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A B S T R A C T

Purpose: The objective of this study was to assess whether APOE4 carriership status affects white matter (WM) 
[11C]PiB positron emission tomography (PET) retention in cognitively healthy older adults, as a potential in
dicator of myelin integrity.
Methods: We explored WM [11C]PiB retention of 101 participants (non-carriers, n = 40; APOE3/4 carriers, n =
40; APOE4/4 carriers, n = 21) and its association with fractional anisotropy, a diffusion tensor imaging measure 
reflecting WM microstructure. WM [11C]PiB retention was assessed in voxel-wise analysis and within normal- 
appearing white matter (NAWM) and white matter hyperintensities (WMHs) as regions-of-interest.
Results: [11C]PiB retention was lower in WMHs than NAWM (pt-test < 0.001). In NAWM, APOE4/4 and APOE3/4 
carriers showed reduced [11C]PiB retention compared to non-carriers (pANCOVA = 0.040, among all groups), 
while there were no significant differences in [11C]PiB retention within regions of WMHs (pANCOVA = 0.11). 
APOE4/4 carriers had lower WM [11C]PiB retention than non-carriers in voxel-wise analysis (pFWE < 0.05). WM 
[11C]PiB retention was not associated with fractional anisotropy, suggesting different pathological pathways.
Conclusion: A decrease in NAWM [11C]PiB retention is suggestive of myelin damage prior to the onset of cognitive 
decline in APOE4 homozygotes.

1. Introduction

Alzheimer’s disease (AD) is the most common cause for dementia 
and a major cause of disability (Nichols et al., 2022). The most impor
tant genetic risk factor for AD is APOE ε4 (APOE4) carriership and 
APOE4/4 homozygosity has been suggested to represent a genetic form 
of AD (Fortea et al., 2024). Demyelination, i.e. the disruption of the 
cholesterol-rich myelin sheath that encircles axons, is a feature seen in 
neurological disorders, including AD (Bouhrara et al., 2018; Dean et al., 
2017). APOE4 could increase the risk for AD via deficits in oligoden
drocytic function that result in demyelination (Bartzokis, 2011; Blan
chard et al., 2022). The hallmark pathological sign of AD, cortical beta- 
amyloid (Aβ) plaques, can be detected in vivo with positron emission 

tomography (PET). Recent studies have repurposed amyloid-PET tracers 
to assess myelin integrity in the AD continuum (Moscoso et al., 2022; 
Rubinski et al., 2023), but it has not yet been evaluated whether Thio
flavin T analog 11C-labelled Pittsburgh compound B ([11C]PiB) can be 
utilized to detect white matter (WM) changes in cognitively unimpaired 
APOE4/4 homozygotes, who are at risk for developing clinical AD.

[11C]PiB binds with high affinity to the beta-sheet structure of Aβ 
plaques (Klunk et al., 2004) and is used for in vivo quantification of Aβ 
burden, along with several 18F-labelled tracers, including [18F]Florbe
tapir, [18F]Florbetaben and [18F]Flutemetamol. Amyloid-PET tracers 
also show retention in the WM of healthy individuals and patients with 
AD (Klunk et al., 2004), with inter-tracer differences pointing that 18F- 
labelled tracers have higher WM retention than [11C]PiB (Bao et al., 
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2017; Landau et al., 2014). Fluorinated ligands have higher lip
ophilicity, which might explain their higher WM retention (Kepe et al., 
2013). The topographic binding distributions of certain amyloid-PET 
tracers are comparable in grey matter, as has been shown with [18F] 
Flutemetamol and [11C]PiB (Zeydan et al., 2022); however, [18F]Flu
temetamol shows higher retention than [11C]PiB in subcortical WM, 
whereas WM retention was comparable between [18F]Florbetapir and 
[11C]PiB (Landau et al., 2014). The WM binding of amyloid-PET tracers 
was considered non-specific, but several studies have suggested that 
these tracers additionally have an affinity for myelin (Pietroboni et al., 
2022; Stankoff et al., 2011; Zeydan et al., 2022; Zhang et al., 2021a). 
[11C]PiB labels WM in vitro and in human postmortem tissue (Stankoff 
et al., 2011), although the robustness of this finding is unclear (Fodero- 
Tavoletti et al., 2009). In patients with multiple sclerosis, [11C]PiB 
retention is reduced in regions of white matter hyperintensities (WMHs) 
compared to normal-appearing white matter (NAWM), suggesting that 
this tracer can non-invasively detect myelin lesions in vivo (Campanholo 
et al., 2022; Stankoff et al., 2011). Myelin basic protein (MBP) is the 
major protein component of myelin. It has been postulated that MBP has 
a core element of beta-sheet, where [11C]PiB is thought to bind (Stankoff 
et al., 2011). When myelin is damaged, it loses its beta-sheet structure, 
which could result in reduced amyloid-PET tracer binding (van der 
Weijden et al., 2023). However, amyloid-PET tracers might interact with 
targets that share similar molecular structures, affecting their speci
ficity, and [11C]PiB retention could be influenced by sulfotransferase 
activity, hydrophobic interactions or tissue-specific kinetics (Kepe et al., 
2013; Surmak et al., 2020).

A [18F]Florbetapir PET imaging study showed that patients with AD 
show lower tracer retention than cognitively healthy controls in the 
NAWM (Moscoso et al., 2022), suggesting that [18F]Florbetapir PET 
could potentially be a more sensitive method for detecting demyelin
ation than fluid-attenuated inversion recovery (FLAIR) magnetic reso
nance imaging (MRI), that is traditionally used to detect WMHs. In the 
context of AD, a decrease in [18F]Florbetapir retention in WM is asso
ciated with longitudinal cognitive decline and faster rate of tau accu
mulation, the latter exacerbated by the APOE4 allele (Rubinski et al., 
2023). Preliminary evidence suggests that [11C]PiB retention could be a 
marker of WM damage in AD (de Faria et al., 2019). However, these 
findings should be interpreted with caution, since a reduction in WM 
tracer retention might be caused by processes different than demyelin
ation (Ottoy et al., 2023). Moreover, the pathology of WMHs is heter
ogenous and they might be driven by processes other than 
demyelination, including neurodegeneration and vessel amyloidosis 
(Shirzadi et al., 2023).

Diffusion tensor imaging (DTI) is frequently used to assess WM tissue 
microstructure from the MRI signal (Basser and Pierpaoli, 1996). Pa
rameters derived from DTI, including fractional anisotropy (FA), can 
detect early neurodegeneration in patients with AD (Teipel et al., 2010). 
Several studies have reported WM impairment in APOE4 carriers using 
DTI (Dowell et al., 2013; Gold et al., 2010; Tato-Fernández et al., 2024). 
Moreover, previous investigations have found a link between lower DTI- 
FA and reduced [18F]Florbetapir retention in the WM (Moscoso et al., 
2022; Ottoy et al., 2023), but DTI-FA is primarily an indicator of tissue 
microstructure (Basser and Pierpaoli, 1996).

Following the notion that [11C]PiB binds to myelin, we aimed to 
investigate whether cognitively healthy older adults who carry one or 
two APOE4 alleles, and are thus at risk for developing clinical AD, show 
reduced [11C]PiB retention in NAWM and in regions of WMHs, 
compared to cognitively healthy non-carriers. Moreover, to enhance the 
interpretability of our findings, we explored the association between 
[11C]PiB retention and tissue microstructure, measured with DTI-FA, in 
the cerebral WM.

2. Methods

2.1. Participants

The present study includes data from 101 cognitively healthy in
dividuals (MMSE ≥ 24, CERAD neuropsychological total score 
(Chandler et al., 2005) > 62) aged 65–85 years, from two separate co
horts recruited at Turku PET Centre (Cohort 1: ASIC-E4, n = 63 
(Snellman et al., 2022); Cohort 2: CIRI-5Y, n = 46 (Pietilä et al., 2024) 
(Fig. 1). Participants with one [11C]PiB PET scan, one T1-weighted 
(T1w) and one FLAIR MRI scan available were included in this study. 
These individuals had APOE2/3 (n = 5), APOE3/3 (n = 35), APOE3/4 (n 
= 40) or APOE4/4 (n = 21) genotypes. APOE2/3 and APOE3/3 carriers 
showed no significant differences in WM [11C]PiB retention and were 
pooled together as a non-carrier group (n = 40). Details regarding 
recruitment and APOE genotyping have been previously reported for 
both cohorts (Ekblad et al., 2018; Pietilä et al., 2024; Snellman et al., 
2022). 98 of the participants additionally had a DTI scan available. 
Exclusion criteria were MMSE < 24, CERAD neuropsychological total 
score < 62, neurological or psychiatric diseases, or contraindications for 
MRI and PET imaging. After a visual quality control, two subjects were 
excluded from the study sample because they had large ventricles that 
interfered with inter-modal registration.

The ASIC-E4 and CIRI-5Y studies were approved by the ethics com
mittee of the Hospital District of Southwest Finland. The studies were 
conducted in accordance with the Declaration of Helsinki. Participants 
signed a written informed consent.

2.2. Image acquisition

MRI data were acquired either with Philips Ingenia 3.0 T systems 
(Philips Healthcare, Amsterdam, the Netherlands, n = 22) or Philips 
Ingenuity 3.0 T TF PET-MR (Philips Healthcare, Amsterdam, the 
Netherlands, n = 79) at Turku PET Centre. T1w sequences, T2w FLAIR 
sequences and DTI sequences with opposing phase-encoding polarities 
were acquired for each participant (TR = 6700 ms, TE = 120 ms, 2 × 2 
× 2 mm voxels, 80 axial slices, slice thickness = 2 mm, no slice gap, field 
of view = 256 × 256 mm2, flip angle = 90, b-val = 1000 s/mm2). Full 
imaging protocols are available in previous publications (Ekblad et al., 
2018; Pietilä et al., 2024; Snellman et al., 2022; Tato-Fernández et al., 
2024). MRI scans were reviewed by a neuroradiologist to exclude the 
presence of brain abnormalities.

PET data were acquired with High Resolution Research Tomograph 
(HRRT, Siemens Medical Solutions, Knoxville, TN). The spatial resolu
tion for this scanner is 2.5 mm. PET images were acquired for 50 min, 40 
min after injection of 250–500 MBq of [11C]PiB. Each acquisition was 
followed by a 6 min transmission scan using a 137Cs point source for 
attenuation correction. List-mode data was histogrammed into 8 time 
frames and reconstructed with 3D ordinary Poisson ordered subset 
expectation maximization algorithm (OP-OSEM3D) with 16 subsets and 
8 iterations and a voxel size of 1.22 × 1.22 × 1.22 mm.

2.3. [11C]PiB PET analysis

T1w MRI scans were processed with FreeSurfer (v. 7.2.0). To sepa
rately examine tracer retention in NAWM and WMHs, binary WMHs 
masks were first obtained from FLAIR images with an automatic 
cNeuroimage analysis tool (Combinostics Oy, Tampere, Finland) that 
used an adapted version of methods previously described (Koikkalainen 
et al., 2016). The same tool was used to estimate Computed Fazekas 
score. In line with previous studies (Moscoso et al., 2022; Ottoy et al., 
2023; Rubinski et al., 2023), we i) filtered out lesion clusters with fewer 
than 26 voxels to minimize contamination from surrounding NAWM, ii) 
co-registered WMHs masks with T1w images and combined them with a 
binary WM tissue segmentation to create WM masks, thus ensuring that 
hypointense WM regions were not misclassified, iii) generated a 
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standard cerebral mask in Montreal Neurological Institute (MNI) space 
and warped the mask to each subject’s native space to remove the cer
ebellum and brainstem from analysis, and iv) eroded WM masks to 
exclude voxels within 2 mm from cortical regions to minimize partial 
volume effects (PVEs). After processing the masks, all participants 
showed at least some WMHs. Lastly, NAWM masks were generated by 
subtracting WMHs from the WM masks.

PET images were processed using an automated pipeline 
(Karjalainen et al., 2020) built on MATLAB (vR2021b) which uses 
functions from SPM12 and FreeSurfer. This pipeline performs co- 
registration of a T1w scan to PET native space and region-of-interest 
(ROI) parcellation. Cerebellar grey matter was chosen as reference re
gion to avoid circular analyses and it was corrected to minimize spill- 
over effects. Since previous studies reported that dynamic quantifica
tion and semi-quantitative methods have comparable accuracy when 
assessing Aβ load and demyelination (Carotenuto et al., 2020; Lopresti 
et al., 2005), [11C]PiB retention was quantified as standardized uptake 
value ratios (SUVRs) for the 50–70 min time window within eroded WM, 
NAWM and WMH. A volume-weighted composite ROI was used to 
quantify cortical SUVRs, based on regions where cortical Aβ first appears 
in the AD continuum (Grothe et al., 2017), including prefrontal cortex, 
parietal cortex, anterior cingulum, posterior cingulum, precuneus and 
lateral temporal cortex. Parametric images were normalized and 
smoothed (8 mm) for whole-brain pairwise comparisons.

2.4. DTI analysis

DTI scans were corrected for subject motion, susceptibility- and 
eddy-current-induced distortions using the FMRIB Software Library 

v6.0.1 (Smith et al., 2004). Images were skull-stripped (Smith, 2002) 
and the tensor model was fit at each voxel. FA maps were thresholded at 
0.2 to correct for PVEs and co-registered to T1w scans. The inverse 
transformation was applied to the eroded WM, NAWM and WMHs masks 
to estimate average DTI-FA within these ROIs.

2.5. Statistical analysis

Regional statistical analysis and data visualization were carried out 
with R v4.3.1 and Rstudio v2023.12.1+402. Normality of the distribu
tions was assessed visually from the histograms. Demographic variables 
are presented as means (standard deviation) for normally distributed 
variables, or median (interquartile range) for non-normally distributed 
variables. Differences among APOE genotypes were assessed with one- 
way ANOVA (continuous variables, normally distributed), Kruskal- 
Wallis test (continuous variables, non-normally distributed), or χ2 test 
(categorical variables). Significance was set at p < 0.05 (two-tailed). 
Pairwise comparisons were carried out with post hoc Tukey’s honest 
significance test or Dunn’s test in the case of global significant differ
ences (p < 0.05). Normality of the residuals was verified with the his
tograms and homogeneity of variances with Levene’s test (p > 0.05).

[11C]PiB SUVRs were compared within a composite cortical ROI, 
NAWM and WMHs across all subjects with a paired t-test or Wilcoxon 
rank sum test. DTI-FA was compared between NAWM and WMHs across 
all subjects with Wilcoxon rank sum test. As previously reported 
(Moscoso et al., 2022), we verified that [11C]PiB retention in WM is 
highly correlated with global cortical [11C]PiB SUVR (rs = 0.73, p <
0.001, Fig. 2). Therefore, we corrected our subsequent analyses for 
global cortical [11C]PiB SUVR. WMH volumes were normalized by the 

Fig. 1. Study flowchart. Out of the 103 eligible participants for the study, two were excluded after examining their brain images, rendering a total study population 
of 101 cognitively healthy individuals. In 98 cases, a DTI scan was available. https://BioRender.com/j77q867 DTI = diffusion tensor imaging, FLAIR = fluid- 
attenuated inversion recovery, MRI = magnetic resonance imaging, PET = positron emission tomography.
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total intracranial volume (ICV) and included as a covariate (Ottoy et al., 
2023). Given that sex has a known effect on WMH load (Fatemi et al., 
2018), we additionally tested for differences in normalized WMH vol
ume based on sex.

Type 1 ANCOVA (Fox, 2008), adjusted for global cortical [11C]PiB 
SUVR, age, sex and WMH volumes, was used to compare NAWM SUVR 
among the three APOE groups. Pairwise comparisons were carried out 
with Tukey’s honest significance difference (HSD) test in the case of 
global significant differences (pANCOVA < 0.05). Voxel-wise comparisons 
were carried out in SPM12 within the WM using ANCOVA, with sex, age, 
global cortical [11C]PiB SUVR and WMH volumes as covariates. Whole 
brain analyses were considered significant at p < 0.05, family-wise error 
(FWE) corrected for multiple comparisons.

Next, we assessed the correlation between [11C]PiB SUVRs and tissue 
microstructure, estimated as DTI-FA, within regions of NAWM and 
WMHs in the whole study sample. After visual inspection of the scat
terplots, we tested for monotonic relationships with Spearman’s coeffi
cient (rs). If a significant correlation was found (p < 0.05), independent 
associations were further examined with linear regression, including 
global cortical [11C]PiB SUVR, age, sex and WMH volumes as regressors.

For sensitivity analyses, we repeated our main analysis while 
excluding individuals with low WMHs (n = 19), defined as WMH vol
ume < 1 cm3 (Ottoy et al., 2023), to ensure that the results were not 
driven exclusively by these individuals, who are likely more vulnerable 
to PVEs from adjacent tissue.

3. Results

3.1. Study population

Table 1 shows the distribution of demographic variables in the total 
study population and stratified by APOE genotype. This study included 
101 healthy volunteers (mean age = 71.3, standard deviation = 5.35), 
out of which 59.4% were females. Non-carriers, APOE3/4 and APOE4/4 
did not significantly differ in terms of age, sex, education or WMH 
volumes. Global cortical SUVR increased in a gene dose-dependent way 
(pKruskal-Wallis < 0.001), with non-carriers showing lower retention than 
APOE3/4 carriers (pDunn = 0.0044) and APOE4/4 carriers (pDunn <

0.001). The groups did not significantly differ in CERAD total score 
(pKruskal-Wallis = 0.73), but there were significant differences in MMSE 
score (pKruskal-Wallis = 0.047). APOE4/4 carriers had slightly lower MMSE 
score than non-carriers (pDunn = 0.042).

3.2. Interactions by sex

Females had higher WMH volumes than males (pKruskal-Wallis =

0.017). Sex did not have a significant effect on [11C]PiB NAWM SUVR (T 
= 1.89, p = 0.061), nor [11C]PiB WMH SUVR (T = 1.92, p = 0.058). 
When we included age as a covariate, the effect of sex on [11C]PiB 
NAWM and WMH SUVR attenuated (F[1, 98] = 1.40, pANCOVA = 0.24, 
and F[1, 98] = 2.44, pANCOVA = 0.12, respectively).

Fig. 2. Scatterplot showing Spearman’s correlation (rs) coefficient and its corresponding p-value between white matter and global cortical [11C]PiB standardized 
uptake value ratio (SUVR) in the total study population (left) and stratified by APOE genotype (right).

Table 1 
Demographic characteristics of the total study population and the three APOE groups.

Total population Non-carriers APOE3/4 APOE4/4 p-value

N 101 40 40 21
Age (years), mean (SD) 71.3 (5.35) 72.4 (4.96) 71.4 (5.24) 69.0 (5.45) 0.092
Sex (M/F), n 41/60 19/21 15/25 7/14 0.49
Education, n (%)

0.77
Primary school 30 (29.7 %) 12 (33.3 %) 11 (27.5 %) 7 (30 %)
Middle school 26 (25.7 %) 10 (28.6 %) 10 (25 %) 6 (25 %)
High school 25 (24.7 %) 11 (28.6 %) 8 (20 %) 6 (27.5 %)
College or university 20 (19.8 %) 7 (9.52 %) 11 (27.5 %) 2 (17.5 %)

BMI (kg/m2), mean (SD) 26.9 (4.31) 27.8 (4.12) 26.3 (3.60) 26.5 (4.96) 0.24
MMSE, median (IQR) 29 (27–30) 29 (27–30) 28.5 (27.8–30) 28 (26–29)* 0.047
CERAD total score, median (IQR) 86 (79–92) 86.5 (78.8–92.3) 85.5 (81–91.3) 83 (76.5–91.3) 0.73
WMH volume (cm3), median (IQR) 2.65 (1.43–5.51) 2.48 (1.23–6.17) 2.86 (1.39–4.43) 2.91 (1.67–6.14) 0.76
Computed Fazekas score (0–3), median (IQR) 0.96 (0–1.51) 0.74 (0–1.45) 0.98 (0–1.39) 0.96 (0–1.7) 0.63
Global cortical PiB retention (SUVR), median (IQR) 1.74 (1.48–2.34) 1.59 (1.44–1.75) 2.01 (1.55–2.40)** 2.42 (1.88–2.70)*** 0.00029

The p-value refers to overall difference among the groups; statistical significance in relation to non-carriers is shown with star symbols (* p < 0.05, ** p < 0.01, *** p <
0.001). BMI = body-mass index, SD = standard deviation, WMH = white matter hyperintensity, MMSE = Mini-Mental State Examination, CERAD = Consortium to 
Establish a Registry for Alzheimer’s Disease.
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3.3. Analysis of NAWM and WMHs

In the total study population, we found significantly lower [11C]PiB 
SUVRs (pt-test < 0.001, Cohen’s D = 1.00; Fig. 3A) and DTI-FA values 
(pWilcoxon < 0.001, Cohen’s D = 2.92; Fig. 3B) in regions of WMHs, 
compared to NAWM. Global cortical [11C]PiB SUVR was lower than 
[11C]PiB NAWM SUVR (pWilcoxon < 0.001, Cohen’s D = − 1.34, Fig. 3A) 
and WMHs SUVR (pWilcoxon < 0.001, Cohen’s D = − 0.63, Fig. 3A).

Group comparisons among the three APOE groups evidenced statis
tically significant differences in [11C]PiB SUVRs within NAWM (F[2, 
94] = 3.34, 95 % CI [0.0017, 1.00], pANCOVA = 0.040, Fig. 4) in the fully 
adjusted model. Tukey’s HSD test showed that APOE4/4 carriers had 
numerically lower SUVR in NAWM, compared to non-carriers, at 
borderline significance level (95 % CI: [− 0.39, 0.0013], pTukey = 0.052, 

Fig. 4), and APOE3/4 carriers similarly showed numerically lower 
NAWM SUVR than non-carriers, though this was a non-significant trend 
(95 % CI: [− 0.28, 0.015], pTukey = 0.087, Fig. 4). There were no sig
nificant differences between APOE4/4 and APOE3/4 carriers in NAWM 
[11C]PiB SUVR (95 % CI: [− 0.23, 0.11], pTukey = 0.68, Fig. 4). Our 
groups did not statistically differ in [11C]PiB SUVR within regions of 
WMHs (F[2, 94] = 2.22, 95 % CI [0.00, 1.00], pANCOVA = 0.11, Fig. 4). 
Sequential results are available in Tables A.1 and A.2.

Similarly, our whole-brain analysis revealed a cluster in the right 
cerebral WM adjacent to the right cuneus where APOE4/4 carriers 
exhibited significantly lower [11C]PiB retention compared to non- 
carriers (cluster peak at 9 × -80 × 26, Broadmann area 18, size 173 
voxels, pFWE < 0.05, adjusted for sex, age, global cortical [11C]PiB SUVR 
and WMH volumes) (Fig. 5). There were no significant WM clusters 

Fig. 3. [11C]PiB SUVRs (3A) in cerebral cortex, NAWM and in WMHs and DTI-FA (3B) in NAWM and in WMHs in the total study population (left) and stratified by 
APOE genotype (right). Statistical significance is shown with star symbols (* p < 0.05, ** p < 0.01, *** p < 0.001, **** < 0.0001). NAWM = normal-appearing white 
matter, SUVR = standardized uptake value ratio, WMHs = white matter hyperintensities.
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where APOE3/4 and APOE4/4, nor APOE3/4 and non-carriers differed 
in WM [11C]PiB retention at pFWE < 0.05.

3.4. Relationship between DTI and WM [11C]PiB PET

We did not find a correlation between DTI-FA and [11C]PiB SUVRs in 
NAWM (rs = 0.075, p = 0.46) whereas DTI-FA and [11C]PiB SUVRs were 
weakly correlated in regions of WMHs (rs = 0.20, p = 0.048). This 
relationship was further explored with a linear regression model, where 
WMHs [11C]PiB SUVR was the dependent variable and WMHs DTI-FA 
was the independent variable, adjusted for age, sex, global cortical 

[11C]PiB SUVR and WMH volumes. Within this model, the effect of DTI- 
FA on [11C]PiB SUVRs was positive, but not statistically significant in 
regions of WMHs (β = 0.54, 95 % CI [− 0.35, 1.43], p = 0.23, Fig. 6).

3.5. Sensitivity analysis

Differences in [11C]PiB SUVR (ppaired t-test < 0.001) and DTI-FA 
(pWilcoxon < 0.001) between NAWM and regions of WMHs remained 
significant when individuals with low WMHs (< 1 cm3) were removed 
from the analyses. In this subset of the population (n = 82), the three 
groups remained balanced in terms of age (F[2, 79] = 2.46, 95 % CI 
[0.00, 1.00], pANOVA = 0.092) and sex (pChi = 0.55), whereas they 
differed in global cortical [11C]PiB SUVR (pKruskal-Wallis < 0.001). 
APOE4/4 and APOE3/4 carriers showed higher global cortical [11C]PiB 
SUVRs than non-carriers (pDunn < 0.001 and pDunn = 0.010, respec
tively), as seen in the total study population. The effect of APOE on 
NAWM [11C]PiB retention was statistically significant (F[2, 75] = 4.70, 

Fig. 4. Adjusted means from Type I ANCOVA (covariates were sex, age, global cortical [11C]PiB SUVR and WMH volumes) within NAWM (4A) and WMHs (4B), 
showing average [11C]PiB retention by APOE genotype (non-carriers, APOE3/4 and APOE4/4) with confidence intervals at 95 % confidence level. NAWM = normal- 
appearing white matter, SUVRs = standardized uptake value ratios, WMHs = white matter hyperintensities.

Fig. 5. Results from voxel-wise analysis comparing WM [11C]PiB retention 
between non-carriers and APOE4/4 carriers at pFWE < 0.05 (k ≥ 83), adjusted 
for sex, age, global cortical [11C]PiB SUVR and WMH volumes.

Fig. 6. Association between [11C]PiB SUVRs and DTI-FA in regions of WMHs, 
adjusted for global cortical [11C]PiB SUVR, age, sex and WMH volumes. X-axis 
showing the distribution of DTI-FA in regions of WMHs, Y-axis showing the 
predicted covariate-adjusted WMHs SUVRs from a linear regression model. The 
plot shows the regression line, and its confidence interval at 95 % confidence 
level. FA = Fractional anisotropy, SUVRs = Standardized uptake value ratios, 
WMHs = White matter hyperintensities.

C. Tato-Fernández et al.                                                                                                                                                                                                                       Neurobiology of Disease 216 (2025) 107140 

6 



95 % CI [0.02, 1.00], pANCOVA = 0.012, adjusted for global cortical [11C] 
PiB SUVR, age, sex and WMH volumes), with APOE4/4 carriers showing 
significantly lower NAWM SUVRs than non-carriers (95 % CI: [− 0.45, 
− 0.050], pTukey = 0.011). There were no significant differences between 
APOE3/4 and APOE4/4 carriers (95 % CI: [− 0.28, 0.072], pTukey =

0.33), but there was a non-significant trend towards lower NAWM 
retention in APOE3/4 compared to non-carriers (95 % CI: [− 0.30, 
0.0099], pTukey = 0.071). There were no significant differences in WMHs 
[11C]PiB SUVRs in this subset (F[2, 75] = 2.68, 95 % CI [0.00, 1.00], 
pANCOVA = 0.075, adjusted for global cortical [11C]PiB SUVR, age, sex 
and WMH volumes).

4. Discussion

Our findings indicate that the APOE4 allele influences the binding of 
[11C]PiB to myelin already in cognitively healthy older APOE4 homo
zygotes. To our knowledge, this is the first study that investigated the 
separate effects of APOE4 hetero- and homozygosity on WM [11C]PiB 
PET retention in a cognitively healthy population. First, we found re
ductions in [11C]PiB retention and DTI-FA within WMHs compared to 
NAWM in the total study population, in line with previous findings in 
the AD continuum (Moscoso et al., 2022; Rubinski et al., 2023). Second, 
in extension to earlier results, we stratified our cognitively healthy 
population into three groups based on their APOE genotype and found 
significant differences in NAWM [11C]PiB SUVRs. APOE4/4 carriers 
showed lower mean [11C]PiB retention in NAWM, compared to non- 
carriers. However, this difference did not remain statistically signifi
cant in pairwise comparisons. Third, the regional analyses were further 
confirmed by additional voxel-wise analyses within cerebral WM, where 
APOE4/4 carriers had lower WM [11C]PiB retention than non-carriers in 
a small cluster adjacent to the right cuneus, whereas no other differences 
among the APOE genotypes were present at the specified threshold. 
Since AD progression inversely mirrors myelogenesis (Bartzokis et al., 
2004), late-myelinating association fibers might be vulnerable at early 
stages of AD. A previous MRI study found demyelination in the cuneus 
among the best discriminating areas for late-onset AD (Fornari et al., 
2012). Our results suggest that this pattern could appear unilaterally in 
cognitively healthy APOE4/4 carriers, possibly progressing over the 
course of AD. However, since the pairwise comparisons were only 
borderline significant, claims of APOE4-related demyelination in this 
cohort should be made with caution. In line with previous studies 
(Fatemi et al., 2018), WMH load was higher in females. Sex alone did not 
have a significant effect on NAWM nor WMH [11C]PiB SUVR (p = 0.061 
and p = 0.058 respectively).

A voxel-wise reduction in [11C]PiB retention has been reported in a 
previous study with patients with AD (de Faria et al., 2019), but the 
small sample size (n = 36) and lack of DTI data limited the interpretation 
of this finding. Moreover, the study did not explore whether retention 
decreases before diagnosis and did not explore tracer retention in 
NAWM and WMHs separately. Previous studies assessing [18F]Florbe
tapir retention in WM were carried out with a larger number of partic
ipants (n = 115–795), including individuals with dementia (Moscoso 
et al., 2022; Ottoy et al., 2023; Rubinski et al., 2023); thus, we would 
expect possible demyelinating effects to be more subtle in a cognitively 
healthy population. Our sensitivity analysis evidenced that APOE4/4 
carriers with intermediate to high WMH volumes showed significantly 
lower [11C]PiB NAWM SUVR than non-carriers. Therefore, it is unlikely 
that the decrease in myelin integrity found in the total sample of APOE4/ 
4 carriers reflected PVEs from these regions. On the contrary, it is 
possible that global WM demyelination is more extensive in individuals 
who have more WMHs, or that [11C]PiB retention is decreased in NAWM 
surrounding regions of WMHs, as has been previously suggested 
(Carotenuto et al., 2020).

We did not find a correlation between NAWM [11C]PiB SUVRs and 
NAWM DTI-FA in our study. Although we originally found a significant 
correlation between [11C]PiB SUVRs and DTI-FA in regions of WMHs, 

the association was not significant in a linear model adjusted for the 
confounding effects. DTI-FA was chosen as an indicator of WM micro
structure because it tends to correlate with histologically assessed 
myelin (Lazari and Lipp, 2021). However, the main contributor to 
anisotropy is the axonal membrane (van der Weijden et al., 2023), and 
DTI is sensitive to other WM microstructural properties than myelin, 
such as axonal degeneration. Therefore, lack of a correlation between 
DTI-FA and WM SUVRs does not challenge the validity of [11C]PiB as a 
marker of myelin integrity. Because of the methodological differences 
between [11C]PiB and DTI, these modalities might assess different tissue 
properties or WM fibers. DTI abnormalities in the context of AD are 
typically reported in deep WM tracts (Dowell et al., 2013; Gold et al., 
2010; Tato-Fernández et al., 2024), whereas myelin-sensitive MRI such 
as magnetization transfer imaging found demyelinating patterns in su
perficial WM, including the cuneus (Fornari et al., 2012), an area where 
the APOE4/4 carriers in our cohort showed lower [11C]PiB retention. 
Lastly, these results could also be due to an insufficient sample size to 
reach the significance threshold, or the biological characteristics of our 
population. A correlation between WM retention of [18F]Florbetapir and 
DTI-FA was previously reported (Moscoso et al., 2022; Ottoy et al., 
2023), but the interpretation of this association is unclear. Previously, 
Moscoso et al. found an association between [18F]Florbetapir NAWM 
SUVR and DTI-FA only within the AD continuum (Moscoso et al., 2022), 
meanwhile Ottoy et al. reported that [18F]Florbetapir retention in re
gions of WMHs was more closely related to DTI-assessed free water than 
DTI-FA (Ottoy et al., 2023), which could indicate that the PET signal is 
linked with enlargement of the extracellular space rather than with WM 
microstructural properties. We did not correct DTI-FA for the contri
butions of free water, since our DTI acquisition protocol was not opti
mized for multi-compartmental models. It should be noted that both 
studies were carried out with [18F]Florbetapir, and there may be addi
tional differences in each tracer’s affinity to myelin which have not yet 
been fully characterized.

Recently, APOE4 homozygosity has been proposed as a genetic form 
of AD, which mirrors the biomarker changes found in autosomal AD 
(Fortea et al., 2024). WMHs are prominent in autosomal AD, even before 
the onset of dementia (Schoemaker et al., 2022). WM abnormalities 
could similarly be a feature of APOE4 homozygosity. Cognitively 
healthy APOE4 homozygotes in our sample showed reduced [11C]PiB 
WM retention, indicating that [11C]PiB-assessed WM impairment is 
associated with APOE4 homozygosity early in the AD continuum and 
thus expanding the applications of this technique in the context of AD. 
The APOE4 allele is strongly associated with Aβ aggregation (Cicognola 
et al., 2025; Fortea et al., 2024). Several factors involved in the pro
duction of Aβ have overlapping pathways with remyelination 
(Hirschfeld et al., 2022), and myelin pathology colocalizes with Aβ 
deposition in animal studies (Zhang et al., 2021b). It has been proposed 
that the pathological cascade seen in AD could be a result of insufficient 
myelin repair (Bartzokis, 2011; Depp et al., 2023). On the other hand, 
myelin impairment could be a byproduct of AD pathology, since Aβ is 
known to induce oligodendrocyte death, which again can hinder mye
lination (Blanchard et al., 2022; Lee et al., 2004). Moreover, impaired 
microglial function could explain the interaction between APOE4 and 
myelin (Depp et al., 2023; Rubinski et al., 2023). If myelin impairment 
precedes the onset of clinical symptoms in APOE4 carriers, targeting 
demyelination could be a promising avenue for future medications 
aimed at this group. Additional studies are required to understand the 
biological mechanisms underlying the role of demyelination in AD, and 
the validity of amyloid-PET for the measurement of myelin integrity.

The APOE4/4 carriers of our cohort show abnormalities in imaging 
biomarkers, including structural and diffusion MRI and amyloid-PET 
(Koivumäki et al., 2024; Snellman et al., 2023; Tato-Fernández et al., 
2024), but it is possible that demyelination precedes and is more closely 
related to cognitive deficits and tau pathology (Rubinski et al., 2023). 
NAWM [18F]Florbetapir SUVR predicts longitudinal cognitive decline 
(Moscoso et al., 2022). Modulation of ApoE-related signaling pathways 
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might improve cognition and encourage remyelination (Hirschfeld 
et al., 2022). Put together, these findings suggest that WM [11C]PiB 
retention could be a good biomarker to monitor disease progression and 
to assess the effects of remyelinating agents, but future longitudinal 
investigations are still necessary to further understand the interpretation 
of WM [11C]PiB retention and its relationship with other biomarkers of 
AD.

One strength of this study is the possibility to compare the results of 
WM [11C]PiB and DTI-FA in a cognitively normal sample with varying 
genetic risk for AD. We confirmed findings from previous studies on 
amyloid-PET to assess myelin in the context of AD with an independent 
cohort of cognitively unimpaired individuals, showing that these results 
are generalizable beyond the biological characteristics of a specific 
study population. [11C]PiB was previously assessed as a marker of 
myelin integrity in multiple sclerosis and aging (Campanholo et al., 
2022; Stankoff et al., 2011; Vavasour et al., 2022), and our study shows 
its applicability in the context of AD research. Moreover, we included a 
group of cognitively healthy APOE4/4 carriers who are more than 65 
years old, which allowed us to determine whether individuals at high 
genetic risk for AD show demyelination before disease onset.

This study has several limitations. While our cohort is relatively large 
for a multi-modal human neuroimaging study, our sample might be 
underpowered to detect subtle differences, given the smaller size of the 
APOE4/4 carrier group (n = 21, vs. n = 40 in the other two groups), 
which may reduce the statistical power of post-hoc tests. Studying the 
effects of APOE4 homozygosity in healthy elderly is challenging due to 
the low prevalence of this genotype and their high risk for sporadic AD. 
However, it has been reported that these individuals are more vulner
able to demyelination (Blanchard et al., 2022). Our main findings 
approached the significance threshold, and their robustness should be 
verified with independent cohorts. In order to assess the effects of 
APOE4 carriership, our cohort is enriched with healthy older APOE4 
carriers, many of whom have Aβ in their brains. This resulted in uneven 
distributions of cortical [11C]PiB SUVRs among the groups, which can 
confound the results. We took several steps to minimize PVEs, but WM 
and cortical SUVRs were still highly correlated. For that reason, all an
alyses were corrected for global cortical [11C]PiB SUVR. This adjustment 
has a large impact on the comparisons, as shown in Tables A.1 and A.2, 
and causes discrepancy with studies whose populations had unknown or 
negative Aβ status. Lastly, [11C]PiB SUVRs can be influenced by factors 
including blood flow, although a reduction of WM [11C]PiB retention in 
APOE4 homozygotes is unlikely due to WM kinetics alone (Kepe et al., 
2013; Tohgi et al., 1998). Because of these shortcomings, we might not 
be able to estimate the full extent of demyelination using amyloid-PET. 
Further validation of WM amyloid-PET is still required to understand its 
relation to myelin integrity.

5. Conclusions

In conclusion, our results evidence a small decrease in WM [11C]PiB 
retention already in cognitively unimpaired APOE4 homozygotes. This 
finding suggests that APOE4/4 carriers exhibit subtle demyelination 
before the onset of AD, but this effect is expected to become more 
apparent along with the development of cognitive symptoms. Larger 
studies including APOE4/4 homozygotes should be carried out to 
confirm our results.
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Rodriguez, J., Karikari, T.K., Helin, S., Bucci, M., Löyttyniemi, E., Parkkola, R., 
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