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Abstract

Background: Brain reserve is a concept introduced to explain why Alzheimer’s disease (AD) patients with a greater
brain volume prior to onset of pathology generally have better clinical outcomes. In this review, we provide a historical
background of the emergence of brain reserve and discuss several aspects that need further clarification, including the
dynamic or static nature of the concept and its underlying mechanisms and clinical effect. We then describe how brain
reserve has been operationalized over the years, and critically evaluate the use of intracranial volume (ICV) as the most
widely used proxy for brain reserve. Furthermore, we perform a meta-analysis showing that ICV is associated with
higher cognitive performance after adjusting for the presence and amount of pathology. Although we acknowledge its
imperfections, we conclude that the use of ICV as a proxy for brain reserve is currently warranted. However, further
development of more optimal measures of brain reserve as well as a more clearly defined theoretical framework is
essential.

Keywords: Brain reserve, Intracranial volume, Alzheimer’s disease, Dementia, MRI, Resilience

Background
The concept of “brain reserve capacity” finds its origins
in the scientific literature in the first half of the twenti-
eth century. An article in 1940 described the remarkable
observation of a 27-year-old post-traumatic epilepsy pa-
tient who retained a relatively normal intellect and per-
sonality despite surgical removal of large parts of his
brain. This maintenance of function after surgery was
also reported in monkeys and rats and was especially ap-
parent when performed at a relatively young age [1].
These studies demonstrate the capacity of the brain to
utilize remaining (or reserve) brain tissue to take over
functions from brain regions and networks affected by
injury. Approximately 40 years later, Roth [49] described
a similar phenomenon in the context of dementia. He
noted that many neurodegenerative diseases seem to
have a long-lasting preclinical phase in which brain
pathology is present without the co-occurrence of clin-
ical symptoms. In Alzheimer’s disease (AD), for example,

there is now compelling evidence that amyloid-β and tau
pathology accumulate decades prior to the onset of cog-
nitive impairment [11, 27, 28]. In his “threshold model
of dementia”, Roth argued that during this preclinical
phase a protective mechanism of the brain must be re-
sponsible for counteracting the effects of pathology until
the pathology increases to a critical threshold at which
clinical manifestation cannot be prevented any more
[49]. This idea was further developed by Mortimer [42]
and later also by Satz [52], who added an important di-
mension to the model by proposing that this patho-
logical threshold is not uniform across individuals: some
people need more pathology than others for clinical
symptoms to arise. A person who initially has a larger
and better-connected brain (i.e., higher premorbid brain
reserve) will have more functional brain tissue remaining
at a given level of pathology and will thus develop clin-
ical symptoms at a more advanced biological stage. In
other words, according to these authors, it is not the
amount of pathology per se but its effect on the level of
brain reserve that determines whether and when clinical
manifestations occur. Their models thus concern a “re-
serve threshold” rather than a “pathological threshold”
[42, 52]. Another influential study that provided
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additional evidence that pathological thresholds for clinical
expression vary between individuals was a postmortem
examination described by Katzman et al. [31]. These authors
described a group of subjects who showed marked presence
of amyloid-β plaques and neurofibrillary tangles (and there-
fore met the neuropathological criteria for AD) but who had
expressed minimal clinical symptoms during life. Further
analyses revealed that the brains of these individuals were
characterized by a higher weight and a greater number of
neurons. These results led the authors to hypothesize that a
larger brain size may be protective against the clinical ex-
pression of pathology “through the mechanism of reserve”
[31]. Years later, Stern [60] further refined the definition of
brain reserve by discerning it from cognitive reserve. While
often used interchangeably in the past, Stern proposed that
brain reserve is a “passive” concept (see glossary) that can be
defined by the plain quantity of neural resources supporting
the brain to better tolerate emerging neuropathology. In
contrast, cognitive reserve, a related but distinct concept
that will not be further discussed in this paper, should be
considered as an “active” phenomenon (see glossary), refer-
ring to the capacity of the brain to cope with damage
through more efficient use of pre-existing neural pathways
or via recruitment of alternative brain networks [60]. After
its introduction in 1940 and continued development
throughout the following decades, the concept of brain re-
serve has been increasingly used in the literature (Fig. 1).

Unclarified theoretical issues
Despite the significant efforts described above, there is
currently no clear consensus on several aspects of the

definition and theory behind brain reserve. While there
is some consensus among experts in the field that brain
reserve describes the phenomenon in which a larger
brain size protects against the clinical consequences of
pathology, many details remain to be clarified. In the
sections below, we will consider issues regarding the dy-
namic or static nature (see glossary) of the concept and
evaluate different theoretical models to explain the
mechanisms and clinical effects of brain reserve.

Dynamic or static nature of brain reserve
An issue that is currently unresolved is a lack of agree-
ment on whether brain reserve is a dynamic or a static
concept. Brain size is largely determined by biological
and genetic influences [5, 48]. Since intracranial volume
(ICV; discussed in more detail below, also see glossary)
does not increase after the age of 10 years [47] and the
brain has reached maturity around 25 years of age [20,
34, 35], brain reserve was initially thought of as a fixed
concept. However, recent literature also emphasizes the
role of environmental factors in dynamically shaping
brain reserve over the course of life (e.g., [4]). While
neuroscientists are still debating whether neurogenesis
actually occurs in the adult human brain [57], it is gen-
erally accepted that in specific areas (e.g., the hippocam-
pus and subventricular zone) new neurons (and
synapses) are formed throughout life [7, 16, 32, 59]. This
process is regulated by several lifestyle factors, such as
exercise, diet, and social interactions [33, 66]. Brain re-
serve could therefore potentially increase over time and
may thus be more dynamic than originally assumed.

Fig. 1 An overview of the yearly number of publications on brain reserve. Search query: “brain reserve” (exact match). No additional filters
were applied
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A related theoretical debate concerns whether brain re-
serve decreases over time as a function of chronological
aging or accumulating pathology. While some researchers
conceptualize brain reserve as the maximum attained vol-
ume during life (e.g., “static” [70]), others have referred to it
as the status of the brain at any point in time (e.g., “dy-
namic” [61]). To illustrate the difference between these in-
terpretations, we take the hypothetical example of an
individual who develops late-onset AD. Before accumula-
tion of AD pathology (i.e., amyloid plaques and neurofibril-
lary tangles), the brain has undergone other pathological
changes (e.g., aggregation of other misfolding proteins and
white matter lesions) and volume loss as a function of
chronological aging. According to the first interpretation,
this individual’s brain reserve is the volume of his brain
prior to the onset of any age- or disease-related changes.
Regardless of the volumetric decreases that occur after that
point, his brain reserve (i.e., his maximum attained brain
size) will remain the same. In contrast, the second
conceptualization of brain reserve depends on which point
of time is considered; it will be considerably lower at 80
years of age compared with a younger age, when there is a
paucity of comorbid pathologies. See Fig. 2 for a schematic
representation of both conceptualizations of brain reserve.

Mechanisms behind brain reserve and effects on clinical
progression
There is very limited literature on the mechanisms
underlying brain reserve and its specific effect on clinical
progression. It has been suggested that greater brain re-
serve (e.g., higher synaptic density, neuronal count, or

even a higher glia-to-neuron ratio) optimizes “the poten-
tial for functional adaptation to neurodegenerative pro-
cesses” [53]. In this sense, the mechanism of brain
reserve seems to be nothing more than “allowing more
cognitive reserve”. Another, more generally used state-
ment that is reminiscent of Mortimer and Satz’s theoret-
ical models, is that higher brain reserve concerns “a
higher (pathological) threshold before clinical symptoms
of pathology become evident” (e.g., [64]). This descrip-
tion is rather abstract in the sense that the biological
processes underlying this “threshold effect” are not spe-
cified. To allow advances in the field of brain reserve, it
is essential to develop a mechanistic model explaining
the link between greater brain volume and a higher
threshold for clinical expression of pathology. The term
“threshold” suggests that passive loss of brain structure
without functional adjustment (which would reflect cog-
nitive reserve) could occur in the absence of any cogni-
tive effects, at least in the initial stages of AD (Fig. 3a,
the “threshold model”). However, this implies that the
affected structural properties (e.g., neurons, axons,
synapses) were fully redundant and served no function
in the healthy brain. With the exception of apoptosis
(i.e., a coordinated death of cells that no longer contrib-
ute to healthy functioning, which is crucial for normal
brain development [26]), this is unlikely from a bio-
logical perspective. A more likely scenario is that brain
reserve is primarily associated with individual differences
in premorbid levels of cognitive function, such that indi-
viduals with larger brains must undergo greater decre-
ments in cognitive function before a level of objective

Fig. 2 Two (competing) conceptualizations of brain reserve. While some researchers define the concept as the maximum attained volume during
life (a), others regard it as a more dynamic construct that reflects current brain status, which changes as a function of aging and accumulation of
pathology (b)
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clinical impairment is reached (Fig. 3b, the “initial ad-
vantage model”). In line with this hypothesis, current lit-
erature shows evidence of a direct relationship between
brain size and general mental ability in cognitively nor-
mal adults [51].
Another possibility is that brain reserve is not (only)

associated with higher premorbid cognitive function or a
delayed cognitive decline, but rather a slower rate of
clinical progression. According to Lövdén et al., the
brain’s level of cognitive function is a result of the inter-
play between environmental demands and functional or-
ganismic supply [36]. This suggests that, although larger
brains have the potential for a higher level of cognitive
function, an individual’s actual premorbid level is deter-
mined by the cognitive complexity that is required for
daily activities. Based on the premise that i) cognitive
ability depends on environmental demands and ii) a
healthy brain does not maintain functionally obsolete
structural properties, a large brain would have more
“computational units” available to achieve a given cogni-
tive level than a smaller brain. Consequently, the work-
load placed on each individual neuron should be lower,
resulting in a relatively small decrease in function with
the loss of any particular structure (Fig. 3c, the “lower
workload model”). Figure 3 depicts the various proposed
mechanisms of brain reserve and their clinical effects
(note that Fig. 3b and c are similar to the “further to fall”
and “resistance to change” models from [53]). Future re-
search should examine which model best captures the
effects of a larger brain volume on clinical progression
in the face of pathology.

Operationalization of brain reserve
While further debate on several theoretical aspects of
brain reserve is thus needed, many practical attempts to
find a suitable proxy for this concept have been made.
The notion of brain reserve as a passive model that

concerns the “hardware” (i.e., structural, anatomical; see
glossary) rather than the “software” of the brain (i.e., func-
tional processes; see glossary) has important implications
for the operationalization of this concept. It has led to the
assumption that brain reserve should be measured in a
quantitative manner, for example by the number of neu-
rons, synapses, and/or dendritic spines [10]. An attractive
aspect of this hypothesis is that it does not attribute any
specific neuronal feature or combination of features as the
mediating substrate of reserve, and that it is differentiable
from larger concepts of cognitive networks that might
underlie cognitive reserve. Whatever the substrate of
brain reserve may be, bigger brains allow for more of it,
and more of it is better in the face of pathology, or so the
hypothesis would state. This phenomenon would be rep-
resented as a net advantage rather than an overall advan-
tage, as there are likely some (e.g., metabolic) costs to the
maintenance of a larger brain [43]. Prior to the advent of
brain imaging techniques, head circumference was often
used as an in-vivo measure of brain size to quantify brain
reserve. The rationale behind this is that the ultimate size
of the cranial vault is determined by internal pressure
from expanding brain parenchyma [62], and thus head cir-
cumference reflects the maximum attained brain size.
There is evidence suggesting that head circumference in-
deed captures the influence of brain reserve on clinical
outcomes. For example, a study including ~ 2000 older in-
dividuals showed that persons with probable AD and a
circumference below 55 cm performed significantly worse
on neuropsychological testing [21]. Another longitudinal
study revealed that, among persons without dementia who
carried the major risk allele for sporadic AD (apolipopro-
tein E ε4), head circumference was related to future devel-
opment of AD dementia [8]. Nowadays, brain size can be
more precisely estimated using T1-weighted structural
magnetic resonance imaging (MRI) scans. This estimation
can be performed manually or based on an automated

A B C

Fig. 3 Three possible models of the effects of brain reserve (BR) on clinical progression. a The “threshold model”: accumulation of pathology initially
has no clinical effect in individuals with higher BR, and only results in cognitive decline after a certain inflection point. b The “initial advantage model”:
higher BR is associated with a higher premorbid level of cognitive function, and thus more cognitive decline is needed before an objective level of
cognitive impairment is reached. c The “lower workload model”: higher BR places less workload on individual neurons, and thus the loss of structure
leads to relatively little cognitive decline
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process that either i) determines the scaling factor or non-
linear transformation needed to register a native space
image to an average template, or ii) calculates the total
sum of probabilistic tissue class images (i.e., gray matter +
white matter + cerebrospinal fluid volumes) [12, 39]. The
intracranial volume (ICV) measure resulting from these
techniques is currently the most accepted operationaliza-
tion of brain reserve.

A critical appraisal of intracranial volume as a
brain reserve proxy
ICV is an easily accessible measurement to summarize
variation in premorbid brain size and is an attractive
proxy for brain reserve because it represents an absolute
limit on individual brain volumetric capacity. However,
using ICV as a proxy for brain reserve comes with prac-
tical issues. First, ICV is not necessarily a straightfor-
ward measurement of total brain capacity as cortical
surface area varies (in the form of folding) with some in-
dependence to brain size in humans [37, 63]. This im-
plies that more subtle individual differences in brain
reserve may not be captured by a volumetric measure
such as ICV. It should also be stated that, while auto-
mated estimations of ICV show excellent reliability with
human raters [39], variations in these automated ap-
proaches still tend to be systematically biased by other
confounders, such as gender and total brain atrophy
[45]. Another disadvantage of using ICV as a brain re-
serve proxy is that, in healthy individuals, brain volume
varies systematically with ICV, leading to near uniform
recommendation of ICV as a nuisance covariate in volu-
metric studies [6, 13, 25, 55]. Whether this confounding
relationship is caused by the natural influence of brain
volume on cortical shape [63], systematic error in linear
registration [54], or a combination is unclear. Regardless,
the question must be raised whether a measurement can
be both a proxy for brain reserve and a common nuis-
ance covariate, and how this might play out in the con-
text of neuroimaging studies. Little work has been done
to examine or disentangle the methodological versus
biological influence of ICV on morphometry, or how ei-
ther may somehow relate to cognitive outcomes. In ef-
fect, covarying a morphometric analysis for ICV is both
adjusting for the effects of linear transformation to a
common space (a necessary step), but also incorporating
information about premorbid brain state into the model.
This somewhat convoluted concept remains a limitation
of using ICV as a proxy for brain reserve, particularly in
volumetric studies of aging and AD. Its confounding re-
lationship with brain morphometry creates difficulties in
planning a clean design of neuroimaging studies of the
brain (and cognitive) reserve (e.g., [68]). Finally, the
more dynamically we define brain reserve on a concep-
tual level (see previous section on unclarified theoretical

issues), the more indirect becomes its relationship with
ICV. As ICV is a fixed measure that reflects maximum
attained brain volume, it does not change as a function
of chronological aging or emergence of a neurodegener-
ative disease [24]. As a consequence, both positive and
negative changes in brain reserve (e.g., due to lifestyle,
or aging and pathology) cannot be captured with this
proxy.

Meta-analysis of the effect of intracranial volume
on cognition in Alzheimer’s disease
So far, our narrative review of the literature suggests a
possible beneficial effect of ICV as a proxy for brain re-
serve on cognitive function. Results, however, have been
mixed across studies, with some studies indicating a
positive effect [22] while others report no effect [58] or
even a negative effect [15]. We set out to systematically
review the available literature quantifying the effects of
ICV on cognitive function, and aggregate all results into
a meta-analysis. Since the primary focus of this view-
point is on aging and AD, only studies including these
populations were included in the meta-analysis. Please
note that, although we raise several critical points on a
theoretical level regarding the use of ICV as a brain re-
serve proxy, we nevertheless aim to examine its empir-
ical usefulness because it is currently the most accepted
and widely used measure of brain reserve.

Methods
We searched the PubMed/MEDLINE database for eligible
studies published until 8 November 2017. The following
combination of search terms were applied: “(Intra(−)cranial
volume(s)/capacity/size/space”, “(pre(-)morbid) brain size/
volume”, “dementia”, “AD”, “mild cognitive impairment/
MCI”, “elderly”, “ag(e)ing” and “(cognitive/brain/neural) re-
serve”. Additionally, reference lists of papers were
cross-checked. Only peer-reviewed articles (written in or
translated to English) were considered eligible. Studies were
required to include a continuous or categorical (e.g., small
versus large volume) measure of ICV as measured by MRI.
ICV could be assessed either as a main predictor or a covar-
iate (if an effect size was reported). Furthermore, samples
could include the cognitively normal elderly, or patients
with mild cognitive impairment (MCI) or dementia [3, 40].
Studies exclusively including patients with neurodegenera-
tive diseases other than AD were excluded. Samples includ-
ing patients with mixed or unknown dementia diagnoses
were included (since AD is the most likely a priori diagno-
sis), as well as samples combining AD patients with a small
proportion of patients with an alternative diagnosis. Pre-
dicted measures should contain a clinical outcome, either
continuous (e.g., Mini-Mental State Examination (MMSE)
or episodic memory scores) or categorical (e.g., cognitively
impaired (yes/no) or longitudinal conversion to cognitive
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impairment). Importantly, since brain reserve serves to ex-
plain discrepancies between observed and expected symp-
tom severity based on the severity of underlying pathology
[30], studies were required to include an operationalization
of neuropathology (e.g., atrophy; see glossary). In order to
examine the effects of ICV on cognition at a given level of
pathology, studies should have included this operationaliza-
tion of neuropathology in the same model as ICV. Open-
MetaAnalyst software was implemented to determine the
overall effects of ICV on quantified measures of cognition.
Due to expected heterogeneity (e.g., sample composition
and nuisance variables), effects sizes were assumed to be
similar but not equal across studies. Therefore, a random-
effects meta-analysis was performed [9]. Significance for
random effects of ICV was set at p < 0.05.

Results
Study description
Database queries yielded a total of 583 results, of which
10 were eligible to be included (Fig. 4) [15, 18, 22, 41, 44,
50, 56, 58, 69, 70].
These 10 studies included a total of 2675 patients. Two

studies [69, 70] likely included a partly overlapping sample
of subjects since these study samples were taken from the
same cohort. Two studies included (sub)samples of only
AD dementia patients [22, 41] and one included only
healthy elderly [50]; all other samples were mixed (e.g.,
healthy elderly, MCI, and/or dementia subjects) or

community samples with unknown diagnoses. The mean
age of all subjects was 69.8 ± 5.8 years, 48% were male, and
mean education was 11.8 ± 1.3 years. All studies calculated
ICV by summation of gray matter, white matter, and cere-
brospinal fluid volumes, except for [41] which defined pre-
morbid brain volume by regressing ICV on whole brain
volume, while correcting for age and sex. To obtain the
premorbid brain volume, the regression coefficient was
multiplied by the ICV and the constant was added. Across
studies, different nuisance variables were taken into ac-
count, but most models included age and sex (Table 1).
Furthermore, operationalization of neuropathology in-
cluded in the models also varied across studies but could
be roughly divided into measures of hippocampal volume,
white matter, gray matter, and total brain volume (Table 1).

Effects of intracranial volume on cognition
Of the 10 selected studies, six provided a continuous
measure of cognition and were therefore suitable to be
included in a meta-analysis. Five of these studies had a
cross-sectional design and one had a longitudinal design
(Table 1). This subsample consisted of 2262 subjects, of
which 48.5% were male, the mean age was 69.8 ± 4.9
years, and mean education was 11.7 ± 1.2 years. Across
these six studies, 26 cognitive tests were performed
which could be categorized into the following domains:
global cognition, memory, attention and/or executive
functions, visuo-spatial ability, language, and IQ. An

Fig. 4 Flow diagram depicting study selection. MRI magnetic resonance imaging

van Loenhoud et al. Alzheimer's Research & Therapy  (2018) 10:91 Page 6 of 12



Ta
b
le

1
St
ud

y
ch
ar
ac
te
ris
tic
s

St
ud

y
n

Su
bj
ec
ts

A
ge

M
al
e

(%
)

Ed
uc
at
io
n

(y
ea
rs
)

D
es
ig
n

N
ui
sa
nc
e

C
or
re
ct
ed

fo
r

O
ut
co
m
e

Ef
fe
ct

Q
ua
nt
ita
tiv
e
as
se
ss
m
en

t

M
or
i,
19
97
*

[4
1]

60
M
ild

to
m
od

er
at
e

A
D

70
.2

(7
.1
)

38
.3

8.
9
(2
.3
)

C
ro
ss
-s
ec
tio

na
l

A
ge

,s
ex
,e
du

ca
tio

n
A
tr
op

hy
A
D
A
S-
C
og

a
−
0.
12

W
A
IS
-R

Fu
ll
IQ

e
0.
40

St
af
f,
20
04

[5
8]

98
U
nk
no

w
n

79
57
.6

9.
8
(1
.6
)

C
ro
ss
-s
ec
tio

na
l

C
hi
ld
ho

od
IQ
,s
ex

W
M
H

A
VL
T
M
em

or
yb

0.
00

RP
M

e
0.
01

C
hr
is
te
ns
en

,
20
09

[1
5]

41
6

U
nk
no

w
n

62
.6

(1
.4
)

52
14

(2
.6
)

Lo
ng

itu
di
na
l,
4-

ye
ar

ch
an
ge

A
ge

,s
ex
,e
du

ca
tio

n
A
tr
op

hy
an
d
W
M
H

SD
M
Tc

−
0.
22

C
VL
T:
Im

m
ed

ia
te

b
−
0.
39

C
VL
T:
D
el
ay
ed

b
−
1.
45

†

Fa
ria
s,
20
12

[1
8]

40
1

M
ix
ed

H
C
,M

CI
an
d

de
m
en

tia
75 (6
.9
)

37
.3

12
.3
(4
.8
)

C
ro
ss
-s
ec
tio

na
l

Se
x,
he

ig
ht

TB
V,
hi
pp

oc
am

pa
lv
ol
um

e,
an
d

W
M
H

SE
N
A
S:
Se
m
an
tic

m
em

or
yb

0.
20

Ep
is
od

ic
m
em

or
yb

0.
08

Ex
ec
ut
iv
e
fu
nc
tio

nc
0.
27

Sp
at
ia
la
bi
lit
yd

0.
16

Ro
yl
e,
20
13

[5
0]

32
7

H
C

72
.5

(0
.7
)

10
0

–
C
ro
ss
-s
ec
tio

na
l

A
ge

TB
V

C
om

po
si
te

sc
or
ea

0.
19

G
M

an
d
W
M

0.
22

29
7

72
.6

(0
.7
3)

0
–

TB
V

0.
21

G
M

an
d
W
M

0.
23

G
ro
ot
,2
01
8

[2
2]

20
1

A
β+

pr
ec
lin
ic
al
an
d

pr
od

ro
m
al
A
D

66
.6

(7
.5
)

53
10
–1
1*
*

C
ro
ss
-s
ec
tio

na
l

A
ge

,s
ex
,e
du

ca
tio

n,
sc
an
ne

r
A
tr
op

hy
M
em

or
yb

0.
12

A
tt
en

tio
nc

0.
06

Ex
ec
ut
iv
ec

0.
18

La
ng

ua
ge

f
−
0.
03

Vi
su
os
pa
tia
ld

0.
14

M
M
SE

a
0.
16

46
2

A
β+

pr
ob

ab
le
A
D

66
.1

(7
.4
)

47
10
–1
1*
*

M
em

or
yb

0.
10

A
tt
en

tio
nc

0.
14

Ex
ec
ut
iv
ec

0.
15

La
ng

ua
ge

f
0.
05

Vi
su
os
pa
tia
ld

0.
13

van Loenhoud et al. Alzheimer's Research & Therapy  (2018) 10:91 Page 7 of 12



Ta
b
le

1
St
ud

y
ch
ar
ac
te
ris
tic
s
(C
on

tin
ue
d)

St
ud

y
n

Su
bj
ec
ts

A
ge

M
al
e

(%
)

Ed
uc
at
io
n

(y
ea
rs
)

D
es
ig
n

N
ui
sa
nc
e

C
or
re
ct
ed

fo
r

O
ut
co
m
e

Ef
fe
ct

M
M
SE

a
0.
15

C
at
eg

or
ic
al
as
se
ss
m
en

t

W
ol
f,
20
04

[6
9]

73
H
C
,M

C
I

79
.1

49
.3

11
.3

C
ro
ss
-s
ec
tio

na
l

Ed
uc
at
io
n

Le
ft
hi
pp

oc
am

pu
s

Pr
ed

ic
tin

g
H
C
vs

M
C
I(
O
R)

1.
04

**
*

70
M
C
I,
de

m
en

tia
78
.7

34
.3

10
.8

A
ge

RB
V

Pr
ed

ic
tin

g
M
C
Iv
s
de

m
en

tia
(O
R)

1.
05

**
*

W
ol
f,
20
04

[7
0]

16
7

H
C
,M

C
I,
A
D
,V
aD

60
.7

(9
.9
)

43
–

C
ro
ss
-s
ec
tio

na
l

A
ge

,s
ex

H
ip
po

ca
m
pa
la
tr
op

hy
(v
is
ua
l

as
se
ss
m
en

t)
H
C
vs

co
gn

iti
ve

im
pa
irm

en
t
(O
R

co
m
pa
re
d
w
ith

sm
al
le
st
qu

ar
til
e)

2.
9

Si
lb
er
t,
20
09

[5
6]

49
H
C
(a
t
ba
se
lin
e)

84
.1

(6
.2
)

47
14
.5
(2
.7
)

Lo
ng

itu
di
na
l,
10
-

ye
ar

ch
an
ge

A
ge

,M
M
SE
,A

PO
Ee
4

st
at
us
.

Δ
W
M
H
,Δ

vC
SF
,a
nd

hi
pp

oc
am

pa
l,
vC

SF
an
d
W
M
H

Pe
rs
is
te
nt

co
gn

iti
ve

de
cl
in
e
(H
R)

1.
0

N
eg

as
h,
20
13

[4
4]

54
A
β+

H
C
an
d
A
D

72
.7

42
.6

14
.4

C
ro
ss
-s
ec
tio

na
l

A
ge

,s
ex
,e
du

ca
tio

n,
A
PO

Ee
4
st
at
us

M
TL

vo
lu
m
e

Re
si
lie
nc
e
(n
or
m
al
de

sp
ite

A
β+

;O
R)

1.
01

H
ip
po

ca
m
pa
la
nd

po
st
er
io
r

ci
ng

ul
at
e
vo
lu
m
e

1.
01

Bo
ld

ef
fe
ct
s
ar
e
re
po

rt
ed

to
be

si
gn

ifi
ca
nt

ac
co
rd
in
g
to

st
ud

y-
sp
ec
ifi
c
st
at
is
tic
al

th
re
sh
ol
ds

A
β
am

yl
oi
d-
be

ta
,A

D
A
lz
he

im
er
’s
di
se
as
e,

A
D
A
S-
C
og

A
m
st
er
da

m
de

m
en

tia
as
se
ss
m
en

t
sc
al
e—

co
gn

iti
ve

su
bs
ca
le
,A

PO
Eε
4
ap

ol
ip
op

ro
te
in

ε4
,A

VL
T
au

di
to
ry

ve
rb
al

le
ar
ni
ng

te
st
,C

VL
T
C
al
ifo

rn
ia

ve
rb
al

le
ar
ni
ng

te
st
,G

M
gr
ay

m
at
te
r,
H
C
he

al
th
y
co
nt
ro
ls
,H

R
ha

za
rd

ra
tio

,I
C
V
in
tr
ac
ra
ni
al

vo
lu
m
e,

IQ
in
te
lli
ge

nc
e
qu

ot
ie
nt
,M

C
Im

ild
co
gn

iti
ve

im
pa

irm
en

t,
M
M
SE

M
in
i-M

en
ta
lS

ta
te

Ex
am

in
at
io
n,

M
TL

m
ed

ia
lt
em

po
ra
ll
ob

e,
O
R
od

ds
ra
tio

,R
BV

re
la
tiv

e
br
ai
n
vo

lu
m
e
(b
ra
in

vo
lu
m
e
to

IC
V
ra
tio

),
RP

M
Ra

ve
n’
s
pr
og

re
ss
iv
e
m
at
ric
es
,S
D
M
T
sy
m
bo

l-d
ig
it
m
od

al
iti
es

te
st
,S
EN

A
S
Sp

an
is
h-
En

gl
is
h
ne

ur
op

sy
ch
ol
og

ic
al

as
se
ss
m
en

t
sc
al
e,

TB
V
to
ta
lb

ra
in

vo
lu
m
e,

Va
D

va
sc
ul
ar

de
m
en

tia
,v
C
SF

ve
nt
ric
ul
ar

ce
re
br
os
pi
na

lf
lu
id
,W

A
IS
-R

W
ec
hs
le
r
ad

ul
t
in
te
lli
ge

nc
e
sc
al
e-
re
vi
se
d,

W
M

w
hi
te

m
at
te
r,
W
M
H
w
hi
te

m
at
te
r
hy

pe
rin

te
ns
ity

*P
re
m
or
bi
d
br
ai
n
vo

lu
m
e
ca
lc
ul
at
ed

as
re
gr
es
si
on

co
ef
fic
ie
nt

of
(a
ge

+
se
x
+
IC
V
=
w
ho

le
br
ai
n
vo

lu
m
e)

m
ul
tip

lie
d
by

IC
V
+
co
ns
ta
nt

**
C
at
eg

or
iz
at
io
n
ac
co
rd
in
g
to

th
e
Ve

rh
ag

e
sc
al
e
[6
5]

co
nv

er
te
d
in
to

ye
ar
s

**
*O

dd
s
ra
tio

s
ca
lc
ul
at
ed

fr
om

β
co
ef
fic
ie
nt
s
us
in
g
e^

(β
)

†
Th

is
ef
fe
ct

w
as

co
ns
id
er
ed

an
ou

tli
er

an
d
w
as

no
t
in
cl
ud

ed
in

th
e
m
et
a-
an

al
ys
is

a G
lo
ba

lc
og

ni
tio

n
b
M
em

or
y

c A
tt
en

tio
n/
ex
ec
ut
iv
e
fu
nc
tio

ns
d
Vi
su
os
pa

tia
la

bi
lit
y

e I
nt
el
lig

en
ce

f L
an

gu
ag

e

van Loenhoud et al. Alzheimer's Research & Therapy  (2018) 10:91 Page 8 of 12



overview of each test used and the categorization into
domains is provided in Table 1. One study [15] reported
an effect of −1.45 of ICV on the California verbal learn-
ing test, delayed recall condition, which was a statistical
outlier and therefore excluded from the analyses. The
main analysis for the quantitative assessments of cogni-
tion, including all cognitive domains, revealed a positive
random effect of ICV on cognition (0.10, 95% confi-
dence interval (CI) 0.05–0.16; p < 0.001; Fig. 5). This in-
dicates that, across all studies, ICV has a positive effect on
cognitive functioning when controlling for neuropathology.
Four studies provided categorical cognitive outcomes.

A longitudinal assessment [56] reported a hazard ratio
of 1.0 for ICV on conversion to persistent cognitive de-
cline, indicating that ICV does not affect the risk of con-
version. Another study [69] reported that ICV predicts
being cognitively normal versus MCI (odds ratio 1.4)
and having MCI versus dementia (odds ratio 1.5), while
a similar assessment [70] showed that having an ICV in
the lowest quartile confers an odds ratio of 2.9 of being
cognitively impaired. Furthermore, another study [44]
showed that ICV is a significant covariate (odds ratio
1.01) associated with resilience, defined as being cogni-
tively intact despite positive biomarkers for amyloid-β.
Taken together, these results show that, while odds ratio

were generally close to 1 (except in [70]), ICV is a sig-
nificant predictor for cross-sectional cognitive state.

Methodological considerations
In this meta-analysis, studies that assessed the effects of
ICV on cognition but did not include a measure of
neuropathology were not included. The three largest
studies that assessed the effects of ICV in this manner
found no associations with cognition or dementia risk
[17, 29, 62]. However, brain reserve serves to explain
discrepancies between observed and expected symptom
severity based on the severity of the underlying path-
ology [30] and we argue that studies that do not correct
for the degree of neuropathology do not measure brain
reserve. Based on the absence of an effect when not cor-
recting for neuropathology and the presence of an effect
when models are corrected for neuropathology, we
hypothesize that direct effects of ICV on cognition are
not detectable but the “buffer” effect of ICV between
pathology and symptoms (which constitutes brain re-
serve) is detectable.
We would have ideally conducted additional meta-ana-

lyses in subsamples of studies that included patients in
the same cognitive state (e.g., healthy controls versus
MCI versus dementia) and studies using similar

Fig. 5 Forest plot of main analysis on quantitative cognitive outcomes. a Results according to the cognitive state of the samples; b results
according to the measure of corrected neuropathology. Data points indicate a reported effect. Standard errors are not displayed as these were
rarely reported. Total effect was calculated using random-effects meta-analysis including all effects across cognitive outcomes and populations. CI
confidence interval, IQ intelligence quotient
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measures of neuropathology. However, due to the pau-
city of studies that fit the inclusion criteria (n = 6 for
quantitative assessment) this would have resulted in very
few studies per analysis. The effects in healthy controls
would, for instance, be based on only one study [50] and
the differences in effects between healthy subjects and
other cognitive states would thus not be distinguishable
from study effects. Visual inspection of the effects (col-
or-coded by cognitive state in Fig. 5a) indicates that
there are no clearly identifiable differences in effects of
brain reserve, but this observation needs to be inter-
preted with caution. Furthermore, visual inspection of
the effects when color-coded according to the corrected
marker of neuropathology (Fig. 5b) suggests that there is
no effect of ICV when correcting for white matter
hyperintensity (WMH) alone. However, this observation
is based on results in two samples from a single study
[58] and may thus represent a study effect. Finally, we
were unable to account for the influence of the different
covariate sets used across studies. The most important
covariates, age and sex, were included in most—but not
all—studies, and adjustment for education, scanner, and
APOEε4 status varied across studies. One study also cor-
rected for childhood IQ [58], which may have led to an
attenuation of the observed effect in this study due to
the association between childhood IQ and ICV [67].
Similarly, one study corrected for height [18]. However,
although height and ICV are clearly related [38] and as-
sociations between height and cognition have also been
found [2] it is possible that correcting for height results
in removal or attenuation of true effects of ICV (i.e.,
brain reserve).

Conclusion
To summarize, the concept of brain reserve has been
around since 1940 and its use in the scientific literature has
increased ever since. While consensus on some theoretical
aspects of its definition and underlying mechanisms has
not yet been reached, the field has made significant pro-
gress in the operationalization of brain reserve. ICV, cur-
rently the most accepted proxy, is an easily accessible
measure obtained from structural MRI. However, it has a
limited utility in detailing the biological substrate of brain
reserve, and a confounding relationship with brain morph-
ometry that complicates the measurement of brain reserve
in volumetric studies. Nonetheless, a meta-analysis of 10
studies showed that ICV generally has a positive relation-
ship with cognitive performance after adjusting for path-
ology, indicating that this measure does capture some
aspect of brain reserve. Although the use of ICV as a proxy
for this concept is thus currently warranted, we emphasize
the need for further development of more optimal mea-
sures of brain reserve. For example, the utility of dynamic
measures as proxies of brain reserve (e.g., whole-brain or

hippocampal volumes instead of ICV) could be explored,
for example using a meta-analysis including studies focus-
ing on associations between absolute volumetric measures
(not adjusted for ICV) and cognition. Also, possible candi-
dates in future studies would include diffusion tensor im-
aging or indices of microstructural integrity of the brain,
such as in-vivo examination of dendritic spine length, syn-
aptic density, or synaptic proteins using synaptic vesicle
tracers for positron emission tomography (PET) [10, 19].
Another possible avenue for future research is the assess-
ment of the associations between genetic factors and brain
reserve. It has already been shown that there is an overlap
in the genetic variations associated with cognition and ICV
[2, 46]. Another interesting target is the methionine (Met)
substitution for valine (Val) at codon 66 (Val66Met), a
single-nucleotide polymorphism in the brain-derived
neurotrophic factor (BDNF) gene that has been associated
with alterations in brain anatomy [14]. Now, with the intro-
duction of the Allen human brain atlas [23], one may ex-
plore the interplay between more dynamic measures of
brain reserve and the relative gene expression across the
entire human brain. These new developments allow explor-
ation of gene expression pathways that contribute to, or
mediate the effects of, brain reserve. Ultimately, this could
enable an operationalization of brain reserve based on gen-
etic information. Finally, in order to further improve the
measurement of brain reserve, a more clearly defined the-
oretical framework of this concept is essential.
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Glossary
Brain volume

The total volume of the brain when all structural properties (i.e., gray
matter and white matter) are considered.

Intracranial volume
The total volume of the interior of the cranium (i.e., skull), thus
containing both brain volume and cerebrospinal fluid.

Atrophy
Loss of brain structure (e.g., neurons, glial cells).

Passive
A change in the brain to which no direct adaptation or response
occurs, or a latent phenomenon or quality that covertly existed but
now becomes visible when its surroundings are changing.

Active
A change in the brain to which a direct adaptation or response occurs,
or a phenomenon or quality that was born out of necessity to cope
with brain changes (antonym of “passive”).

Hardware
The (infra)structure of the brain, which can be measured with structural
neuroimaging (in vivo) or at neuropathological examination (ex vivo).

Software
The manner in which the (infrastructure) of the brain is used, which
can only be measured with functional neuroimaging during life.

Static
A concept or measure that is fixed; it cannot change over time and
thus an individual will always have the same value or score.

Dynamic
A concept or measure that can change over time, such that its values
or scores can fluctuate (i.e., increase and decrease) within individuals.
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