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a b s t r a c t 

Background: As the population ages, maintaining mental health and well-being of older adults is a public health 
priority. Beyond objective measures of health, self-perceived quality of life (QoL) is a good indicator of successful 
aging. In older adults, it has been shown that QoL is related to structural brain changes. However, QoL is a 
multi-faceted concept and little is known about the specific relationship of each QoL domain to brain structure, 
nor about the links with other aspects of brain integrity, including white matter microstructure, brain perfusion 
and amyloid deposition, which are particularly relevant in aging. Therefore, we aimed to better characterize the 
brain biomarkers associated with each QoL domain using a comprehensive multimodal neuroimaging approach 
in older adults. 
Methods: One hundred and thirty-five cognitively unimpaired older adults (mean age ± SD: 69.4 ± 3.8 y) un- 
derwent structural and diffusion magnetic resonance imaging, together with early and late florbetapir positron 
emission tomography scans. QoL was assessed using the brief version of the World Health Organization’s QoL 
instrument, which allows measuring four distinct domains of QoL: self-perceived physical health, psychological 
health, social relationships and environment. Multiple regression analyses were carried out to identify the in- 
dependent global neuroimaging predictor(s) of each QoL domain, and voxel-wise analyses were then conducted 
with the significant predictor(s) to highlight the brain regions involved. Age, sex, education and the other QoL 
domains were entered as covariates in these analyses. Finally, forward stepwise multiple regressions were con- 
ducted to determine the specific items of the relevant QoL domain(s) that contributed the most to these brain 
associations. 
Results: Only physical health QoL was associated with global neuroimaging values, specifically gray matter 
volume and white matter mean kurtosis, with higher physical health QoL being associated with greater brain 
integrity. These relationships were still significant after correction for objective physical health and physical 
activity measures. No association was found with global brain perfusion or global amyloid deposition. Voxel-wise 
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Quality of life (QoL) corresponds to individuals’ subjective percep-
ion of their living conditions according to their culture, value system,
oals and expectations ( The WHOQOL Group, 1994 ). This is a dynamic
nd multi-faceted measurement, which can be expressed under several
omains that are important for older adults living at home ( van Leeuwen
t al., 2019 ). Thus, this broad ranging concept, closely related to well-
eing, notably encompasses physical health, psychological health, so-
ial relationships, and relationship to the environment ( The WHOQOL
roup, 1994 ). While the number and proportion of older adults increase
orldwide, aging is associated with a decrease in QoL, especially in the
ldest old ( Brett et al., 2019 ; Henchoz et al., 2019 ; Netuveli et al., 2006 ).
eyond objective measures of health, QoL is an independent predictor
f mortality ( Idler and Benyamini, 1997 ; Murray et al., 2011 ) and rep-
esents an important factor of successful aging ( Li et al., 2014 ). Keeping
lder adults healthy, especially through maintaining their QoL, is a ma-
or public health issue. In this sense, international initiatives promote
conomic and policy investments in health and care services to improve
oL in this growing aging population ( Beard et al., 2016 ; Malva and
ousquet, 2016 ). 

In the course of aging, the brain undergoes changes including de-
reases in gray matter (GM) volume ( Fjell and Walhovd, 2010 ), white
atter (WM) integrity ( Giorgio et al., 2010 ) and glucose metabolism

 Kalpouzos et al., 2009 ) especially in the frontal and temporal lobes.
ncreasing age is also associated with beta-amyloid accumulation in
he brain, which is one of the main gateways to Alzheimer’s disease
AD) ( Sperling et al., 2011 ). Posterior cingulate and temporo-parietal
ypometabolism are also characteristic of prodromal AD ( Veitch et al.,
019 ). Structural, functional, and molecular neuroimaging allows mea-
uring these different aspects of brain integrity and could thus be used
s sensitive indices of brain aging and AD biomarkers. 

Within this context, it seems of high interest to assess the links be-
ween QoL and age-related brain changes to further our understanding
f the brain substrates of QoL and to help monitor interventions aimed
t improving QoL in aging. We know that e.g. depression ( Yüksel et al.,
018 ) or sleep deficits ( Ju et al., 2014 ) might lead to brain changes
nd/or be modified by brain changes; in the same line, we can expect
hat our perception of our physical, mental, social or environmental QoL
ould be linked to brain health through the same mechanisms, likely to
e bidirectional. Several studies have found a relationship between QoL
nd GM volume, mainly in the frontal cortex, cingulate cortex or insula,
n young adults ( Takeuchi et al., 2014 ), but also in patients with depres-
ion ( Elderkin-Thompson et al., 2008 ), schizophrenia ( Faget-Agius et al.,
015 ) or functional neurological disorder ( Perez et al., 2017 ). Only a
ew studies have assessed the relationship between QoL and brain in-
egrity specifically in older adults. They reported a positive association
etween general QoL and GM volume in the medial prefrontal and or-
itofrontal cortex, gyrus rectus, anterior cingulate cortex, insula and/or
recuneus ( Hahm et al., 2019 ; Elderkin-Thompson et al., 2008 ). How-
ver, little is known about the specific relationships with the different
oL domains. It is important to further identify the QoL domain(s), and
2 
ships with physical health QoL concerned the anterior insula and ventrolateral
s callosum, corona radiata, inferior frontal white matter and cingulum. Self-
nd self-perceived pain and discomfort were the items that contributed the most
atter volume and white matter mean kurtosis, respectively. 
 physical health, encompassing daily living activities and pain and discomfort,
 to brain structural integrity including higher global gray matter volume and

ral integrity in cognitively unimpaired older adults. The relationships involved
salience network, the pain pathway and the empathy network. While previous
jective measures of physical health, our findings specifically highlight the rele-
ng self-perceived physical health in the older population. Longitudinal studies
 and causality of the relationships between QoL and brain integrity. 

ven the QoL item(s), that are the most relevant to brain health to bet-
er target interventions aimed at improving QoL in older adults. Thus,
elf-perceived physical health, but not mental health, was related to GM
olume in medial prefrontal and anterior cingulate cortex and insula in
ne previous study ( Hahm et al., 2019 ). In another study, only assess-
ng self-perceived physical health, a link was found with frontal WM
olume, but not GM volume ( Elderkin-Thompson et al., 2008 ). These
oth studies used different QoL measurements (e.g. 12-item Short Form
ealth Survey vs 36-item Short Form Health Survey) and different imag-

ng analyses (e.g. voxel-wise vs regions of interest) and have not specif-
cally assessed the other QoL domains, i.e., social relationships and en-
ironment, yet. Moreover, no previous study has investigated the links
etween QoL domains and functional (e.g. glucose metabolism or perfu-
ion) and molecular (e.g. amyloid deposition) neuroimaging measures. 

Thus, the present study aims at providing a better understanding of
he specific relationships between QoL domains and brain integrity in
ging. For this purpose, i) we first identified the links between each
oL domain and global measures of GM volume, WM microstructural

ntegrity, brain perfusion and amyloid deposition in cognitively unim-
aired older adults; ii) for each significant relationship, we then con-
ucted a voxel-wise analysis to identify the brain regions that were
pecifically involved; and iii) finally, we assessed which QoL item(s) con-
ributed the most to these brain associations to highlight the most rele-
ant aspect(s) of QoL in the context of brain aging. Firstly, based on the
esults by Hahm et al. (2019) and Elderkin-Thompson et al. (2008) men-
ioned above, we hypothesized that self-perceived physical health would
e associated to brain integrity, at least GM volume and WM microstruc-
ural integrity as little is known about the other neuroimaging modali-
ies and the other QoL domains. Voxel-wise analyses to identify regional
elationships were more exploratory, although we expected to find brain
egions involved in the salience network as reported in one previous
tudy ( Hahm et al., 2019 ). 

aterials and methods 

articipants 

We included 135 cognitively unimpaired older adults (flow diagram
n supplementary Figure 1S) from the baseline visit of the Age-Well ran-
omized controlled trial (Medit-Ageing European project; Poisnel et al.,
018 ), sponsored by the French National Institute of Health and Medical
esearch (INSERM). Participants were native French speakers, mostly
ight-handed (93.3%), recruited from the general population, aged over
5 years old and retired for at least one year. They had at least 7 years
f education, and performed within the normal range for age and ed-
cational level on standardized cognitive tests. They had no evidence
f major neurological or psychiatric disorders, no history of cerebrovas-
ular disease, chronic disease or acute unstable illness and no current
edication that may interfere with cognitive functioning ( Poisnel et al.,
018 for details). All participants gave their written informed consent
o the study, and the Age-Well randomized clinical trial was approved
y the ethics committee (CPP Nord-Ouest III, Caen; trial registration
umber: EudraCT: 2016- 002441-36; IDRCB: 2016-A01767-44; Clini-
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Table 1 

Characteristics of the study sample ( n = 135). 

Characteristic Mean (SD) Range 

Demographic 

Age, years 69.4 (3.8) 65–84 

Sex (female), n (%) 83 (61.5%) 

Education, years 13.2 (3.1) 7–22 

Global amyloid deposition (SUVr) 1.2 (0.1) 1–1.7 

Amyloid positive, n (%) a 28 (20.9%) 

Quality of life 

Physical health (Phy-QoL) 78.1 (13) 25–100 

Psychological health (Psy-QoL) 73.3 (13.5) 37.5–100 

Social (Social-QoL) 66.8 (16.9) 8.3–100 

Environment (Env-QoL) 84.5 (10.2) 46.9–100 

Psychoaffective measures 

State-Trait Inventory form B score 34.7 (7.1) 20–54 

Geriatric Depression Scale score 1.3 (1.7) 0–11 

Physical activity 

Physical Activity Scale for the Elderly 130.6 (60.6) 21.5–330.4 

Objective physical health 

Body Mass Index 26.2 (4.3) 18.1–44.2 

Charlson Comorbidities Index 3.1 (1.3) 2–10 

Cognition 

Mini-Mental State Examination 29 (1) 26–30 

Abbreviations: QoL, quality of life; SD, standard deviation; SUVR, stan- 
dard uptake value ratio. a The threshold for amyloid positivity corre- 
sponded to the 99.9th percentile of the neocortical standard uptake 
value ratio distribution among 45 healthy young individuals younger 
than 40 years (see details in André et al., 2020 ). 
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alTrials.gov Identifier: NCT02977819). Participant characteristics are
resented in the Table 1 . 

he world health organization’s quality of life instrument 

WHOQOL-BREF) 

Participants filled in the French version of the WHOQOL-BREF
 The WHOQOL Group, 1998 ) which is a self-reported questionnaire in-
luding 2 items about general QoL (not used here) and 24 items which
orm 4 sub-scores, i.e. one for each of the following QoL domain: physi-
al health (Phy-QoL; 7 items), psychological health (Psy-QoL; 6 items),
ocial relationships (Social-QoL; 3 items) and environment (Env-QoL;
 items) (see supplementary Table S1 for details). The WHOQOL-BREF
as been validated in older adults and has high test–retest reliability and
alidity ( von Steinbüchel et al., 2006 ). 

Participants were instructed to answer based on their experience
ver the last two weeks, and each question was answered using a 5-
oint scale, from “(1) Very poor ” to “(5) Very good ”. Scores of items
, 4 and 26 were reversed, so that higher scores always reflect higher
oL. As the number of items differs across QoL domains, these latter
ere transformed to a 0-100 scale, following the recommendations of

he World Health Organization ( The WHOQOL Group, 1998 ), using the
ollowing formula: transformed score = ((mean(items)x4)-4)x(100/16).
hus, all QoL domains were expressed on a same scale and could be
ntered in a same analysis. 

sychoaffective measures 

Anxiety and depressive symptoms were assessed using the Spiel-
erger State-Trait Anxiety Inventory (STAI-B) ( Spielberger et al., 1970 )
nd the short-form (15 items) of the Geriatric Depression Scale (GDS)
 Yesavage and Sheikh, 1986 ), respectively. Participants were screened
or the lack of clinical anxiety or depression disorders, so that higher
cores indicated higher anxiety or depression at the sub-clinical level. 

bjective physical health and physical activity 

Two measures were used to reflect objective physical health: the
ody mass index (BMI), known to be associated with all-cause mortal-
3 
ty ( Angelantonio et al., 2016 ), and the Charlson Comorbidities Index
CCI) ( Charlson et al., 1987 ) that quantifies an individual’s burden of
isease and corresponding 1-year mortality risk. The BMI was calcu-
ated as weight in kilograms divided by height in meters squared, objec-
ively obtained during the medical interview. The CCI was calculated by
 medical doctor based on blood sample analyses and the medical inter-
iew. The CCI was adjusted for the age of the participant and computed,
o that higher score indicated more comorbidities (e.g. hypertension,
holesterol…). Physical activity was assessed, over a one-week period,
sing the Physical Activity Scale for the Elderly (PASE) ( Washburn et al.,
993 ) which was filled by participants. Six participants did not fully
omplete the PASE, resulting in 6 missing data. Higher score indicated
reater physical activity. 

euroimaging data acquisition 

All participants were scanned at the Cyceron Center (Caen, France)
n the same magnetic resonance imaging (MRI; Philips Achievia 3.0T
canner) and positron emission imaging (PET; Discovery RX VCT 64
ET-CT scanner, General Electric Healthcare) cameras. 

MRI data: A high-resolution T1-weighted structural image using a
hree-dimensional fast-field echo sequence (sagittal; repetition time,
.1 ms; echo time, 3.3 ms; flip angle, 6°; field of view, 256 × 256 mm 

2 ,
80 slices, voxel size: 1 × 1 × 1 mm 

3 ) and a three-dimensional fluid-
ttenuated inversion recovery (FLAIR; sagittal; repetition time, 4800 ms;
cho time, 272 ms; inversion time, 1650 ms; flip angle, 40°; field of view,
50 × 250 mm 

2 , 180 slices, voxel size: 0.98 × 0.98 × 1 mm 

3 ) were
cquired. Then, an echo-planar imaging/spin echo diffusion weighted
equence (DKI) was performed at multiple shells: 3b-values (0, 1000,
000 s/mm 

2 ) (axial; 30 directions; repetition time, 6100 ms; echo time,
01 ms; flip angle, 90°; field of view, 216 × 216 mm 

2 , 48 slices, voxel
ize: 2.7 × 2.7 × 2.7 mm 

3 ) and additional blips images with b = 0 s/mm 

2 

number of signal averages, 9) were acquired in reverse phase encoding
irection for susceptibility distortion. 

PET data: florbetapir-PET scans were acquired with a resolution of
.76 × 3.76 × 4.9 mm 

3 (field of view, 157 mm). For each PET-scan, forty-
even plans were obtained with a voxel size of 1.95 × 1.95 × 3.2 mm 

3 . A
ransmission scan was performed for attenuation correction before the
ET acquisition. Each participant underwent a 10 min PET scan begin-
ing at the intravenous injection of ≈ 4MBq/Kg of florbetapir to mea-
ure brain perfusion, and a 10-minute PET scan beginning 50 min after
he intravenous injection, to measure amyloid deposition. Dual-phase
ET imaging has recently emerged as a promising technique to provide
oth FDG-like information on neurodegeneration ( Hsiao et al., 2012 ;
uo et al., 2017 ; Lin et al., 2016 ) and information on amyloid deposi-

ion from a single PET-tracer injection ( Florek et al., 2018 ; Garibotto
t al., 2016 ). The early PET-scan was reconstructed from 1 to 8 min and
he late PET-scan was reconstructed from 50 to 60 min. 

euroimaging preprocessing 

T1-weighted images were segmented using FLAIR images. GM seg-
ents were spatially normalized to the Montreal Neurological In-

titute (MNI) template and modulated to correct for non-linear
arping so that values in resultant images are expressed as vol-
me corrected for brain size, using the Statistical Parametric Map-
ing (SPM12) software’s multiple channels segmentation procedure
 http://www.fil.ion.ucl.ac.uk/spm/software/spm12 ). 

DKI images were corrected for susceptibility, eddy current distortions
nd subject motion using Functional Magnetic Resonance of the Brain
FMRIB) diffusion toolbox (FSL 5.0.9, http://www.fmrib.ox.ac.uk/fsl ).
hen, DKI data were processed using Matlab R2012b (MathWorks,
atick, Massachusetts) and the Diffusional Kurtosis Estimator software

DKE: Version 2.6; http://nitrc.org/projects/dke ) for estimating the dif-
usional kurtosis tensor ( Tabesh et al., 2011 ). Images were smoothed
ith a 3.375 × 3.375 × 3.375 mm FWHM Gaussian filter to reduce the
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Fig. 1. Pearson’s correlation matrix between quality of life domains and demo- 
graphics and covariates. Pearson’s coefficients are indicated in blue (positive) or 
red (negative) or white when p > 0.05. Abbreviations: Phy-QoL, Physical health 
quality of life; Psy-QoL, Psychological health quality of life; Social-QoL, Social 
quality of life; Env-QoL, Environment quality of life; STAI B, State-Trait Inven- 
tory form B score; GDS, Geriatric Depression Scale score; BMI, Body Mass Index; 
CCI, Charlson Comorbidities Index; PASE, Physical Activity Scale for Elderly. 
mpact of noise and misregistration. Mean kurtosis parameter maps,
eflecting WM microstructural integrity including the number, den-
ity, orientation, and degree of organization of WM microstructures
 Falangola et al., 2008 ), were then extracted from the diffusional kurto-
is estimator. These maps were then coregistered to their corresponding
1-weighted MRI and normalized to the MNI template by applying the
eformation parameters from the corresponding T1-weighted MRI. 

Florbetapir-PET images were coregistered onto their corresponding
1-weighted MRI and normalized to the MNI template by applying the
eformation parameters from the corresponding T1-weighted MRI im-
ges. Resulting images were scaled using the GM cerebellum as the ref-
rence region ( André et al., 2020 ; La Joie et al., 2012 ), resulting in stan-
ardized uptake value ratio (SUVR) maps. 

The images resulting from the preprocessing procedure described
bove for each neuroimaging modality were used both to obtain global
euroimaging values and for the voxel-wise analyses, as described be-
ow. 

alculation of global neuroimaging values 

Averaged global neuroimaging values were obtained by applying a
inary mask of either GM or WM depending on the neuroimaging modal-
ty, on the corresponding preprocessed images. More specifically, to ob-
ain global values of GM volume, brain perfusion and amyloid depo-
ition, a mask of total GM including voxels with a GM probability >
0% (average of the GM segments of all participants thresholded at 0.6
nd binarized) and excluding the cerebellum, was applied to the GM
egments, early and late florbetapir-PET SUVR images, respectively, to
xclude non-GM voxel and reduce the probability of overlap with other
issue classes. To obtain global values of WM mean kurtosis, a mask of
otal WM including voxels with a WM probability > 60% (average of
he WM segments of all participants thresholded at 0.6 and binarized)
nd excluding the cerebellum, was applied to the mean kurtosis maps to
xclude non-WM voxel and reduce the probability of overlap with other
issue classes. 

dditional processing steps for voxel-wise analyses 

The images obtained from the neuroimaging preprocessing steps de-
cribed above (Section 2.6.) were further smoothed and masked before
eing entered in voxel-wise analyses. GM segments were smoothed with
n 8 × 8 × 8 mm full-width at half-maximum (FWHM) Gaussian filter.
 6.7 × 6.7 × 6.7 mm FWHM Gaussian filter was applied on the mean
urtosis maps so that the final smoothness of the images was equiv-
lent to that of GM volume images. PET images were smoothed with
n 8 × 8 × 8 mm full-width at half-maximum (FWHM) Gaussian fil-
er. GM volume and PET images were masked with the same GM mask
s described in the previous section, while mean kurtosis images were
asked with the same WM mask as mentioned above. 

tatistical analyses 

First, to assess whether there was a specific association between the
oL domains and each neuroimaging modality, multiple linear regres-

ions were performed using each global neuroimaging value as a de-
endent variable, the QoL domains as independent variables and demo-
raphics (age, sex, education) as covariates (model 1). The same anal-
ses were repeated including depressive and anxiety symptom scores
model 2) or excluding participants exhibiting depressive symptoms
igher than a typical cutoff (i.e., GDS > 5) ( Wancata et al., 2006 ). Mul-
iple linear regressions were performed using the R software ( R Core
eam, 2019 ), and were considered significant at p < 0.0125 (Bonferroni
orrection for multiple comparisons with a p value of 0.05/4 for the four
oL domains). 

In a second step, when a significant link was found between a QoL
omain and the global value for a specific neuroimaging modality, the
4 
orresponding analysis was repeated voxel-wise using SPM12 (control-
ing for the same covariates) to further assess the regional specificity
f the association. A voxel-level p(uncorrected) < 0.005 threshold with a
luster-level threshold of p < 0.05 corrected for family-wise errors (FWE)
as applied for all voxel-wise analyses. 

Finally, to further identify which item(s) of the WHOQOL-BREF
ontributed the most to the previously identified associations, aver-
ged regional neuroimaging values were extracted from the prepro-
essed images (before the smoothing step) in the significant clus-
ers of the previous analyses (i.e., the voxel-wise analyses, model
). Then, forward stepwise linear regressions were performed with
ach averaged regional neuroimaging value as a dependent variable
nd the items of the corresponding QoL domain as independent vari-
bles. Demographics (i.e., age, sex and education) as well as the other
oL domains were controlled for by forcing their inclusion into the
odel ( “step 0 ”). The p-value to enter in the model was set to 0.05.
hese regression analyses were performed using the “stepwise ” func-
ion ( https://rubin.msu.domains/code/stepwise_demo.nb.html ) and the
stats ” package in R ( R Core Team, 2019 ). 

esults 

ffect of demographics and covariates on QoL domains 

Relationships between QoL domains, demographic variables and co-
ariates are reported in Fig. 1 . In brief, an effect of sex on QoL scores
as found only for the Phy-QoL ( p = 0.03) with men showing higher

cores than women. Phy-QoL, Psy-QoL and Env-QoL, but not Soc-QoL
ere positively associated with education ( p = 0.04; 0.04 and 0.005 and
.88 respectively). All QoL domains were strongly negatively associated
ith anxiety and depressive symptom scores (all p values ≤ 0.005). Only
hy-QoL was negatively associated with CCI ( p = 0.01) and positively
ssociated with PASE ( p = 0.01). 

ssociations between QoL domains and global neuroimaging values 

The results of the multiple linear regression between the QoL do-
ains and global neuroimaging values are presented in Table 2 (model
) and supplementary Table S2 (model 2). Positive associations were
ound between the Phy-QoL and both global GM volume (standardized
coefficients = 0.26, p = 0.004) and global WM mean kurtosis (standard-

zed 𝛽 coefficients = 0.29, p = 0.003). Scatterplots of these associations
re represented in Fig. 4 A. No other associations were found with the
ther QoL domains (i.e., Psy-QoL, Soc-QoL and Env-QoL) or the other
lobal neuroimaging values (i.e., brain perfusion and amyloid deposi-



V. Ourry, J. Gonneaud, B. Landeau et al. NeuroImage 231 (2021) 117819 

Table 2 

Multiple linear regressions between the QoL domains and global neuroimaging values adjusted for age, sex, education and the other QoL 
domains (model 1) 

Global neuroimaging values (structural) 

Gray matter volume 
(n = 135) 

White matter mean kurtosis 
(n = 134) 

standardized 
𝛽 coefficients 

t value p value standardized 
𝛽 coefficients 

t value p value 

Phy-QoL 0.26 2.9 0.004 0.29 3.02 0.003 

Psy-QoL 0.14 1.42 0.16 -0.25 -2.42 0.02 

Social-QoL 0.01 0.12 0.9 0.04 0.43 0.67 

Env-QoL -0.21 -2.13 0.04 -0.07 -0.71 0.48 

Global neuroimaging values (functional & molecular) 

Brain perfusion 
(n = 133) 

Amyloid deposition 
(n = 134) 

standardized 
𝛽 coefficients 

t value p value standardized 
𝛽 coefficients 

t value p value 

Phy-QoL -0.06 -0.6 0.55 -0.18 -1.75 0.08 

Psy-QoL 0.17 1.57 0.12 0.07 0.69 0.49 

Social-QoL -0.06 -0.59 0.56 -0.04 -0.39 0.7 

Env-QoL 0.02 0.22 0.82 0.14 1.31 0.19 

Note: Results, in bold, were considered significant at p < 0.0125, after applying a Bonferroni correction for multiple testing (p = 0.05/4 for the 
four QoL domains). Abbreviations: Phy-QoL, Physical health quality of life; Psy-QoL, Psychological health quality of life; Social-QoL, Social 
quality of life; Env-QoL, Environment quality of life 

Fig. 2. Positive associations between the physical health quality of 
life (Phy-QoL) and gray matter volume adjusted for age, sex, educa- 
tion and the other quality of life domains (model 1). Results were 
thresholded at the voxel level with p(uncorrected) < 0.005 and at the 
cluster level with p(FWE-corrected) < 0.05 and overlaid on an MNI- 
normalized template brain using MRIcroGL. 

t  

a  

G  

s  

p  

t  

c  

m

V

 

t  

o  

o
 

i  

p  

i  

T  

s  

s
 

f  

c  

W  

a  

s  

m
 

a  

w  

s  

t  

t

P

v

 

t  
ion). Results remained unchanged after further adjustment for anxiety
nd depressive symptom scores (model 2) or excluding participants with
DS > 5 (see supplementary Table S3). To check whether these relation-

hips with the Phy-QoL were independent from objective measures of
hysical health and physical activity, analyses were also repeated with
he BMI, CCI and PASE as additional covariates. Results remained un-
hanged ( p = 0.017 for global GM volume and p = 0.032 for global WM
ean kurtosis). 

oxel-wise associations between Phy-QoL and neuroimaging 

Based on the previous results, voxel-wise analyses were carried out
o assess the regional specificity of the relationships between Phy-QoL
n the one hand, and whole-brain GM volume and WM mean kurtosis
n the other hand. 

A positive association between Phy-QoL and GM volume was found
n the anterior insula, ventrolateral prefrontal cortex (encroaching the
ostcentral gyrus, gyrus rectus and orbitofrontal cortex), bilaterally, and
n the left superior temporal cortex (encroaching the entorhinal cortex).
he T-value maps and significant clusters are represented in Fig. 2 and
5 
catterplot is represented in Fig. 4 B. Peak statistics and coordinates of
ignificant clusters are detailed in supplementary Table S4. 

As for WM mean kurtosis, a positive association with Phy-QoL was
ound in the corpus callosum (frontal part) and corona radiata (en-
roaching the superior longitudinal fasciculus), the inferior frontal gyrus
M and the cingulum, bilaterally. T-value maps and significant clusters

re represented in Fig. 3 and scatterplot is represented in Fig. 4 B. Peak
tatistics and coordinates of significant clusters are detailed in supple-
entary Table S4. 

Voxel-wise analyses with Phy-QoL were repeated with the BMI, CCI
nd PASE as additional covariates to assess the specific relationships
ith self-perceived physical health, independently from objective mea-

ures of physical health and physical activity. Results remain overall
he same although they were less statistically significant (supplemen-
ary Figure S2). 

hy-QoL items contributing to the associations with regional neuroimaging 

alues 

In order to determine which items of Phy-QoL contributed the most
o the associations with neuroimaging data highlighted above, regional
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Fig. 3. Positive associations between the physical health quality of 
life (Phy-QoL) and white matter mean kurtosis adjusted for age, sex, 
education and the other quality of life domains (model 1). Results 
were thresholded at the voxel level with p(uncorrected) < 0.005 and 
at the cluster level with p(FWE-corrected) < 0.05 and overlaid on an 
MNI-normalized template brain using MRIcroGL. 

Fig. 4. Scatterplots of positive associations between physical health quality of life (Phy-QoL) and both global (A) and extracted regional (B) gray matter volume and 
white matter mean kurtosis. Raw data (i.e., unadjusted) are plotted. Statistical values were obtained using models controlling for age, sex, education and the other 
quality of life domains (model 1). 
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M volume and WM structural integrity were extracted from significant
lusters of the previous voxel wise analyses and forward stepwise linear
egressions were performed ( Table 3 ). 

The best predictors of regional GM volume were item 17 (self-
erceived daily living activities; i.e., “how satisfied you are with your abil-

ty to perform your daily living activities ”), explaining 11% of the variance,
ollowed by item 4 (self-perceived dependence on medicinal substances
nd medical aids; i.e., “how much do you need any medical treatment

o function in your daily life ”), explaining 4% of the variance and item
5 (self-perceived mobility; i.e., “how well are you able to get around ”),
xplaining 4% of the variance. No other items entered the model, so
hat 38% of the variance was explained by the final model including
he covariates (forced into the model) and these 3 predictive variables
step 3). 
t  

6 
The best predictors of regional WM mean kurtosis were item 3 (self-
erceived pain and discomfort; i.e., “to what extend you feel that physical

ain prevents you from doing what you need to do ”), explaining 12% of
he variance, followed by item 18 (self-perceived work capacity; i.e.,
how satisfied are you with your capacity for work ”), explaining 3% of the
ariance. No other items entered the model, so that 21% of the variance
as explained by the final model including the covariates (forced into

he model) and these 2 predictive variables (step 2). 

iscussion 

The main objective of this study was to identify the specific rela-
ionships of different QoL domains and different markers of brain in-
egrity using multimodal neuroimaging. We showed that only Phy-QoL,
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Table 3 

Forward linear regressions showing the items of the physical health QoL (Phy- 
QoL) that were significantly associated with regional neuroimaging values 
(from significant clusters of Figs. 2 and 3 ) 

Factor Standardized 
𝛽 coefficient 

R 2 p value 

Gray matter volume 

Step 0 0.19 < 0.001 (F = 5.11) 

Step 1 0.3 < 0.001 (F = 7.59) 

Item 17 0.36 0.11 ∗ < 0.001 

Step 2 0.34 < 0.001 (F = 8.18) 

Item 17 0.31 - < 0.001 

Item 4 0.23 0.04 ∗ 0.003 

Step 3 (full model) 0.38 < 0.001 (F = 8.448) 

Item 17 0.24 - 0.007 

Item 4 0.21 - 0.006 

Item 15 0.22 0.04 ∗ 0.008 

White matter mean kurtosis 

Step 0 0.06 0.208 (F = 1.431) 

Step 1 0.18 < 0.001 (F = 3.842) 

Item 3 0.35 0.12 ∗ < 0.001 

Step 2 (full model) 0.21 < 0.001 (F = 4.189) 

Item 3 0.32 - < 0.001 

Item 18 0.23 0.03 ∗ 0.019 

Note: Variables forced into the model: age, sex, education and the other quality 
of life domains (step 0). 𝛼 to enter = 0.05. 

∗ Unique R 2 contribution of the item 
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eflecting self-perceived physical health, was associated with GM vol-
me, mainly within anterior (frontal and insula) brain areas, and with
M microstructural integrity, mainly in long-distant fronto-parietal and

arieto-temporal WM tracts. No associations were found between QoL
omains and brain perfusion or amyloid deposition. Daily living activi-
ies, and pain and discomfort, were the Phy-QoL items contributing the
ost to these measures of GM volume and WM microstructural integrity,

espectively. 
Overall, our finding of a link between QoL and GM volume is con-

istent with previous studies in older adults ( Elderkin-Thompson et al.,
008 ; Hahm et al., 2019 ) but also in patients with depression ( Elderkin-
hompson et al., 2008 ), schizophrenia ( Faget-Agius et al., 2015 ), and
unctional neurological disorder ( Perez et al., 2017 ). We found a spe-
ific relationship between higher self-perceived physical health and both
reater GM volume and greater WM integrity. Consistently, the only two
tudies assessing QoL domains have also reported a relationship between
hy-QoL and GM ( Hahm et al., 2019 ) or WM ( Elderkin-Thompson et al.,
008 ) volumes. However, they did not assess all QoL domains, so that
he specificity of these relationships is highlighted for the first time in
he present study. Moreover, no previous study assessed the links with

M integrity using diffusion imaging data, while this technique is par-
icularly sensitive to microstructural WM changes with age ( Fjell et al.,
008 ; Giorgio et al., 2010 ; Westlye et al., 2010 ). The observed associ-
tion with self-perceived physical health found here suggests that this
oL domain is particularly relevant to brain health (at least GM vol-
me and WM microstructural integrity) in cognitively unimpaired older
dults. It is possible that the other QoL domains, namely psychological
ealth, social relationships and environment, would be more strongly
elated to brain health in other populations, such as patients with de-
ression or dementia. 

We found that Phy-QoL was mainly associated with GM volume in
he anterior insula, ventrolateral prefrontal and superior temporal cor-
ex and WM integrity in the corpus callosum (rostrum and genu), the
orona radiata (encroaching on the superior longitudinal fasciculus),
he inferior frontal WM and the cingulum. This is overall consistent
ith previous studies also showing that higher self-perceived physi-

al health was associated with greater GM volume in the frontal cor-
ex and insula ( Hahm et al., 2019 ), and WM volume in fronto-parietal

M tracks ( Elderkin-Thompson et al., 2008 ), although with subtle dif-
erences as they highlighted the orbital part of the frontal cortex, and
7 
lso involved the anterior cingulate cortex. These findings seem consis-
ent as regard to self-perceived physical health because such brain areas,
.g. the insula involved in socio-emotional and sensorimotor processing
 Uddin et al., 2017 ), might help people to perceive their physical health.
aken together, these GM regions and WM fibers associated with self-
erceived physical health are parts of the salience network ( Barrett and
atpute, 2013 ; Uddin, 2015 ) and the empathy network ( Engen and
inger, 2013 ; Moore et al., 2015 ; Shamay-Tsoory, 2011 ) which might
e relevant here for the cognitive process needed for self-perception ,
nd the pain pathway ( Bushnell et al., 2013 ; Lieberman et al., 2014 )
hich is expected to be involved given that pain perception is a relevant
spect of self-perceived physical health. Overall, these networks are in-
olved in self-cognitive processes such as self-awareness, interoception,
motion or cognitive mentalizing, which are needed for the subjective
ssessment of health ( Jylhä, 2009 ). 

The subjective assessment of QoL as performed here is likely influ-
nced by several parameters including psychological factors and sub-
ective appraisal together with physical, environmental and social con-
itions. Indeed, we found all QoL domains to be associated with anxi-
ty and depressive symptom scores which is in line with several stud-
es showing influence of depression ( Sivertsen et al., 2015 ) and anx-
ety ( Brett et al., 2012 ) on QoL in older adults. Our analyses with
rain integrity were yet adjusted for anxiety and depressive symptom
cores, and repeated in a subsample excluding participants exhibiting a
igh score of depressive symptoms (i.e., GDS > 5). Results remained un-
hanged, indicating that the relationships found between QoL and brain
ntegrity was independent from the influence of these factors on QoL.

e also found Phy-QoL to be associated with an objective measure of
hysical health (the CCI) and physical activity, which is in line with sev-
ral studies ( Bayliss et al., 2005 ; Rejeski and Mihalko 2001 ; Wu et al.,
013 ). A few studies have shown lower self-perceived physical health in
lder adults who were obese compared to those who had normal weight
 Bottone et al., 2013 ; Zawisza et al., 2019 ). In contrast, we did not find
ssociation between Phy-QoL and BMI, another measure of objective
hysical health, which could be explained by the low rate of obese in
ur sample. Furthermore, it is well known that brain integrity, as re-
ected in GM volume and WM volume or microstructural integrity for

nstance, is related to objective physical health ( Bolzenius et al., 2015 ;
harabian Masouleh et al., 2016 ) and physical activity ( Erickson et al.,
014 ; Sexton et al., 2016 , for review). We thus adjusted for these vari-
bles to assess whether the links we found with Phy-QoL reflected the
ame process. The fact that we still found Phy-QoL to be associated with
M volume and WM microstructural integrity when controlling for the
ffects of BMI, CCI and PASE showed that this link was specific to the
ubjective assessment of physical health and at least partly independent
rom these measures of objective physical health and physical activity. 

To further understand the meaning of our findings and identify
hich specific aspect(s) of self-perceived physical health is involved,
e performed complementary item analyses. Self-perceived daily living
ctivities were identified as the strongest contributors to the associa-
ions with GM volume and pain and discomfort as the strongest con-
ributors to the associations with WM microstructural integrity. While
hey should be considered with caution given the low variability of each
tem, these findings suggest that, in a clinically unimpaired population,
aily living activities and pain are the most relevant QoL determinants
f brain integrity. Daily living activities and pain have already been
ighlighted as particularly relevant QoL determinants in older adults
 Molzahn et al., 2010 ). Our findings might reflect the fact that, as their
rain ages, older adults have a general decrease in several cognitive
unctions including for instance processing speed and executive func-
ions ( Harada et al., 2013 ), which, they feel, mainly impact, in terms
f QoL, their daily living activity and their feeling of pain and discom-
ort. While daily living activity is actually expected to be impaired by
ecreased brain (and cognitive) integrity, and more particularly gray
atter volume, the link with pain and discomfort might be less direct,
ossibly reflecting the fact that, as they get older, people are more and
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d  
ore subject to pain and discomfort and they consider this as a sig-
ificant burden for their QoL. Overall, our findings thus suggest that
elf-perceived physical health, and especially self-perceived daily living
ctivities and pain and discomfort, are the most relevant factors of QoL
elated to brain health – more specifically to GM volume and WM mi-
rostructural integrity in older adults. These findings are interesting for
nterventional studies as they provide more concrete understanding of
hich specific aspects underline self-perceived physical health here. 

No association was found between QoL and functional (i.e., brain
erfusion) or molecular (i.e., amyloid deposition) neuroimaging. This
uggests that QoL is mainly associated with structural changes, while
erfusion and amyloid deposition changes are not paralleled with QoL
hanges, at least at this stage (i.e., in cognitively unimpaired older
dults). However, this does not exclude that associations with other
odalities may exist in specific regions that would be highlighted with
 regional-specific (or voxel-wise) approach. Indeed, a previous study
ound a relationship between higher social QoL and decreased parietal
unctional connectivity in healthy working female managers ( Kraft et al.,
018 ), suggesting that QoL could be related with other (e.g. functional)
arkers of brain integrity in other populations or using a different ap-
roach (i.e., regional-specific or voxel-wise). 

The main strengths of our study include the use of complementary
ultimodal neuroimaging with voxel-wise analyses and the assessment

f distinct aspects of QoL, which allowed better characterization of the
rain substrates of specific QoL domains in cognitively unimpaired older
dults. Our studies also have several limitations. Firstly, although we ad-
usted our main results for BMI, CCI and PASE to account for objective
hysical health and physical activity, more detailed or specific measures
e.g. cortisol, actigraphy, hand grip strength…) could be used in future
tudies to better dissociate (and possibly as well to compare) the respec-
ive contribution of subjective physical health, objective physical health
nd physical activity, to brain integrity in general and GM volume and
M microstructural integrity in particular. Secondly, other measures

f brain integrity (e.g. functional connectivity) could be included, and
omparisons with other populations (e.g. subjective cognitive decline)
ould be interesting to highlight the specificity of our findings to cog-
itively unimpaired older adults. Thirdly, the cross-sectional design of
ur study is a limitation as it prevented us from determining the di-
ect causality of the association between self-perceived physical health
nd brain structural integrity. Further work is needed, including longi-
udinal observational, but also interventional studies, to investigate the
ausality of the relationships between QoL and brain changes, and if
hese changes are reversible. Finally, we only considered the different
euroimaging modalities separately; future studies could further look
t the specificity of these neuroimaging modalities through direct inter-
odality comparisons. 

onclusion 

This is the first study to address the links between distinct QoL do-
ains and multimodal neuroimaging in cognitively unimpaired older

dults. Our data revealed that QoL, and more specifically self-perceived
hysical health, was positively related to global GM volume mainly
ithin anterior (frontal and insula) brain areas and to global WM
icrostructural integrity mainly in long-distance fronto-parietal and
arieto-temporal WM tracts, but not to global brain perfusion or global
myloid deposition. Future interventional studies designed to improve
oL might focus on daily living activities and pain and discomfort, to-
ether with the personal appraisal of these items, and test the effects
n brain health and the causality of the relationship between QoL and
rain integrity in cognitively unimpaired older adults. 
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