration such as plasma neu-
rofilament light chain.

Human postmortem studies suggest that Alzheimer disease
(AD)–associated tau pathology progresses from the locus
coeruleus to nucleus basalis of Meynert to transentorhinal
cortex to entorhinal cortex to hippocampus to neocortex.7,8

We calculated FW in regions and tracts relevant to early AD
and related it to patient diagnosis, cognitive performance,
dementia severity, and neurofilament light chain. We hy-
pothesized that FW would be elevated in the locus coeruleus
to transentorhinal cortex tract and nucleus basalis of Meynert
in the lower dementia severity groups and that other regions
will be affected only as dementia severity progressed. We
further predicted that FW would correlate with clinical mea-
sures and plasma neurofilament light chain concentration.

Methods
Participants
Data were collected as a part of the 1Florida Alzheimer’s
Disease Research Center (ADRC).9 A comprehensive list of
procedures and diagnostic criteria for the 1Florida ADRC
study has been given previously.10 The full inclusion and ex-
clusion criteria are given in eAppendix 1, links.lww.com/
WNL/B702. Data used in the current study were derived
from 152 participants who were cognitively normal (CN) or
had diagnoses of early mild cognitive impairment (EMCI),
late mild cognitive impairment (LMCI), and AD. These
cognitive diagnoses, which are independent of the etiologic
diagnoses, were determined with the 1Florida ADRC di-
agnostic algorithm.11 The full criteria for the cognitive di-
agnoses are included in eAppendix 2. Notably, EMCI differs
from LMCI in performance on Clinical Dementia Rating–
Sum of Boxes (CDR-SB; EMCI 0.5–2.0, LMCI 2.5–4.0) and
Hopkins Verbal Learning Test–Revised delayed recall or

Wechsler Memory Scale 4th Edition delayed paragraph recall
scores (EMCI 1–1.5 SD, LMCI 1.5–2 SD below age, educa-
tion, and ethnic/cultural norms).

Table 1 provides the demographics and clinical characteristics of
each group. Clinical assessments in this study included the CDR-
SB,12 Montreal Cognitive Assessment (MoCA),13 Mini-Mental
State Examination (MMSE),14 and Loewenstein-Acevedo Scale
for Semantic Interference and Learning (LASSI-L).15 The LASSI-
L assessment focused on the cued recall B2 intrusions sensitive to
the ability to recover from proactive semantic inference (LASSI-L
frPSI) and participants’ delayed recall (LASSI-L delay) scores,
given that these scores have been shown to best discriminate
between CN and pre–mild cognitive impairment (MCI) com-
pared to the other LASSI-L indices.15,16 Furthermore, the LASSI-
L frPSI has been shown to correlate with hippocampal and
entorhinal cortex volume and amyloid load.15,16 Only clinical as-
sessment data collected within 6months of the imaging date were
included in the study

Standard Protocol Approvals, Registrations,
and Patient Consents
All participants gave written informed consent, and all pro-
cedures were approved by the local Institutional Review
Board. The work described has been carried out in accordance
with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans.

Data Availability
Anonymized data are available from the corresponding author
on reasonable request.

dMRI Acquisition
dMRI scans were acquired on a 3T Siemens Magnetom Skyra
(Erlangen, Germany) with a 20-channel head/neck coil. The
diffusion scans were acquired with a whole-brain echo planar
sequence and the following parameters: diffusion directions
64, b value 1,000 s/mm2, number of b0 images 1, repetition
time 9,000 milliseconds, echo time 90 milliseconds, flip angle
90°, in-plane resolution 2 × 2 mm, slice thickness 2 mm (no
gap), acquisition matrix 125 × 125 in plane, and number of
slices 64.

dMRI Data Analysis
dMRIs were processed with image processing tools from the
FMRIB Software Library (FSL17), Advance Normalization

Glossary
AD = Alzheimer disease; ADRC = Alzheimer’s Disease Research Center; ANCOVA = analysis of covariance; CDR-SB =
Clinical Dementia Rating–Sum of Boxes; CN = cognitively normal; dMRI = diffusion MRI; DTI = diffusion tensor imaging;
EMCI = early MCI; FAt = FW-corrected fractional anisotropy; frPSI = Failure to Recover from Proactive Semantic Inference;
FSL = FMRIB Software Library; FW = free water; LASSI-L = Loewenstein-Acevedo Scale for Semantic Interference and
Learning; LMCI = late MCI;MCI = mild cognitive impairment;MMSE = Mini-Mental State Examination;MNI = Montreal
Neurological Institute;MoCA =Montreal Cognitive Assessment; ROI = region of interest; SUVR = standardized uptake value
ratio.
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Tools,18 and custom UNIX shell scripts. The dMRI pro-
cessing pipeline was completely automated, and the results
were consistent with previous work.5 Scans were corrected for
distortions due to eddy currents and head motion with affine
transformations. The gradient directions were subsequently
rotated to reflect these corrections,19 and nonbrain tissue
regions were removed from the scans. FW is a metric that can
be calculated from a dMRI scan to estimate the fractional
volume of freely diffusing water in each voxel. FW maps were
calculated from the diffusion scans with a custom MATLAB
script3 (MathWorks, Natick, MA), and the implementation of
this technique is consistent with previous work.5,6,20 The
distribution of FW in each of the 7 regions of interest (ROIs)
is given in histogram plots in eFigure 1, links.lww.com/WNL/
B702. In addition to the FW map, a set of adjusted diffusion
tensors was created in which the partial volume effects of FW
were eliminated. Fractional anisotropy was calculated from
the FW-corrected diffusion tensors using FSL’s DTIFit21 to
create FW-corrected fractional anisotropy (FAt) maps.

Subject-space diffusion tensor imaging (DTI) and FW maps
were registered to the Montreal Neurological Institute (MNI)
152 template space22 for application of standard ROIs to con-
form to the MNI152 template space. The registration technique
used in this study was chosen on the basis of a previously pub-
lished literature review comparing registration techniques.5,20

Registration to standard space was performed by nonlinearly
warping FAt and FW maps using Advanced Normalization
Tools in R to FAt and FW templates, respectively.

Seven ROIs were examined in this study: locus coeruleus to
transentorhinal cortex tract, 4 magnocellular regions of the
basal forebrain, entorhinal cortex, and hippocampus
(Figure 1). Here, the term region refers to a continuous area.
These ROIs were chosen on the basis of previous literature
indicating that they are affected in the early stages of AD.
Hippocampal ROIs were acquired from the Harvard-Oxford
subcortical atlas through FSL.23 Entorhinal cortex ROIs were
acquired from the Human Brainnetome Atlas.24 Four basal
forebrain ROIs containing the magnocellular cell groups were
acquired from a previous study that mapped histologic sec-
tions to MNI space25 that included the septum (Ch1-2), the
horizontal limb of the diagonal band (Ch3), the sublenticular
nucleus (Ch4; nucleus basalis of Meynert), and the posterior
portion of the sublenticular nucleus (Ch4p). Tracts con-
necting the locus coeruleus and transentorhinal cortex were
acquired from the Brainstem Connectome Atlas26 on the
basis of connectome imaging data from the Human Con-
nectome Project.27 For each region, the average FW and FAt

values across the entire region were calculated. All regions
showed significant correlations (mean r2 = 0.53; pfdr < 0.001)
between left and right values for both FW and FAt metrics.
Thus, left and right regions were combined in the final analysis
to reduce the dimensionality of the classifiers and to simplify
interpretation of the results.

To develop a more detailed understanding of the change in
FW along the locus coeruleus to transentorhinal cortex tract, a
slice-wise analysis was performed. Average FW values were

Table 1 Patient Characteristics

CN EMCI LMCI AD Statistic (p value)

No. 30 77 23 22

Age, y 70.5 ± 6.7 72.8 ± 7.9 75.3 ± 7.8 71.5 ± 9.2 F = 1.78 (0.15)

M/F, n 9/21 35/42 14/9 12/10 χ2 = 5.79 (0.12)

Education, y 16.3 ± 2.9 15.9 ± 3.2 15.5 ± 3.0 15.1 ± 3.9 F = 0.59 (0.63)

CDR-SB score 0.0 ± 0.1 1.0 ± 0.5 3.2 ± 0.5 7.6 ± 4.1 F = 119.27 (1.31E-38)

MMSE score 29.3 ± 1.0 28.2 ± 1.9 25.5 ± 3.7 19.1 ± 7.8 F = 43.83 (7.33E-20)

MoCA score 25.4 ± 2.1 22.3 ± 3.8 20.1 ± 4.9 14.4 ± 6.5 F = 21.10 (1.72E-10)

LASSI-L frPSI score 11.5 ± 1.9 8.5 ± 2.8 7.7 ± 3.5 4.3 ± 2.8 F = 18.07 (4.87E-09)

LASSI-L delayed recall score 20.5 ± 3.3 13.6 ± 6.4 7.4 ± 7.9 6.8 ± 6.9 F = 16.23 (2.17E-08)

APOE «4 carriers (0/1+), n 22/7 46/23 13/9 10/12 χ2 = 5.50 (0.14)

Neurofilament light chain, pg/mL 13.3 ± 4.7 18.4 ± 10.0 23.7 ± 13.5 34.4 ± 30.5 F = 8.01 (6.4E-05)

Amyloid status (2/+), n 19/3 36/17 12/10 0/18 χ2 = 34.43 (1.98E-07)

Global amyloid SUVR 1.05 ± 0.13 1.18 ± 0.23 1.24 ± 0.28 1.46 ± 0.18 F = 10.31 (3.78E-06)

Abbreviations: AD = Alzheimer disease; CDR-SB = Clinical Dementia Rating–Sum of Boxes; CN = cognitively normal; EMCI = early mild cognitive impairment;
frPSI = Failure to Recover From Proactive Semantic Inference; LASSI-L = Loewenstein-Acevedo Scale for Semantic Interference and Learning; LMCI = late mild
cognitive impairment; MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment; SUVR = standardized uptake value ratio.
Mean (± SD) values are given for demographic, clinical measures, and biomarkers levels stratified by group. The right-most column gives the group-effect test
statistics and p value.
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calculated within 2-dimensional slices along the locus coeru-
leus to transentorhinal cortex tracts. The locus coeruleus to
transentorhinal cortex tract curves and changes direction;
thus, it was important for the slice direction to change ac-
cordingly. Tracts were sliced in the y-direction in the portion
of the tract connecting the locus coeruleus to the thalamus
region (y = −37 to −7). Tracts were then sliced in the
x-direction as the tract extended laterally toward the temporal
lobes (left tract: x = −10 to −28, right tract: x = 10 to 29). The
final portion of the tract ran inferiorly to terminate in the
transentorhinal cortex; this portion was sliced in the
z-direction (z = −15 to −33).

APOE Genotyping
Blood samples were genotyped for the APOE e2, e3, and e4
alleles with predesigned TaqMan SNP Genotyping Assays for
single nucleotide proteins rs7412 and rs429358 (Thermo
Fisher Scientific, Waltham, MA) on the QuantStudio 7 Flex
Real-Time PCR system (Applied Biosystems, Foster City, CA)
following the manufacturer’s protocol. A positive APOE carrier
status was defined as the presence of ≥1 e4 alleles because this
has been associated with an increased risk of developing AD.28

Amyloid PET Imaging
Amyloid PET scans were performed with the [18F] florbetaben
tracer. Themethodology for PET scanning and rating has been
previously described.9,29,30 Global amyloid status (+/−) was
determined by an independent, trained radiologist and a
trained, experienced rater (R.D.). Both raters were blinded to
the cognitive and clinical diagnosis, and a high interrater con-
cordance has been reported.30,31 Global amyloid standardized
uptake value ratios (SUVRs) were calculated for comparison
with the use of previously described methods.9,29,30

Plasma Neurofilament Light Chain
Immediately after blood draw, blood samples were centri-
fuged to obtain plasma. Samples were stored at −80°C and

subsequently shipped to the Quanterix Corp (Lexington,
MA). Samples were analyzed with the Simoa NF-light kit on
the Quanterix Simoa HD-1 Analyzer. All samples were tested
in duplicates within the assay dynamic range.

Statistical Methods
For the between-group analyses, analyses of covariance
(ANCOVAs) were performed with the group (CN, EMCI,
LMCI, AD) as the primary factor while adjusting for the
effects of sex, age, years of education, and APOE e4 carrier
status. For regions in which significant group effects were
detected, post hoc t tests were performed compared to con-
trols (CN vs EMCI, CN vs LMCI, and CN vs AD) and for
LMCI vs AD. Partial correlation analyses between imaging
metrics and clinical measures were performed with the
Spearman nonparametric rank-order correlation adjusted for
the effects of age, sex, years of education, APOE e4 carrier
status, and group. All reported p values were corrected for
false discovery rate,32 and the significance threshold was set to
pfdr < 0.05.

Results
Demographics, Clinical Assessment, and
Biomarker Data
Demographic, clinical assessment, amyloid status, global amy-
loid SUVR, APOE carrier status, and neurofilament light chain
data stratified by different groups are depicted in Table 1. One
hundred fifty-two participants were included in this study and
had diagnoses of CN (n= 30), EMCI (n = 77), LMCI (n = 23),
or AD (n = 22). No significant differences in age, sex, or years
of education were found between different clinical diagnosis
groups. Participants had amean age of 72.1 ± 8.0 years, a female
ratio of 54%, and an average of 15.9 ± 3.4 years of education
attained. As expected, significant between-group differences
were found in CDR-SB, MMSE, MoCA, and LASSI-L scores
(mean F = 43.7 pfdr < 1.0E-07). Post hoc t tests confirmed that
CDR-SB score is higher (AD > LMCI > EMCI > CN; mean
Cohen d= 2.62; pfdr < 1.0E-05) andMMSE score is higher (AD
< LMCI < EMCI < CN; mean Cohen d = −0.97; pfdr < 0.005)
with greater diagnostic severity. Post hoc t tests on MoCA
scores revealed a significant reduction in score between CN
andEMCI (EMCI <CN;Cohen d = −0.93; pfdr < 5.0E-05) and
between LMCI and AD (AD < LMCI; Cohen d = −1.04; pfdr <
0.05) but not between EMCI and LMCI. Post hoc t tests on
LASSI-L frPSI scores revealed significant reductions in scores
between CN and EMCI (EMCI < CN; Cohen d = −1.18; pfdr <
1.0E-05) and between LMCI andAD (AD<LMCI; Cohen d =
−1.16; pfdr < 0.05) but not between EMCI and LMCI. While
the post hoc t tests on LASSI-L delayed recall scores revealed a
significant reduction in score betweenCN and EMCI (EMCI <
CN; Cohen d = −1.24; pfdr < 5.0E-07), differences were not
found between EMCI and LMCI or between LMCI and AD.

Significant between-group differences were found in amyloid
status (χ2 = 34.43), global amyloid SUVR (F = 10.31), and

Figure 1 Regions of Interest

Examined regions of interest are shown in transverse plane slices overlaid
on top of the Montreal Neurological Institute (MNI) 152 template. Locations
of the transverse plane slices shown are designated on the sagittal plane
image. The z-direction coordinates designate the superior-most and in-
ferior-most slice in MNI space. Total field of view of the diffusion scan cov-
ered the entire brain. LC = locus coeruleus; TEC = transentorhinal cortex.
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neurofilament light chain (F = 8.01) (pfdr < 1.0E-04) but not
in APOE e4 carrier status. Post hoc t tests revealed a signifi-
cant difference in amyloid status between LMCI and AD (AD
> LMCI; φ = 0.93; pfdr < 0.005) but not between EMCI and
LMCI or between CN and EMCI. Global amyloid SUVR was
significantly different between CN and EMCI (EMCI > CN;
Cohen d = 0.62; pfdr < 0.01) and between LMCI and AD (AD
> LMCI; Cohen d = 0.94; pfdr < 0.01) but not between EMCI
and LMCI. Neurofilament light chain was significantly dif-
ferent between CN and EMCI (EMCI > CN; Cohen d = 0.58;
pfdr < 0.01) but not between EMCI and LMCI or between
LMCI and AD.

FW Is Higher With Worsened Clinical
Diagnosis Severity
Results examining the effect of the clinical diagnosis group on
FW are given in Table 2 and displayed graphically in Figure 2.
ANCOVAs calculating the effect of group on FW while
covarying for the effects of sex, age, education, and APOE e4
carrier status revealed significant group effects in the hippo-
campus, entorhinal cortex, locus coeruleus to transentorhinal
cortex tract, Ch4p, Ch4, Ch3, and Ch1-2 (mean F = 10.68;
pfdr < 0.05). Post hoc t tests showed broadly that higher FW
was associated with greater disease severity. FW was signifi-
cantly higher in EMCI compared to CN in the locus coeruleus
to transentorhinal cortex tract, nucleus basalis of Meynert,
and hippocampus (mean Cohen d = 0.54; pfdr < 0.05). FW

was significantly higher in AD compared to CN in all 7 ex-
amined regions (mean Cohen d = 1.41; pfdr < 0.01). A sig-
nificant effect of group was found on FAt in Ch1-2 (F = 3.77;
pfdr < 0.05). Post hoc t tests revealed that higher FAt in Ch1-2
was associated with greater disease severity. Regions and
dMRI metrics in which significant group effects were found
are shown in Figure 2. An identical analysis was performed in
which amyloid status was added as a covariate to the
ANCOVAs. The results from this analysis are given in eTa-
ble 1, links.lww.com/WNL/B702. A significant effect of group
on FW was found in all 7 regions (hippocampus, entorhinal
cortex, locus coeruleus to transentorhinal cortex tract, Ch4p,
Ch4, Ch3, and Ch1-2) (mean F = 5.33; pfdr < 0.05). A sig-
nificant effect of group on FAt was found in Ch1-2 and Ch4
(mean F = 3.10; pfdr < 0.05).

A slice-wise analysis of the locus coeruleus to transentorhinal
cortex tract was performed to determine in which sections of
the tract there were significant differences in FW between the
groups. Figure 3 shows the fluctuations in FW along the left
and right locus coeruleus to transentorhinal cortex tract and
the slices in which there were significant group effects. For
example, the first section of the right locus coeruleus to
transentorhinal cortex tract (sliced in the y-direction) extends
from the locus coeruleus to the thalamus and resides pre-
dominantly in the brainstem. Only the 3 most anterior slices
of this section contained significant group effects (mean F =

Table 2 Group-wise Comparisons

Region Metric

Group effect Group effect CN-EMCI CN-LMCI CN-AD LMCI-AD

F statistic p Value p Value p Value p Value p Value

Hippocampus FW 19.04 4.93E-09c 1.02E-03c 1.47E-04c 5.71E-06c 2.97E-02a

Basal forebrain (Ch4) FW 13.65 7.01E-07c 2.27E-02a 1.79E-02a 5.59E-06c 9.73E-03b

Locus coeruleus to transentorhinal cortex tract FW 10.43 1.31E-05c 4.86E-02a 1.54E-02a 1.07E-03c 4.51E-02a

Entorhinal cortex FW 10.72 1.25E-05c 1.83E-01 2.07E-01 3.79E-04c 3.22E-03c

Basal forebrain (Ch4p) FW 9.46 3.24E-05c 5.87E-01 5.59E-01 1.40E-04c 1.38E-03c

Basal forebrain (Ch1-2) FW 7.05 4.84E-04c 6.74E-02 7.76E-02 1.71E-04c 6.74E-02

Basal forebrain (Ch3) FW 4.32 1.25E-02a 1.09E-01 4.14E-01 1.02E-02a 1.09E-01

Basal forebrain (Ch1-2) FAt 3.77 2.20E-02a 5.49E-03b 3.70E-02a 5.28E-03b 1.08E-01

Basal forebrain (Ch4) FAt 2.57 8.33E-02

Entorhinal cortex FAt 2.54 8.33E-02

Basal forebrain (Ch3) FAt 2.23 1.12E-01

Basal forebrain (Ch4p) FAt 2.06 1.27E-01

Hippocampus FAt 1.07 3.91E-01

Locus coeruleus to transentorhinal cortex tract FAt 0.86 4.62E-01

Abbreviations: AD = Alzheimer disease; CN = cognitively normal; EMCI = early mild cognitive impairment; LMCI = late mild cognitive impairment; FAt = FW-
corrected fractional anisotropy; FW = free water.
Regions with significant between-group effects and post hoc test results: The effects of sex, age, education, and APOE e4 carrier status were included in the
analyses of variance as covariates. Post hoc t tests were performed between controls and disease groups for regions in which there was a significant group
effect. The p values are corrected for the false discovery rate (apfdr < 0.05, bpfdr < 0.01, cpfdr < 0.005).
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5.53; pfdr < 0.05). The second section (sliced in the
x-direction) extends laterally and passes through the basal
forebrain region. All slices in this section manifested a sig-
nificant group effect (mean F = 7.59; pfdr < 0.05). Post hoc
tests revealed that 10, 4, and 2 of the 10 slices had higher FW
in AD compared to CN (mean Cohen d = 1.21; pfdr < 0.01),
LMCI compared to CN (mean Cohen d = 0.82; pfdr < 0.05),
and EMCI compared to CN (mean Cohen d = 0.60; pfdr <
0.05) respectively. The 2 slices in which FW was higher in
EMCI compared to CN are located in the anterior medial
portion of the tract that passes through the nucleus basalis of
Meynert.25 The third section (sliced in the z-direction) ex-
tends inferiorly and terminates in the transentorhinal cortex.
Eight of the 10 slices in this section contained a significant
group effect (mean F = 6.14; pfdr < 0.05). Post hoc tests in this
anterolateral portion of the tract revealed significantly higher
FW only in patients with AD compared to CN (mean Cohen
d = 1.00; pfdr < 0.005).

Correlations Among FW, ClinicalMeasures, and
Neurofilament Light Chain
Spearman rank correlation coefficients were calculated across
imaging measures, clinical measures, and neurofilament light
chain while controlling for the effects of age, sex, education,
APOE e4 carrier status, and group (Figure 4). FW in the
hippocampus, entorhinal cortex, locus coeruleus to trans-
entorhinal cortex tract, and Ch4 correlated significantly with

MoCA, CDR-SB, MMSE, and both LASSI-L scores (mean r2

= 0.10; pfdr < 0.05). FW in the other basal forebrain regions
correlated intermittently with clinical measures. FAt in the
examined regions correlated sparsely with the clinical mea-
sures. Significant correlations were found between plasma
neurofilament light chain and FW in the hippocampus,
entorhinal cortex, locus coeruleus to transentorhinal cortex
tract, Ch4, and Ch3 (mean r2 = 0.06; pfdr < 0.05). No sig-
nificant correlations were found between plasma neurofila-
ment light chain and FAt.

Discussion
In this study, we found that FW was significantly higher in
patients with AD compared to CN individuals in the hippo-
campus, 4 basal forebrain regions (Ch4, Ch4p, Ch3, Ch1-2),
locus coeruleus to transentorhinal cortex tract, and entorhinal
cortex. FW was significantly higher in patients with LMCI
compared to CN individuals and in those with EMCI com-
pared to CN individuals in 3 regions: the hippocampus, Ch4,
and locus coeruleus to transentorhinal cortex tract. Within the
locus coeruleus to transentorhinal cortex tract, group effects
were evident in FW in the anterior portions of the tract
spanning the region of the basal forebrain and the trans-
entorhinal cortex. Correlation analyses revealed that higher
FW was associated with lower performance on cognitive

Figure 2 Higher FW Is Associated With Higher AD Severity

Significant group-wise comparisons (pfdr < 0.05) of
free water (FW) and FW-corrected fractional an-
isotropy (FAt). Post hoc t tests were performed
(cognitively normal [CN] vs early mild cognitive
impairment [EMCI], CN vs late mild cognitive im-
pairment [LMCI], CN vs Alzheimer disease [AD],
and LMCI vs AD) and were corrected for the false
discovery rate (*pfdr < 0.05, **pfdr < 0.01, ***pfdr <
0.005). Small circles designate outliers (±1.5 times
the interquartile range). Ch4 = Basal nucleus of
Meynert; LC = locus coeruleus; TEC = trans-
entorhinal cortex.
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measures (MoCA, MMSE, and LASSI-L) and with greater
dementia severity (CDR-SB). FW in 5 of the 7 examined
regions was also significantly correlated with neurofilament
light chain. Together, these results provide evidence in sup-
port of a progressive disease model in which neuro-
degeneration occurs early in the anterior medial portion of the
locus coeruleus to transentorhinal cortex tract, nucleus basalis
of Meynert (Ch4), and hippocampus. In a later stage, the
anterior lateral portion of the locus coeruleus to trans-
entorhinal cortex tract, entorhinal cortex, and other basal
forebrain regions manifest significant neurodegeneration and
AD symptom progression.

The progression of pathology and neurodegeneration that
precedes clinically manifested AD is not clearly understood.
One of the earliest staging models of AD progression asserted
that tau pathology first occurs in the entorhinal cortex.7 It has
subsequently been proposed on the basis of larger-scale pa-
thology studies that pathologic tau first occurs in the locus
coeruleus before spreading to the transentorhinal cortex and
then neocortex through neuron-to-neuron propagation.33 In

this study, we found that patients with EMCI, LMCI, and AD
had significantly higher FW compared to CN individuals
when averaging across the entire locus coeruleus to trans-
entorhinal cortex tract. Our results show that AD-related
neurodegeneration occurs within the locus coeruleus to
transentorhinal cortex tract and is detectable in patients with
EMCI compared to CN individuals. Our finding that the
anterior medial portion of the tract passing through the nu-
cleus basalis of Meynert is affected in patients with EMCI
while the portion of the tract approaching the transentorhinal
cortex is affected only in AD is consistent with a nucleus
basalis of Meynert to entorhinal cortex AD progression
model.34 Group effects were not observed in the brainstem
portion of the tract extending superiorly and anteriorly from
the locus coeruleus to the region of the thalamus. Although
studies have reported tau pathology in the locus coeruleus and
locus coeruleus atrophy in the earliest stages of AD,8,35 it
should be noted that the brainstem is notoriously difficult to
image reliably, given its small size and high physiologic noise
relative to the rest of the brain.36-38 It is also possible that the
CN group may contain participants with locus coeruleus or

Figure 3 FW in the Locus Coeruleus to Transentorhinal Cortex Tract

Changes in free water (FW) along the lo-
cus coeruleus (LC) to transentorhinal
cortex tract (TEC) are plotted separately
for each group. Semitransparent regions
designate the SEM at each slice. Black
star symbols designate slices with sig-
nificant group effects in the analysis of
variance. Red, green, and orange
squares designate slices with significant
differences from post hoc t tests be-
tween Alzheimer disease (AD) and cog-
nitively normal (CN), late mild cognitive
impairment (LMCI) and CN, and early
mild cognitive impairment (EMCI) and
CN, respectively. Significance was de-
fined as p < 0.05 after correction for the
false discovery rate. Tracts were sliced in
the y-direction in the portion of the tract
connecting the LC to the thalamus re-
gion. Tracts were then sliced in the x-di-
rection as the tract extended laterally
toward the temporal lobes. Final portion
of the tract ran inferiorly to terminate in
the TEC. This portion was sliced in the z-
direction. MNI = Montreal Neurological
Institute.
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entorhinal cortex degeneration but without detectable cog-
nitive deficits.

Although it is known that the basal forebrain plays an im-
portant role in AD progression, it is unknown how basal
forebrain degeneration relates to and is sequenced in de-
generation in other regions affected in AD such as the neo-
cortex, hippocampus, and entorhinal cortex. In this study, we
show that FW is progressively higher in the nucleus basalis of
Meynert of patients with EMCI, LMCI, and AD compared to
CN individuals, while no significant differences were found in
the other basal forebrain cholinergic regions and the ento-
rhinal cortex between patients with EMCI and CN individuals
or between those with LMCI and CN individuals. These re-
sults align with a nucleus basalis of Meynert → entorhinal
cortex → neocortex model of disease progression34,39 and
suggest that neurodegeneration parallels the anatomic pro-
gression of tau pathology. These results also align with those
that have reported preferential atrophy in the nucleus basalis
of Meynert compared to the other subregions of the basal
forebrain cholinergic system.40,41

The effect of group on FAt was significant only in the Ch1-2
region and was higher in patients with EMCI, LMCI, and AD
compared to CN individuals. While dMRI has classically been

applied to white matter tracts, numerous studies have used
dMRI to examine gray matter areas.42-45 The measure FA
quantifies the degree of direction-dependent diffusion. In
white matter, FA values tend to be higher while in gray matter
FA values are lower. Prior studies suggest that in an acute injury
model, increased anisotropy (FA) is linked to the coherent
organization of reactive astrocytes and gliosis.42 The adminis-
tration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in a
murine model of Parkinson disease demonstrated that FA
measures derived from DTI decreased 5 to 7 days after in-
jection and were thought to be related to the number of sub-
stantia nigra dopaminergic neurons.44 The authors suggested
that DTI can provide an indirect measure of dopaminergic
neurodegeneration within the substantia nigra because cell loss
in the substantia nigra alters the microstructural integrity and
diffusivity of water molecules.44 In the regions studied here
such as the hippocampus, entorhinal cortex, and basal fore-
brain, they include complex tissue structures that could be
reflected in diffusion measurements, including FA. In a mouse
model of basal forebrain cholinergic degeneration, it was found
that FA increased in the basal forebrain with reduced choline
acetyl transferase–positive neurons.45 The authors of this study
proposed that a loss of isotropic (cholinergic) gray matter cells
led to a greater contribution from residual anisotropic cells/
axons to the diffusion signals.45 The contrasting effects of axon

Figure 4 FW Correlates With Clinical Measures and Neurofilament Light Chain

Correlation matrix shows Spearman rank partial correlation coefficients between free water (FW) and FW-corrected fractional anisotropy (FAt) in the
examined regions, clinical measures, and neurofilament light chain while controlling for the effects of age, sex, education, APOE e4 carrier status, and group.
Color of each square designates the value of the correlation coefficient: dark red designates a strong positive correlation; dark blue designates a strong
negative correlation; and white designates no correlation. Asterisks designate the p value after false discovery rate correction: *pfdr < 0.05, **pfdr < 0.01,
***pfdr < 0.005. Examined regions: hippocampus (Hipp), entorhinal cortex (EC), magnocellular regions of the basal forebrain (Ch4, Ch4p, Ch3, and Ch1-2), and
locus coeruleus to transentorhinal cortex tract (LC2TEC). CDR-SB = Clinical Dementia Rating–Sum of Boxes; dMRI = diffusion MRI; frPSI = Failure to Recover
from Proactive Semantic Inference; LASSI-L = Loewenstein-Acevedo Scale for Semantic Interference and Learning; MMSE = Mini-Mental State Examination;
MoCA = Montreal Cognitive Assessment; Nfl = neurofilament light chain.
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degeneration (leading to decreases in FA) and cholinergic
neuron degeneration (leading to increases in FA) complicate
the interpretation of our FAt results and suggest that patients
with EMCI, LMCI, and AD compared to CN individuals had
higher FAt in Ch1-2 because this region experienced cholin-
ergic neuron degeneration without axon degeneration. It is
possible that higher FAt in the other examined regions was not
observed because both axon degeneration and cholinergic de-
generation occurred. FAt in regions such as the hippocampus,
entorhinal cortex, and basal forebrain is likely further con-
founded by the occurrence of multiple fiber orientations within
the same voxel.

Prior work has shown that the entorhinal cortex undergoes
atrophy in patients with AD,46,47 entorhinal cortex volume in
patients with MCI predicts conversion to AD,48 and atrophy
of the entorhinal cortex is predicted by atrophy of the basal
forebrain.34,39 Our finding that FW in the entorhinal cortex is
higher in patients with AD compared to CN aligns with these
findings that atrophy occurs in the entorhinal cortex of pa-
tients with AD. No significant differences in FW were found
between patients with MCI (early and late) and CN indi-
viduals in the entorhinal cortex. Furthermore, FW in the
portion of the locus coeruleus to transentorhinal cortex tract
that approached the transentorhinal cortex was not signifi-
cantly different between patients with MCI and CN individ-
uals, although FW was higher in patients with AD compared
to CN individuals. Our results suggest that, compared to the
hippocampus and nucleus basalis of Meynert, FW in the
entorhinal cortex is less affected in patients with MCI.
However, it is possible that we did not observe differences
between MCI and CN in the entorhinal cortex because the
CN group may have already undergone some neurodegen-
erative changes. Thus, longitudinal analyses with time points
well before MCI onset will be needed to definitively show the
anatomic progression trends observed in this study.

The hippocampus plays a critical role in memory and is well
known to atrophy in AD.6,49 The hippocampus was included
in this study as a reference point for the other examined
regions. Our results replicate previous findings that FW in the
hippocampus is higher in patients with EMCI, LMCI, and AD
compared to CN individuals.6

Our results that FW correlated positively with cognitive impair-
ment and dementia severity as measured by the MoCA, MMSE,
and CDR-SB supports previous studies that have found that
atrophy of the hippocampus, entorhinal cortex, and basal fore-
brain positively correlates with cognitive impairment.50,51 The
LASSI-L is a novel cognitive stress test that uniquely examines the
ability to recover from proactive semantic interference in addition
to delayed recall.15 The LASSI-L frPSI and LASSI-L delay have
shown promise in discriminating between CN individuals and
patients with pre-MCI and correlate with hippocampal atrophy,
entorhinal cortex atrophy, and amyloid load.15,16 Our finding of
significant correlations (mean r2 = 0.01; pfdr < 0.05) between
LASSI-L performance (delayed recall and frPSI) and FW in the

hippocampus, locus coeruleus to transentorhinal cortex tract,
entorhinal cortex, and nucleus basalis of Meynert provides sup-
porting evidence that LASSI-L performance is an early marker of
neurodegeneration related to cognitive impairment. Together,
these results align with our hypothesis that FW is a noninvasive
marker of neurodegeneration and show that the differences in
FW that we observed are associated with measurable differences
in cognitive impairment.

Finally, neurofilament light chain is a cytoplasmic protein
highly expressed in myelinated axons such that increases in
CSF and blood plasma have been associated with axonal
damage.52 Plasma neurofilament light chain is increased in
patients with MCI and AD compared to CN individuals.53 In
this study, we found that FW correlates positively with plasma
neurofilament light chain. These data align with our hypoth-
esis and provide important evidence that the observed higher
FW represents neurodegeneration, although it is also possible
that other mechanisms related to neuroinflammation could
play an additional role.

One limitation of this study is the heterogeneity of patients with
MCI. In this study, diagnoses were based on cognitive assess-
ments, and it is possible that some of the patients with MCI
may not eventually progress to AD. In a longitudinal study of
87 patients with MCI, it was found that at a 3-year follow-up
visit, 77% of patients with amyloid-positive MCI developed
AD, whereas 19% of patients with amyloid-negative MCI de-
veloped AD.54 Thus, some of the participants with MCI could
be in the early stages of other types of dementia such as de-
mentia with Lewy bodies or vascular dementia.

In this study, we examined FW in 152 patients ranging in
cognitive abilities from CN to EMCI to LMCI to AD.
Quantifying FW in 7 regions relevant to early AD pathology,
we showed that higher FW is associated with greater clinical
diagnosis severity, lower cognitive and functional perfor-
mance, and higher plasma neurofilament light chain. The
hippocampus, nucleus basalis of Meynert, and locus coeruleus
to transentorhinal cortex tract had significantly higher FW in
patients with EMCI compared to CN individuals, suggesting
that these regions may begin to degenerate at an earlier stage
of AD progression compared to the other cholinergic basal
forebrain nuclei and the entorhinal cortex. It is important to
note that not all patients with MCI convert to AD and that
future longitudinal studies examining FW in these regions
may identify those patients with MCI who are most likely to
progress to AD. Overall, our results show that FW imaging is a
noninvasive and clinically relevant imaging marker that is
sensitive to early changes in cognitive impairment. However,
replication in other datasets and further refinement are
needed before FW imaging is used as an AD clinical trial
endpoint for disease-modifying therapeutics.
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