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Progranulin plays an important role in neuroinflammation in Alzheimer's disease (AD) pathophysiology,
being upregulated by activated microglia. This study assessed whether cerebrospinal fluid levels of
progranulin correlated with structural neuroimaging measures and cognition in 122 cognitively normal
individuals, 81 mild cognitive impairment, and 70 AD patients from the Alzheimer's Disease Neuro-
imaging Initiative. Cognitively normal subjects were classified into 3 groups using the AT(N) system,
whereas all mild cognitive impairment and AD patients were Aþ/TNþ. Correlations between progranulin
with neuroanatomical measures and cognitive decline were performed within each group. Progranulin
was associated with cortical thickening in parietal, occipital, and frontal regions in cognitively normal
individuals with amyloid pathology. These subjects also showed cortical thickening compared with A
�/TN� subjects, an effect that was partially mediated by progranulin. In addition, higher progranulin
correlated with longitudinal cognitive decline. The association between progranulin and cortical thick-
ening, together with regional “brain swelling” in Aþ/TN� subjects, suggests progranulin contributes to
the neuroinflammatory structural changes in preclinical AD.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Neuroinflammation is one of the major determinants in the
pathophysiology of Alzheimer's disease (AD), being mediated by
microglial cells, astrocytes, and numerous inflammatory modula-
tors (Eikelenboom et al., 2011; Heneka et al., 2015). In particular, the
abnormal activation and dysfunction of microglia can be observed
since early disease stages in response to amyloid-beta (Ab) accu-
mulation (Bolmont et al., 2008; Hanzel et al., 2014). Together with
neuronal hypertrophy (Iacono et al., 2008; O’Brien et al., 2009; Oh
et al., 2008), the activation of glial cells is thought to be responsible
for increased gray matter volume and reduced cortical mean
diffusivity observed in the earliest stages of AD (Fortea et al., 2010;
Montal et al., 2018).
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Progranulin (PGRN) is a highly conserved secreted glycoprotein
encoded by the GRN gene that is closely associated with microglial
function (Pereson et al., 2009). An association between the TT ge-
notype of GRN rs5848 single nucleotide polymorphism and the risk
of developing late-onset AD has recently been established (Sheng
et al., 2014). However, the exact role of PGRN in the pathogenesis
of AD is still unclear. It has been suggested that its upregulationmay
have a beneficial effect on AD pathology by inhibiting and reducing
Ab deposition, whereas PGRN deficiency seems to correlate with
increased rates of amyloid and tau accumulation (Hosokawa et al.,
2015; Minami et al., 2014). In a recent paper, increasing CSF PGRN
levels were observed across different AD stages and correlated with
CSF levels of the microglial-derived protein sTREM2. These findings
provide support to CSF PGRN as a marker of microglial activation
(Suárez-Calvet et al., 2018).

Previous studies have assessed the association between CSF
markers of microglial activation, such as sTREM2 and PGRN, with
structural measures of neuroinflammation (Araque Caballero et al.,
2018; Falcon et al., 2019; Gispert et al., 2016; Morenas-Rodríguez et
al., 2016; Suárez-Calvet et al., 2018). In particular, Gispert et al., 2016
described a positive correlation between CSF sTREM2 concentra-
tions with gray matter volume and a negative correlation with
mean diffusivity in several brain regions in mild cognitive impair-
ment (MCI) patients. In a following study, the same group showed a
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longitudinal association of sTREM2 with gray and white matter
volume changes andwithmean diffusivity in a cohort of cognitively
unimpaired subjects (Falcon et al., 2019). CSF sTREM2 has also been
found to correlate with increased global and regional white matter
mean diffusivity in a cohort of healthy subjects and AD autosomal
dominant mutation carriers. (Araque Caballero et al., 2018). To our
knowledge, only two studies have assessed whether CSF PGRN
levels are associated with structural neuroimaging measures in AD,
but no significant correlations were reported (Morenas-Rodríguez
et al., 2016; Suárez-Calvet et al., 2018). However, these studies did
not focus on the relationship between PGRN and neuroanatomical
measures in the preclinical stages of AD, where neuroinflammatory
changes are likely to play an important role in disease pathophys-
iology (Eikelenboom et al., 2011). Thus, the aim of our study was to
assess whether CSF PGRN levels are associated with structural
neuroimaging measures, such as cortical thickness (CTh) and
subcortical gray matter volumes, in the early phases of the Alz-
heimer's continuum, and whether this correlation can add new
insights into the mechanisms underlying brain changes observed
before the onset of brain atrophy. Moreover, we explored whether
baseline CSF PGRN levels are associated with neuroanatomical
changes in more advanced disease stages and assessed whether
they correlate with longitudinal cognitive decline.

2. Methods

2.1. Subjects

Data used in the preparation of this article were obtained from
the Alzheimer's Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). Led by the principal investigator Michael W.
Weiner, MD, the ADNI was launched in 2003 as a public-private
partnership. The primary goal of ADNI has been to test whether
serial magnetic resonance imaging (MRI), positron emission to-
mography (PET), other biological markers, and clinical and neuro-
psychological assessment can be combined to measure the
progression ofMCI and early AD. In the present study, subjects were
included if they fulfilled the following criteria: (1) complete CSF
measures of Ab1e42, T-Tau, P-Tau, and PGRN at the baseline visit;
(2) a CSF biomarker profile that was either normal (A�/TN�) or
belonged to the Alzheimer's continuum (Aþ/TN�, Aþ/TNþ; Jack et
al., 2018); (3) had a baseline 3T MRI that passed quality control
before and after preprocessing. This resulted in the inclusion of 273
subjects from ADNI 2 database: 122 cognitively normal subjects
(CN), 81 subjects with MCI, and 70 subjects with AD dementia. The
main inclusion criteria for CN, MCI, and AD participants are dis-
played in Supplementary Table 1. For a subsample of this cohort
(n ¼ 242), the GRN rs5848 genotype was available and included in
additional analyses. All subjects were assessedwith the Alzheimer's
Disease Assessment Scaleecognitive subscale 13 (ADAS-Cog 13)
(Mohs et al., 1997), the ADNImemory composite score (ADNI-Mem)
(Crane et al., 2012) and the ADNI executive function composite
score (ADNI-EF) (Gibbons et al., 2012). Written informed consent
was given by all participants (or by authorized representatives) and
the study was approved by the ethical committees of all
institutions.

2.2. CSF analysis

Lumbar puncture was performed to extract CSF levels of b-am-
yloid 1e42 (Ab1e42), phosphorylated-tau 181P (P-tau181P), total-tau
(T-tau), and PGRN. CSF Ab1e42, P-tau181P, and T-tau levels were
analyzed using the fully automated Roche Elecsys immunoassays
(Bittner et al., 2016; Lifke et al., 2019). The Elecsys b-amyloid (1e42)
CSF immunoassay is currently under development, not
commercially available and for investigational use only. Perfor-
mance of the assay has not yet been formally established for Ab1e42
concentrations <200 pg/mL or >1700 pg/mL. None of the subjects
of this study had Ab1e42 concentrations <200 pg/mL. Concentra-
tions of Ab1e42 >1700 pg/mL were extrapolated based on a cali-
bration curve. These values are restricted to research purposes and
are excluded for clinical decision-making. CSF PGRN was measured
by an ELISA protocol performed using a Meso Scale Discovery
QuickPlex SQ 120 (Suárez-Calvet et al., 2018).
2.3. Classification of participants

CN subjects were classified into groups with positive (þ,
abnormal) or negative (�, normal) A/T/(N) biomarkers (Jack et al.,
2018) using previously established cutoffs for Elecsys immunoas-
says (Ab1e42 ¼ 976,6 pg/mL, P-tau181p ¼ 21,8 pg/mL and T-tau¼ 245
pg/mL) (Hansson et al., 2018). Owing to the small number of sub-
jects with discrepant T and N classifications (only 5.8%), we merged
the T and the N groups, similarly to a previous study (Suárez-Calvet
et al., 2018). Because there is strong evidence showing that amyloid
pathology is followed by tau accumulation, neurodegeneration, and
cognitive impairment in AD, we only included cognitively normal
subjects with the following three biomarker profiles: A�/TN�, Aþ/
TN�, Aþ/TNþ as well as MCI and AD patients who were Aþ/TNþ.
2.4. MRI acquisition and preprocessing

All participants underwent 3T MRI scanning using a T1-
weighted Magnetization Prepared RApid Gradient Echo (MPRAGE)
sequence with the following parameters: repetition time ¼
2300e3000 ms; echo time ¼ 3.0e4.1 ms; inversion time ¼ 900 ms;
flip angle¼ 8�; voxel size¼ 1.1�1.1�1.2mm3. T1-weighted images
were preprocessed through our database system (TheHive)
(Muehlboeck et al., 2014), using FreeSurfer (version 6.0.0; https://
surfer.nmr.mgh.harvard.edu/), as described elsewhere (Pereira
et al., 2017).

The CTh maps were smoothed using a full width at half
maximum kernel of 15mm. To perform statistical analyses between
subjects, the reconstructed cortical surfaces were registered to the
Freesurfer “fsaverage” template using a spherical representation of
the cortex. For each subject, the left and right hemispheres were
separately inflated to a sphere, which was then deformed to match
the curvature map of the analogous sphere in the fsaverage atlas
(Fischl et al., 1999). In addition, the volumes of the hippocampus,
amygdala, accumbens, pallidum, caudate, putamen, and thalamus,
as well as the total intracranial volume, were obtained.

All MRI scans were visually inspected and manual corrections
were performed in 6 subjects to fix gray/white-matter surface er-
rors using the Freeview application included in FreeSurfer and ac-
cording to the protocols described on the software website. In brief,
to correct white matter segmentation defects on the reconstructed
images, control points were selected where intensity normalization
errors were displayed. Failures in the reconstruction of the pial
surface due to incorporation of dura mater within the cortical
boundaries were fixed after manually deleting voxels belonging to
the dura.
2.5. White matter hyperintensities

We also performed additional analyses using the white matter
hyperintensity (WMH) volumes computed by the ADNI core labo-
ratory in accordance with previously published protocols (DeCarli
et al., 2005).
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3. Statistical analysis

3.1. Demographic, cognitive, and CSF variables

Differences between groups in age and sex were assessed using
an analysis of variance or c2 tests, respectively, in SPSS 25.0 (IBM
Corp., Armonk, NY, USA). To assess whether CSF and cognitive
variables showed differences between groups, we used an analysis
of covariance, while controlling for age and sex (all analyses) in
addition to education (cognitive analyses). The GRN rs5848 geno-
type was also added as an additional covariate in a supplementary
analysis to assess whether it influenced CSF PRGN levels. Ten out-
liers were identified in CSF PGRN levels using Tukey's fences
method, which were excluded from all analyses. Group compari-
sons were adjusted for multiple comparisons using false discovery
rate (FDR) corrections (q < 0.05).

To assess whether CSF PGRN was associated with baseline
cognition (ADAS-Cog 13, MMSE, ADNI-Mem, ADNI-EF), given the
non-normal distribution of the cognitive scores, partial Spearman's
rank correlation analyses were used, while controlling for age, sex,
and education. In addition, we used linear mixed effects models to
test whether baseline CSF PGRN levels predicted longitudinal
cognitive decline using R (R Foundation for Statistical Computing,
Vienna, Austria, r-project.org). These analyses included MMSE,
ADAS-Cog 13, ADNI-Mem, and ADNI-EF scores as dependent vari-
ables in addition to PGRN, time, age, sex, education, and diagnosis
as fixed effects. The models included all main effects, the interac-
tion between PGRN and time, and random effects for intercepts. All
analyses with cognitive variables were adjusted for multiple com-
parisons using FDR (q < 0.05).
3.2. Imaging variables

3.2.1. Correlation analyses with CSF PGRN
To assess the relationship between CTh and CSF PGRN levels, a

general linear model was estimated at each vertex across the
cortical surface using FreeSurfer. In this model, CTh was included as
the dependent variable, PGRN as a predictor, and age and sex as
nuisance variables. The general linear model produced a vertexwise
estimate of the “goodness of fit” of CSF PGRN values to each CTh
value, while regressing out the effects of age and sex. The parameter
estimate was then tested for its significance with a t-test. Three
supplementary analyses were also performed including GRN
rs5848 genotype, WMH volumes (normalized to total intracranial
volume) or scan site as additional covariates. Partial Pearson's
correlation analyses were performed to assess the relationship
between CSF PGRN and subcortical volumes in each diagnostic
group, while controlling for the effects of age, sex, and total intra-
cranial volume. The correlation between CSF PGRN andWMH in the
whole sample and in each diagnostic group was assessed using
Spearman's rank correlation due to non-normal distribution of the
WMH data.

3.2.2. Group comparisons
CTh and subcortical gray matter measures were compared

between groups. For CTh, general linear models were used within
FreeSurfer that included diagnosis as a fixed factor in addition to
age and sex as covariates. For subcortical gray matter measures,
an analysis of covariance was performed with diagnosis as a
factor, while controlling for age, sex, and total intracranial
volume.

The CTh results were corrected for multiple comparisons using a
clusterwise correction computed with Monte-Carlo simulations
(10.000 iterations, clusterwise p-threshold <0.05) in FreeSurfer,
whereas the subcortical volume analyses were corrected with FDR
(q < 0.05).

3.2.3. Mediation analysis
To assess the potential role of CSF PGRN in CTh differences be-

tween two groups of interest, we conducted a mediation analysis
using ordinary least squares regressions with PROCESS macro for
SPSS (Hayes, 2013). In this analysis, groupwas used as dichotomous
independent variable (X), mean cortical thickness from significant
surface clusters as dependent variable (Y), CSF PGRN as mediator
(M), and age and sex as covariates. The coefficients of the linear
regressions performed in the mediation analysis were used to
define the direct (c’), indirect (ab), and total (c) effects. The signif-
icance of the indirect effect (i.e., mediated effect) was assessed by
calculating bias-corrected 95% confidence intervals (CIs) using
bootstrapping (5000 resamples).

4. Results

4.1. Characteristics of the sample

The characteristics of the sample are shown in Table 1. In total,
65 CN(A�/TN�), 35 CN(Aþ/TN�), 22 CN(Aþ/TNþ), 81 MCI(Aþ/
TNþ), and 70 AD(Aþ/TNþ) were included. No significant differ-
ences were found in age or sex between groups. GRN rs5848 ge-
notypes were available for 88.64% of the sample (n ¼ 242) and no
significant differences were found in TT allele prevalence between
any of the groups.

4.2. Group differences in CSF PGRN levels

We found a significant group effect in CSF PGRN levels (F¼ 7.3; p
< 0.001) (Table 1, Fig. 1). Specifically, CN(Aþ/TN�) subjects dis-
played the lowest CSF PGRN values compared with all other groups
(p < 0.001), whereas AD(Aþ/TNþ) patients had significantly higher
CSF PGRN levels than MCI(Aþ/TNþ) (p ¼ 0.004) and CN(A�/TN�)
(p ¼ 0.008). After adding the rs5848 genotype as a covariate, these
differences in CSF PGRN remained significant.

4.3. Association between CSF PGRN levels with cortical thickness
and subcortical gray matter volumes

We found that increasing PGRN levels in CN(Aþ/TN�) subjects
correlated with cortical thickening in the left inferior parietal and
right postcentral regions, which extended to the precuneus and
other parietal and occipital areas in both hemispheres, as well as in
the right temporal cortex. A significant correlation was also present
in the left superior and right middle frontal cortices, in addition to
other bilateral neighboring areas. (Fig. 2, Supplementary Table 2). In
MCI(Aþ/TNþ) and AD(Aþ/TNþ) patients, there was a positive cor-
relation between CSF PGRN and CTh, but this was limited to the
right lingual gyrus and right temporal cortex, respectively (Fig. 2).
No significant associations were found in the CN(A�/TN�) and
CN(Aþ/TNþ) groups.When assessing all subjects in the Alzheimer's
continuum (i.e., Aþ subjects), increasing CSF PGRN levels correlated
with cortical thickening only in the right precentral area
(Supplementary Fig. 1).

After adding the GRN rs5848 genotype as a covariate, the areas
of positive correlation between CSF PGRN and CTh in the CN(Aþ/
TN�) group were similar, although less extensive (Supplementary
Fig. 2). In the MCI(Aþ/TNþ) group, the area of positive correlation
in the right lingual gyrus did not survive corrections for multiple
comparisons. However, when we performed a partial correlation
analysis between extracted CTh mean values of this region and CSF
PGRN, while controlling for age, sex, and rs5848 genotype, a



Table 1
Characteristics of the sample

Diagnosis CN(A�/TN�)
n ¼ 65

CN(Aþ/TN�)
n ¼ 35

CN(Aþ/TNþ)
n ¼ 22

MCI(Aþ/TNþ)
n ¼ 81

AD(Aþ/TNþ)
n ¼ 70

F or c2 (p value)

Age 71.2 (5.4) 73.1 (6.1) 74.5 (5.2) 72.0 (6.7) 73.2 (1.1) 1.3 (0.272)
Sex (m/f) 32/33 16/19 8/14 42/39 36/34 2.0 (0.738)
Rs5848 TT (%)a 6.3 10.0 10.0 12.1 14.3 2.2 (0.689)
Educatione,j,k 16.8 (2.6) 16.8 (2.0) 16.4 (2.3) 16.4 (2.7) 15.2 (2.6) 4.5 (0.001)
CDRd,e,g,h,i,j,k 0 (0) 0 (0) 0 (0) 0.5 (0) 0.8 (0.2) 398.8 (<0.001)
MMSEd,e,g,h,i,j,k 29.3 (1.1) 29.0 (1.4) 29.0 (1.1) 27.2 (1.9) 22.8 (2.1) 145.5 (<0.001)
ADAS-Cog13d,e,g,h,i,j,k 8.4 (4.3) 9.1 (4.8) 9.1 (4.0) 19.7 (7.0) 33.3 (8.1) 152.1 (<0.001)
ADNI-Memc,d,e,g,h,i,j,k 1.275 (0.5) 1.072 (0.67) 0.889 (0.6) �0.147 (0.6) �0.981 (0.5) 166.7 (<0.001)
ADNI-EFc,d,e,g,h,j,k 1.107 (0.8) 0.787 (0.8) 0.368 (0.5) 0.033 (0.8) �1.017 (0.9) 57.1 (<0.001)
CSF Abb,c,d,e,j (pg/mL) 1545.5 (316.0) 708.2 (205.0) 744.5 (148.7) 680.6 (155.7) 589.4 (158.8) 217.2 (<0.001)
CSF T-Tauc,d,e,f,g,h,i,j (pg/mL) 180.6 (32.0) 164.9 (40.2) 316.9 (72.1) 385.5 (128.2) 418.3 (152.5) 68.2 (<0.001)
CSF P-Tauc,d,e,f,g,h,i,j (pg/mL) 15.9 (2.9) 15.1 (4.0) 31.7 (8.5) 39.1 (14.3) 42.0 (16.0) 70.0 (<0.001)
CSF Progranulinb,e,f,g,h,k (pg/mL) 1496.2 (253.9) 1304.3 (265.8) 1538.5 (276.9) 1489.4 (301.7) 1625.1 (330.0) 7.3 (<0.001)

Values in the table represent means followed by standard deviation.
Key: CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer's disease; A, aggregated amyloid-beta (- normal/þ pathological); TN, aggregated tau with or
without neurodegeneration (- normal/þ pathological); CDR, clinical dementia rating scale; MMSE, MinieMental State Examination; ADAS-Cog 13, Alzheimer's disease
Assessment Scaleecognitive subscale 13-item; ADNI-Mem, ADNI memory composite score; ADNI-EF, ADNI executive function composite score; CSF, cerebrospinal fluid; Ab,
amyloid-beta; T-Tau, total tau; P-Tau, phosphorylated tau.

a Available for a subsample [63 CN(A�/TN�) (96.9%); 30 CN(AþTN�) (85.7%); 20 CN(AþTNþ) (90.9%); 66 MCI(AþTNþ) (81.5%); 63 AD(AþTNþ) (90%)].
b Significant difference between CN(A�/TN�) and CN(Aþ/TN�) (p < 0.01).
c Significant difference between CN(A�/TN�) and CN(Aþ/TNþ) (p < 0.01).
d Significant difference between CN(A�/TN�) and MCI(Aþ/TNþ) (p < 0.01).
e Significant difference between CN(A�/TN�) and AD(Aþ/TNþ) (p < 0.01).
f Significant difference between CN(Aþ/TN�) and CN(Aþ/TNþ) (p < 0.01).
g Significant difference between CN(Aþ/TN�) and MCI(Aþ/TNþ) (p < 0.05).
h Significant difference between CN(Aþ/TN�) and AD(Aþ/TNþ) (p < 0.01).
i Significant difference between CN(Aþ/TNþ) and MCI(Aþ/TNþ) (p < 0.01).
j Significant difference between CN(Aþ/TNþ) and AD(Aþ/TNþ) (p < 0.01).
k Significant difference between MCI(Aþ/TNþ) and AD(Aþ/TNþ) (p � 0.01).
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positive significant correlation was still observed between CTh and
CSF PGRN (partial correlation coefficient r(TT,age,sex) ¼ 0.460, p ¼
0,00,015). In the AD(Aþ/TNþ) group, a positive correlation was still
observed in the right temporal cortex, whereas additional signifi-
cant correlations with frontal areas were observed. In the
Fig. 1. Differences between groups in CSF progranulin levels. Gray dots represent individual
and Alzheimer's disease (AD) patients with different biomarker profiles. Black dots and bars r
Ab; TN, aggregated tau with or without neurodegeneration; �, normal; þ, pathological.
Alzheimer's continuum, the significant correlation in the right
precentral area remained unchanged (Supplementary Fig. 1).

The results of the analyses including scan site or WMH as
covariates can be found in Supplementary Materials and
Supplementary Figs. 3 and 4.
values of CSF progranulin in cognitively normal (CN), mild cognitive impairment (MCI),
epresent means and standard errors of the mean (SEM), respectively. Key: A, aggregated



Fig. 2. Correlation between CSF progranulin levels and regional cortical thickness. There were significant correlations between CSF progranulin and cortical thickness in the CN(Aþ/
TN�), MCI(Aþ/TNþ), and AD(Aþ/TNþ) groups after controlling for age and sex (p < 0.05; corrected for multiple comparisons). The color scale bar shows the logarithmic scale of p
values (�log10). Red-yellow color code means a positive correlation. Key: PGRN, progranulin; CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer's disease; A,
aggregated Ab; TN, aggregated tau with or without neurodegeneration; �, normal; þ, pathological; Rh, right hemisphere; Lh, left hemisphere. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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There were no significant correlations between CSF PGRN and
subcortical gray matter volumes and between CSF PGRN and WMH
volumes.

4.4. Group comparisons of cortical thickness and subcortical gray
matter volumes

When comparing CN(Aþ/TN�) with CN(A�/TN�) subjects,
there was increased CTh in the left precuneus, paracentral, post-
central, parietal cortices, and in the right occipital and parietal re-
gions. No regions of decreased CTh were observed in the CN(Aþ/
TN�) group. By contrast, there was cortical thinning in the left
middle frontal gyrus in the CN(Aþ/TNþ) group, and in several
temporal, parietal, and frontal areas in the MCI(Aþ/TNþ) and
AD(Aþ/TNþ) groups (Fig. 3). The analysis of subcortical gray matter
volumes did not show differences in CN(Aþ/TN�) or CN(Aþ/TNþ)
compared with CN(A�/TN�). By contrast, MCI(Aþ/TNþ) and
AD(Aþ/TNþ) patients showed reduced volumes in the bilateral
hippocampus, amygdala, accumbens, and left thalamus, compared
with CN(A�/TN�) subjects, in addition to smaller volumes in
bilateral putamen in AD(Aþ/TN�) subjects (Supplementary
Table 3).

4.5. The role of PGRN in cortical thickening in early AD

The mediation analysis (Fig. 4) performed to assess the role of
CSF PGRN in the cortical thickening observed in CN(Aþ/TN�)
subjects revealed both direct (c’ ¼ 0.978, p ¼ 0.001) and PGRN-
mediated (ab ¼ �0.156, bootstrap 95% CI from �0.046 to �0.003)
effects of groups on CTh. However, these effects were negative,
suggesting that PRGN was a suppressor of the cortical thickening
observed in CN(Aþ/TN�) (Fig. 4, Supplementary Table 4).

4.6. CSF PGRN and cognition

There were no significant correlations between CSF PGRN levels
and cognition within each group, both at the baseline and
longitudinally.
However, when these analyses were carried out across all
amyloid-positive subjects (i.e., the Alzheimer's continuum), we
found that CSF PGRN levels were associated with worse scores in
ADNI-EF (rs ¼ �0.212; p ¼ 0.001) at the baseline, similarly to pre-
vious findings (Suárez-Calvet et al., 2018) (Supplementary Fig. 5).
Moreover, we found that baseline CSF PGRN levels predicted lon-
gitudinal decline in global cognition in the Alzheimer's continuum
(MMSE and ADAS-Cog 13) (p ¼ 0.001), after including diagnosis as
an additional covariate (Fig. 5, Supplementary Table 5).

4.7. Assessment of asymmetrical findings

For all analyses where results were observed in only one brain
hemisphere, we performed additional analyses to assess whether
the other brain hemisphere was also affected or if merging the
values from both hemispheres showed similar results. The results of
these analyses can be found in Supplementary Material.

5. Discussion

In this study, we observed that CSF levels of PGRN are associated
with cortical thickening in the earliest stage of the Alzheimer's
continuum, possibly reflecting microglial activation as an early in-
flammatory event. The areas of cortical thickening observed in early
AD stages were partially mediated by PRGN, supporting the hy-
pothesis of “brain swelling” due to neuroinflammation.

5.1. Association between CSF PGRN and cortical thickening as a
structural correlate of microglial activation

To our knowledge, this is the first report of a significant corre-
lation between CSF PGRN and structural neuroimaging measures in
AD. We observed that higher levels of PGRN in the CSF correlated
with higher CTh in bilateral frontoparietal, occipital, and right
temporal areas in cognitively normal individuals with amyloid
pathology [CN(Aþ/TN�)]. When performing a separate analysis
controlling for GRN rs5848 SNP, known to be a modifier of PGRN
expression and CSF levels (Morenas-Rodríguez et al., 2016;



Fig. 3. Differences between groups in cortical thickness. There were significant differences in cortical thickness in all groups compared with the CN(A�/TN�) group (p < 0.05;
corrected for multiple comparison). The color scale bar shows the logarithmic scale of p values (�log10). Red-yellow color code means increased CTh, and blue color code means
decreased CTh. Key: CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer's disease; A, aggregated Ab; TN, aggregated tau with or without neurodegeneration; �,
normal; þ, pathological; Rh, right hemisphere; Lh, left hemisphere. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Nicholson et al., 2014), the correlationwas still significant, although
less extensive.

In response to neuronal injury, microglial expression of PGRN
becomes upregulated (Petkau et al., 2010) to suppress excessive
activation, phagocytosis, and production of pro-inflammatory cy-
tokines (Kao et al., 2017; Martens et al., 2012; Yin et al., 2010). In AD,
several studies have shown that PGRN expression is highly
Fig. 4. CSF progranulin is a mediator of cortical thickening changes in early AD stages. Med
between CN(A�/TN�) and CN(Aþ/TN�) groups: a, effect through which group classification
effect of X on Y, without including M in the model; c’, direct effect of X on Y, after a
standardized coefficients and p values are reported. Key: CN, cognitively normal; A, agg
pathological. *Significant 95% bootstrap confidence interval (5000 samples).
increased around Ab plaques, where it acts as microglial chemo-
attractant and promotes Ab clearance (Minami et al., 2014; Pereson
et al., 2009; Pickford et al., 2011).

Based on these observations, the increased values of CTh related
to higher levels of CSF PGRN in CN(Aþ/TN�) subjects could be
interpreted as a macrostructural correlate of microglial recruitment
triggered by amyloid pathology.
iation analysis assessing the effects of CSF progranulin in cortical thickness differences
(X) influences CSF progranulin levels (M); b, effect of M on cortical thickness (Y); c, total
dding M to the model; ab, influence of X on Y through its effect on M. Partially
regated Ab; TN, aggregated tau with or without neurodegeneration; �, normal; þ,



Fig. 5. Significant associations between CSF progranulin and longitudinal cognitive decline. Baseline CSF progranulin values correlated with decline in MMSE (p < 0.001) and ADAS-
Cog 13 (p < 0.001) scores (i.e., lower scores in MMSE and higher scores in ADAS-Cog 13) over time in the Alzheimer's continuum, after correcting for multiple comparisons with FDR
(p < 0.05). The plots show different trajectories of cognitive decline based on high and low 50th percentiles of CSF PGRN levels. Time is expressed in months from the baseline. Key:
PGRN, progranulin; MMSE, MinieMental State Examination; ADAS-Cog 13, Alzheimer's disease Assessment Scaleecognitive subscale 13-item.
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Interestingly, we did not find any association between CSF PGRN
levels and subcortical gray matter structures in the same group. A
possible explanation for this lies in the hierarchical involvement of
different brain regions in the progression and spreading of Ab pa-
thology: while the neocortical areas are the first to be affected by
amyloid deposition (phase I), the hippocampus, amygdala, and
other subcortical structures are involved in later stages of Ab
accumulation (phases II-III) (Thal et al., 2002).

Similarly to previous findings (Suárez-Calvet et al., 2018), we
observed higher levels of CSF PGRN in more advanced stages of AD,
but only unilateral, positive areas of correlation with CTh were
observed in MCI(Aþ/TNþ) and AD(Aþ/TNþ) groups and no asso-
ciations were found in the CN(Aþ/TNþ) group. We could hypoth-
esize that the augmented PGRN levels reflect a pathological
response to increasing amyloid and p-tau pathology as well as an
attempt to modulate chronic neuroinflammation and neuronal
damage. Microglial activation is considered to be present even in
later stages of AD, although shifted toward a proinflammatory
phenotype (Fan et al., 2017), hence the existence of areas of positive
correlation between CSF PGRN and CTh also in MCI(Aþ/TNþ) and
AD(Aþ/TNþ) groups.

5.2. Neuroinflammation and increased cortical thickness in early
stages of the Alzheimer's continuum

Our group comparisons showed decreased CTh in CN(Aþ/TNþ),
MCI(Aþ/TNþ), and AD(Aþ/TN�) groups, when compared with the
CN(A�/TN�) group, in agreement with previous findings
(Dickerson et al., 2009). By contrast, the CN(Aþ/TN�) group
showed increased CTh in the precuneus, lateral parietal, and oc-
cipital areas. These findings agree with previous studies showing
increased CTh in the bilateral precuneus and other parietal areas in
asymptomatic PSEN1 mutation carriers (Fortea et al., 2010; Sala-
Llonch et al., 2015). They also agree with studies showing
increased gray matter volumes in Ab-positive cognitively normal
subjects, children carrying PSEN1 mutations (Johnson et al., 2014;
Quiroz et al., 2015) and sporadic preclinical AD cohorts (Chételat
et al., 2010; Fortea et al., 2011, 2014; Montal et al., 2018;
Pegueroles et al., 2017). Altogether, these observations indicate
that increased gray matter in early AD stages could be an early
neuroinflammatory response to amyloid deposition. Reactive
neuronal hypertrophy, microgliosis, and astrocytosis may be
responsible for the areas of cortical thickening we observed in the
CN(Aþ/TN�) group.
Several studies reported neuroimaging and neuropathological
evidence of neuronal hypertrophy, gliosis and increased cortical
thickness/subcortical gray matter volumes in transgenic AD mouse
models, occurring at an early stage of amyloid deposition or even
preceding it (Badhwar et al., 2013; Grand’Maison et al., 2013;
Hanzel et al., 2014; Maheswaran et al., 2009; Oh et al., 2008).
Similar findings were observed in neuropathological studies on
asymptomatic AD subjects (Iacono et al., 2008; O’Brien et al., 2009).
Results from an Ab immunotherapy trial have also shown a
decrease in whole-brain volume in antibody responders as a
possible consequence of Ab-associated gliosis (Fox et al., 2005).
Moreover, CSF levels of sTREM2 were found to be associated with
cortical volume increases in patients with MCI (Gispert et al., 2016),
and microglial activation, quantified using [11C]PBR28 PET, was
associated with higher gray matter volume in patients with MCI
(Femminella et al., 2019). Our results can be interpreted in this
context: an early and active involvement of PGRN in microglia
activation might be associated with detectable structural changes,
such as increased CTh, in the initial stages of AD pathology. In fact,
although some PGRN-correlated areas, such as the precentral and
postcentral gyri, are not among those that display early neocortical
amyloid deposition (Grothe et al., 2017), they were previously
described to have increased CTh in asymptomatic PSEN1 mutation
carriers compared with controls and interpreted as a result of
possible early neuroinflammatory mechanisms (Sala-Llonch et al.,
2015). Future studies are needed to elucidate the cause of this
discrepancy.
5.3. CSF PGRN correlation with CTh occurs at the lowest CSF PGRN
levels

Similarly to a previous study (Suárez-Calvet et al., 2018), when
comparing CSF PGRN levels among the different diagnostic groups,
we found the lowest levels in the CN(Aþ/TN�) group. Although it
may appear contradictory, this finding could have different expla-
nations. For instance, it has been hypothesized that microglial
PGRN expression could be affected by the status of Ab peptides,
being downregulated in the presence of abundant Ab oligomers and
upregulated in the presence of Ab fibrils associated with plaques
(Minami et al., 2014). However, it is now established that low PGRN
expression constitutes a risk factor for AD, and the low CSF PGRN
levels we observed in Ab-positive subjects could be a defining
feature of a group at higher risk of developing the disease.
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5.4. The role of PGRN on early structural brain changes and
cognition: beneficial or detrimental?

Whether PGRN has a beneficial or detrimental role in AD
pathophysiology is still under debate (Minami et al., 2014;
Takahashi et al., 2017). Notwithstanding, we can interpret our
findings in the CN(Aþ/TN�) group from two different perspectives.
First, the positive association between CSF PGRN and CTh could
suggest a protective effect of PGRN, probably due to the earliest
phase of microglial activation, preserving the volume of graymatter
despite the presence of amyloid pathology. Second, the observed
areas of cortical thickening, when compared with CN(A�/TN�)
subjects, could reflect an actual regional “brain swelling” due to
neuroinflammation, with uncertain effect on disease progression.

Our results may also be explained in light of increasing evidence
showing the presence of different microglial phenotypes in AD
(Dubbelaar et al., 2018). In particular, the alteration of a delicate
balance between a homeostatic microglial (HM) signature and a
microglial neurodegenerative phenotype (MGnD) is thought to be
involved in the dysfunctional neuroinflammatory response seen in
AD pathophysiology (Götzl et al., 2019). Moreover, it has been
shown that TREM2-deficient and PGRN-deficient mice displayed
opposite activation states and functional phenotypes of microglia:
loss of TREM2 would be responsible for locking microglia in an HM
state while loss of PGRN would result in an MGnD phenotype and
exaggerated neuroinflammation (Götzl et al., 2019; Krasemann et
al., 2017). In this context, the protective role of PGRN in modu-
lating neuroinflammation through the expression of a phenotype
more shifted to the HM state in the earliest stage of the Alzheimer's
continuum is likely. In the mediation analysis, we found that PGRN
had a significant effect on the group differences in CTh. After con-
trolling for the effect of PGRN in themodel, the differences between
groups became higher, suggesting that PGRN at least partially
suppressed the “brain swelling” observed in CN(Aþ/TN�)
compared with CN(A�/TN�). These results support the protective
role of PGRN on brain structure during early AD-related
neuroinflammation.

However, the areas that showed cortical thinning in the MCI and
AD groups only partially overlapped with the areas where CTh
correlated with increased CSF PGRN in the CN(Aþ/TN�) group (e.g.,
precuneus, inferior parietal and superior frontal cortices). This
suggests that PGRN may not be involved in the specific pattern of
brain atrophy observed in more advanced stages of AD.

Regarding the relationship between CSF PGRN and clinical fea-
tures, in a recent study (Suárez-Calvet et al., 2018), increased CSF
PGRN levels were found to be associated with worse cognition in
subjects in the Alzheimer's continuum. In our sample, although
similar results were obtained, the correlations in the separate
groups did not show significant results. This, together with the
absence of differences in cognitive performance between CN(Aþ/
TN�) and CN(A�/TN�) subjects, suggests that the observed struc-
tural features related to CSF PGRN levels in the CN(Aþ/TN�) group
may not have a clinical correlate. However, in the Alzheimer's
continuum, higher CSF PGRN levels at the baseline predicted a
worse decline in overall cognition (MMSE and ADAS-Cog 13) at
follow-up, suggesting that the abnormally increased levels associ-
ated with AD pathology may have a detrimental effect on cognitive
decline.

5.5. Limitations

Our study has several limitations. First, some of the groups were
relatively small, which may have limited our ability to detect
cognitive associations with PGRN within each group. Second,
microglial activation in our sample was not directly assessed using
PET imaging and the assumption that the observed structural cor-
relation between CTh and CSF PGRN levels is due to microglial
activation is based on previous evidence of microglia as the major
responsible for PGRN expression (Yin et al., 2010). Moreover, we
could not reproduce our results using CSF Ab42/Ab40 ratios instead
of CSF Ab42 levels as a biomarker for amyloid pathology. There is
increasing evidence that this ratio could provide more accurate
information about the status of amyloid pathology in the brain, as it
may correct for interindividual variability in the overall Ab pro-
duction (Janelidze et al., 2016). Unfortunately, the Ab40 levels have
been measured with the Elecsys immunoassay only in ADNI 3
subjects so we could not use them in the present study to confirm
that the low levels of CSF PGRN observed in the earliest stage of the
disease are truly given by an Ab-related downregulation.

6. Conclusions

Our findings add new insights to the relationship between
progranulin and AD. By showing that PGRN is associated with
cortical thickening in early AD and that it partially mediates the
brain swelling observed in the first disease stage, we provide sup-
port to the role of progranulin as an early biomarker of anatomical
neuroinflammation. Further research is needed to confirmwhether
the active involvement of progranulin is limited to the earliest
phases of AD, after which its increase could be no longer beneficial,
offering a potential window to implement therapeutic strategies
involving progranulin administration.
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