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Abstract

Background Despite the intriguing potential of physical exercise being able to preserve or even restore brain volume (grey
matter volume in particular)—a tissue essential for both cognitive and physical function—no reviews have so far synthesized
the existing knowledge from randomized controlled trials investigating exercise-induced changes of the brain’s grey matter
volume in populations at risk of neurodegeneration. Our objective was to critically review the existing evidence regarding
this topic.

Methods A systematic search was carried out in MEDLINE and EMBASE databases primo April 2020, to identify rand-
omized controlled trials evaluating the effects of aerobic training, resistance training or concurrent training on brain grey
volume changes (by MRI) in adult clinical or healthy elderly populations.

Results A total of 20 articles (from 19 RCTs) evaluating 3—12 months of aerobic, resistance, or concurrent training were
identified and included, involving a total of 1662 participants (populations: healthy older adults, older adults with mild cog-
nitive impairment or Alzheimer’s disease, adults with schizophrenia or multiple sclerosis or major depression). While few
studies indicated a positive effect—although modest—of physical exercise on certain regions of brain grey matter volume,
the majority of study findings were neutral (i.e., no effects/small effect sizes) and quite divergent across populations. Meta-
analyses showed that different exercise modalities failed to elicit any substantial effects on whole brain grey volume and
hippocampus volume, although with rather large confidence interval width (i.e., variability).

Conclusion Altogether, the current evidence on the effects of physical exercise on whole/regional grey matter brain volume
appear sparse and inconclusive, and does not support that physical exercise is as potent as previously proposed when it comes

to affecting brain grey matter volume.
Key Points

Few summarized ‘effects of exercise’ data exist on popu-
lations at risk of brain atrophy.

Grey matter brain volume is not increased and/or
preserved following 3—12 months of aerobic training or
resistance training.

Current evidence overall appear sparse and inconclusive.
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1 Introduction

Neurodegeneration is a main contributor to brain atrophy
[1] and is viewed as a hallmark of aging along with several
neurological and psychiatric disorders (e.g., multiple scle-
rosis, Alzheimer’s dementia, depression, schizophrenia).
Brain atrophy is even being used as a measure of disease
progression in some neurological disorders [2, 3]. Moreo-
ver, cognitive and physical impairments are most often
associated with, and to some extent mediated by, whole/
regional brain atrophy (grey matter volume in particular
[4]) in aging [5, 6] as well as in neurological and psy-
chiatric disorders [7-12]. Preventing brain atrophy could,
therefore, likely extend the time to neurological reserve
depletion, under the assumption that other qualitative
measures are influenced, ultimately decreasing or postpon-
ing symptoms (e.g., cognitive and physical impairments)
and subsequently improving quality of life.

While accelerated brain atrophy predominantly occurs
late in life, i.e., starting around 50 years of age with the
rate of atrophy differing between specific brain regions
[13, 14], it is detectable much earlier (around 30-40 years
of age) in patients with multiple sclerosis [15], schizo-
phrenia [10, 16], and depression [11]. Regardless of when
brain atrophy sets in, it is likely exacerbated by low levels
of physical activity, as indicated by associations between
fitness level and brain volume [17]. Strategies focusing on
increasing spontaneous and structured (particularly mod-
erate-to-high intensity) physical activities, might, there-
fore, attenuate brain atrophy as also proposed in recent
guidelines for physical activity [18]. Indeed, an increasing
number of studies have shown that structured moderate-to-
high intensity physical activity (i.e., exercise) has a pre-
servative or even restoring effect on whole/regional brain
grey matter volume [19-21]. Regional brain volumes are
of particularly interest, as cognitive and physical func-
tions appear to be better correlated to such regions than to
whole brain volume [7, 8]. The latter notion suggests that
the primary focus should be on regional changes rather
than on whole brain changes, when investigating whether
exercise-induced changes in brain matter are appropriate
for reducing symptoms and/or mediating disease or aging
processes.

When trying to understand the effects of different
exercise modalities, a common approach is to investigate
resistance and aerobic training as these modalities consti-
tute the two extremes of physical exercise. Yet, the combi-
nation of resistance and aerobic training (termed concur-
rent training) has also been investigated. To expand our
understanding of the effects of different exercise modali-
ties on whole and regional brain volumes, a literature
review summarizing exercise interventions that include

resistance, aerobic and concurrent training in individu-
als at risk of neurodegeneration seem warranted. While
a number of reviews investigating the effects of exercise
on brain morphology already exist [22—-26], most of them
appear to have interpreted their findings narratively (i.e.,
often positively skewed) and rarely summarized their find-
ings quantitatively. The former is a common challenge
when interpreting systematic reviews [27]. One exception
is the systematic review and meta-analysis by Firth and
colleagues focusing on the effects of controlled aerobic
exercise interventions on hippocampus volume, report-
ing an increase in left hippocampus yet not in right and
total hippocampus [23]. Another example is the broad
scoping review by Batouli and Saba [22] enrolling both
observational and interventional results, compromising
the external validity and limiting conclusions on causal
relationships between exercise and preservation of brain
volume. Nonetheless, Batouli and colleagues concluded
that at least 80% of grey matter is modifiable by physical
activity. While this statement is intriguing—thus support-
ing physical exercise as being highly potent in terms of
eliciting positive changes in grey matter brain volume—
the substantial number of included cross-sectional studies
limit conclusions in relation to exercise interventions [28].
This adds justification to a review that only enroll inter-
ventional studies with well-described interventions. Thus,
the scope of the present review is to quantitatively sum-
marize evidence from randomized controlled trials evalu-
ating the effects of moderate-to-high intensity resistance
training, aerobic training or concurrent training on whole
and regional brain grey matter in adult populations known
to undergo neurodegeneration.

2 Methods
2.1 Literature Sources and Search Strategy

The present review was carried out in accordance with
the PRISMA guidelines. Literature searches were per-
formed in PubMed (search strategy: (("Exercise”[Mesh])
AND”Brain”[Mesh]) AND “Magnetic Resonance
Imaging”Mesh]) and Embase (search strategy: ’exercise’/
exp AND ’brain’/exp AND ’nuclear magnetic resonance
imaging’/exp AND ([article]/lim OR [article in press]/lim)
AND [english]/lim AND [embase]/lim). The search was per-
formed primo April 2020.

2.2 Inclusion Criteria
The criteria for inclusion in the present review were the

following: (1) studies had to be randomized controlled
studies, (2) one of the intervention arms had to consist of
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moderate-to-high intensity aerobic training, resistance train-
ing or a combination of the two (i.e., concurrent training)
(see below for specific definitions), (3) study participants
had to be either healthy older people (mean age > 65 years)
or adult patients (mean age > 18 years) having pathological
conditions known to cause progressive neurodegeneration,
(4) outcomes had to include grey whole and/or regional
brain volumetric outcomes assessed pre- and post-interven-
tion by magnetic resonance imaging, and (5) articles had to
be written in English. LGH and DLH screened and extracted
papers.

Aerobic training was defined as activities aiming to
increase cardiovascular fitness, with an intensity ulti-
mately progressing to a minimum of 60% of heart rate max
(HRmax) or reserve (HRreserve) (or if the equivalent was
met by other intensity outcomes). Resistance training was
defined as activities aiming to increase muscular strength
(predominantly of the larger muscle groups), with an inten-
sity ultimately progressing to a minimum of 12 repetition
maximum (i.e., an external loading/resistance that can be
moved no more than 12 times by use of voluntary force exer-
tion, corresponding to > 70% of 1RM).

2.3 Quality Assessment

The quality of the studies was assessed using the TESTEX
rating scale (Table 2), an assessment tool specific for exer-
cise studies that addresses both methodological and report-
ing criteria [29]. The scale includes 12 criteria with some
criteria given more than one possible point, allowing a maxi-
mum score of 15 points (5 points for study quality, 10 points
for study reporting; higher scores are better). As there are
presently no validated cutoff score for the TESTEX rating
scale [29], the median score across all studies were used
to categorize studies as either high quality (TESTEX score
at or above median) or as low-to-moderate quality (TES-
TEX score below median). LGH and DLH performed the
TESTEX scoring, with UD being consulted in cases with
disagreement.

2.4 Data Extraction and Analysis

The following data were extracted from the identified stud-
ies; training modality (including session type), session
duration, intended training frequency, number of partici-
pants, population group, intervention duration, along with
grey matter volume method and between-group (time X
group) outcomes. The extracted data were sectionalized by
the between-group change in whole and/or regional brain
volume. Random effects meta-analyses comprising data
on whole brain grey volume and hippocampus—the two
most examined outcomes—were conducted using Meta-
Essentials version 1.5 designed for Excel [30] (Fig. 2a—f).

Intervention effect sizes (ES) (between-group differences)
for whole/regional brain grey matter volumes at post-treat-
ment (mean of right and left regional volumes) were calcu-
lated using Hedges’ g statistic, along with 95% confidence
intervals (CIs) around the estimated effect-size. Of note, two
studies [20, 21] did not provide sufficient information to
establish ES for their respective outcomes. ES were inter-
preted according to Cohen’s proposed guidelines as follows:
small=0.2, medium =0.5, and large=0.8 [23, 31]. Statisti-
cal heterogeneity was quantified using Higgins’ /* statistic,
and was interpreted as follows: heterogeneity: > 50%, no or
limited heterogeneity: < 50% [23]. In addition, ES was calcu-
lated and presented for all whole/regional brain grey matter
outcome measures, not just whole brain grey volume and
hippocampus despite the numerous number of studies exam-
ining these two specific outcomes. These ES were further-
more used to create a ‘brain map’ visualizing brain regions
being examined in the identified exercise studies (Fig. 3).
If > 2 studies were examined for a specific brain region, the
Meta-Essentials version 1.5 designed for Excel were used
to calculate weighted ES (corresponding to random effects
meta-analyses, as performed for whole brain grey volume
and hippocampus). ES are displayed according to color cod-
ing ranging from ES=—-0.4 (red) to ES=0.4 (blue). The
different brain regions were segmented as a 2D atlas using
the statistical software R (package: ggseg) [32], and were
colored according to the ES (see Table 3).

3 Results
3.1 Literature Search

A total of 812 articles were found through searches per-
formed in Embase and Pubmed databases, along with 4 arti-
cles found in references of the identified database articles.
After removal of duplicates, articles were screened by title
and abstract leaving 26 articles where full-texts were closely
read. Of these, 6 articles were excluded leaving 20 articles
(from 19 RCTs) fulfilling the inclusion criteria (Fig. 1).

3.2 Study Characteristics

The extracted data are presented in Table 1, grouped
according to training modality and populations, and sub-
sequently listed in alphabetical order. These 20 articles
evaluating 3—12 months of aerobic training (N = 14 stud-
ies), resistance training (N =4 studies), aerobic training
and resistance training separately (n =1 study), or concur-
rent training (N =1 study), involved a total of 1662 partic-
ipants. Number of study participants ranged from n =24
to n=322. Populations associated with neurodegenera-
tion included healthy older adults (N =10 studies), older



1654

L. G. Hvid et al.

Fig. 1 Study flowchart
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adults with mild cognitive impairment (N = 3 studies),
schizophrenia (N =2 studies), multiple sclerosis (N =3
studies), older adults with Alzheimer’s disease (N=1
studies), and major depression (N =1 studies).

Based on the median TESTEX score =10 (range
5-14) (Table 2), 11 out of 20 studies were categorized
as high-quality studies (i.e., with TESTEX scores being
10 or higher). The TESTEX criteria items with the low-
est scores were Item 2 (“randomization” 9/20 possible
points), Item 7 (“intention-to-treat analyses” 9/20 possi-
ble points), and Item 10 (“activity monitoring in control”
2/20 possible points).

3.3 Effects on Grey Matter Brain Volume
3.3.1 Whole Brain Grey Volume

See Table 3 for an overview of study findings. Aerobic train-
ing was reported to increase whole brain grey matter volume
in older healthy adults (n=59, 3 sessions/week, 24 weeks,
ES not computable [19]), yet not in patients with schizophre-
nia (n=24, 3 sessions/week, 24 weeks, ES=0.27 [33]), mul-
tiple sclerosis (n=42, 3 sessions/week, 12 weeks, ES=0.16
[34]; n=86, 2 sessions/week, 24 weeks, ES=-0.04
[35]), or Alzheimer’s disease (n="76, 3-5 sessions/week,



1655

Exercise and brain grey matter

sndwreooddry
(UOIOTYIAL,) [BNURW :POYIRIN

sndwreooddry
( Jopns
-991,) porewoINe :poyIoA

X9110J 9)e[N3UIO JOLIUY
X110 [ejuoijaid [eIdje[ONUA
X31100 [ejuorjaid [eIgje[osIoq
sndwreooddry

(J9JINs331,) [enuew :pOYIdA

snurerey,

sna[onu drepne))

ssndwesoddiy
(1003

HAIANA,) PIRWOINE :POYRIN
5290] [esodwa) JoLx

-adns 3391 2y Jo 10adse [esioq
HX91100

9re[n3uId JOLIIUE [esIo]
5SnIA3 [ejuoxy

J[pprw ay) Jo 3109dse 101191504
5STUAS [ejuoy JOLIdFuI

Y311 9y} JO UOI3aI [BIAIR[0SIO]

ATTeIaNe[Iq SNIAS [eIU0I) S[PPIA

eaIe 10jow Arejuowe(ddng
SUIeIq S[0YM

(qurod

-Kg-jutod) osrnowoydiow

o}

sak :suoneidepe [eor3o[o1sAyq
pauon
-UQW JOU :9WONO ATewLid

ou :suoneydepe [eo13o[01sAyq
pauon
-UQW JOU :9WO0NO ATew

sak :suoneydepe TeorSoo1sAyg
pauon
-UQW JOU :9WO0NO0 ATew i

sak :suoneydepe Teo13ojo1sAyg
oU :9WooIN0 ATeWLIg

sak :suoneidepe Teor3oo1sAyg
pauon

syiuow ¢ :uoneing
Yoom/sSUOISSas ¢ :Aouanbaig
FNIH %08+ 69 Ansuajug
Urw () :UONBINp UOISSOS
(umouyun
:2d£} uorssas) Junyem v
syjuow 9 :uoneInqg
Yoom
/SUOTSSas ¢ «— 7 :Kouanbor
(ySry v ut syutrds o1q
-o10rUE +) "H %08 ANsuajuy
U ()9 <— (¢ :UONeINp UOISSAS
(dnoi3 :od4£) uorssas) mof
pue Y31y yoq ut Surkd 1y
sypuow 9 :uoneing
Yoom/sSUOISSas ¢ :Aouanbaig
*NIH %08 0 Asuojug
Ur ()9 <— (¢ UONBIND UOISSAS
(umouyun
:2dA) UOISS9S) IOUTRI)-SSOID
3urpoAo ‘Sunrem 1V
sypuow g :uoneing
Yoom/sSUOISSas ¢ :Aouanbaig
RIH %SL 06 :Ansudu|
U () «<— (] :UONeINp UOISSAS
(umouyun
:0dA} uorssas) Funyem IV

syjuow 9 :uoneIng
Yoam/suoIssas ¢ :Aouanbarg
NH %0L 0t :Ansudju]
Urur ()9 :UoneINp UOISSAS
(umounyun :2d£)

Suryolens g
IVl

Ansudur Mo IV °Z
Aysuoyur Y3y 1V 1

3uryojens ‘g
IVl

Suryolens ‘g
LVl

3uryojens ‘g

(LL=09) €7 F+'89 98V
(%SS/SY) Oy =u
I9p[o AyIfesH

L-6%)

7' $¥99 198y
(%T9/8¢) TS=u
19p[o AylfeeH

(8L—19) L'CF L'89 98V
(%9S/vy) 09=u
19p[o AylfesH

9'6F9'99 :98Y
(%L9/€€) 0TI =u
19p[o AylfeeH

(6£-09) T'99 P8V
(%SS/SH) 6§ =u

[6€] ‘Te 10 ssee]y

[0t] 'Te 10 ToAwaary]

[1#] ‘Te 10 uosseuor

[02] 'Te 32 uosyoLy

PISEQ-[OX0A PIJRWOINE :POYIIA -UQW JOU :9WO0INO0 ATew i UoJssas) payroads jou ;v IVl 19p[0 AyfesHq [61] 'Te 19 2quoojo)
(pauonuaur Jou (syjuowr) uopeIn(g
/ouysak) gsuoneidepe [e150[0 ([oam/suotssas) Aouanbary (e8ueI) s1eak ur oy
-1sAyd pajIoI[e UONUAAINUL Kysuoju (9 J/ur) sIoquunN
(uonoeraur own X dnois) (pauonuau Jou/ou (urur) uoreINp UOISSAS uonendod
(8)3wooIN0 SWN[OA IS)eW A31D  /sak) swodno Arewtid TYN Ly 1o Iy Jo odAL, UOTIUSAINUT syuedronreq Apmgs

SUOTJUSAIOIUT ASTOIOXS FUIMO[[O] SOWI0INO YA Sunen[eas sarpnjs jo Arewwng | ajqer



L. G. Hvid et al.

1656

ssndwesoddiy
ureliq ajoym
(.66IAdS, pue
[0°01 9ZA[euy,) [enuew POy

(1¥) sndwreosoddry
(LV) jsndwesoddiy

(.1S¥I1d,) [enuew :poylay

snduwreooddry
( Joyans
-901,) pareWIoINE :POYIdIN

ou :suonejdepe [ed130[01SAYg
ou :2WoNo Arewtid

pauonuour
jou :suoneidepe [eo130[01SAYq
OU :3W0NO0 ATeWLIJ

sak :suoneidepe [es130[01SAYq
ou :2WoNo Arewtid

syiuow ¢ uoneIn(

Yoam/suoIssas ¢ :Aouanbarg

"dH %SL :Ansudjug

uIw ()¢ :UoneINp UOISSAS
(umouyyun

:2dA) uorssas) uroAo i1y

syuow 9 :uoneIN

Yoom/sSUOISsas 7 :Aouanbaig
YL

Je sdax g—9 ‘sjas g :Aisuaiuy

urw ()9 :uoneINp UOISSAS
(sdnoi3

Jrosnw ofeur) ()] :SOSIOIOXH

SIYSTOM-931J ‘SQUIYORW : Y

syIuow 9 :uoneINq

Yoom/sSuoIssas g :Aouanbaig

PIH %08 < 0F :Ksuoruy

uruI ()9 :UOIEINp UOISSIS
(umoujun

:2d A} uorssas) Sunyem v

syjuow 71 :uonein(g

399M/SUOISSAS G—¢ :Aouanborg

YUNH %06 < L Ansuaug

UuIw ()p—Gg UOHRIND UOISSIS
(umouyun

:2d£} uorssas) Junyem 1y

syjuow 7] :uoneing

1189100} 9[qeL, T
LV T

3uruo) pue ooueeq ‘¢
1d4°C
IVl

3uruo) pue 3uryolns ‘g
IVl

7’6 FTGE P8y
(%0/001) yT=u
eruarydoziyog

(08-0L) 98V
(%001/0) 98=u
DN

(08-SS) €9F L'+9 98y
(%19/6€) OL=u
(onsouwe) [DIN

[e¢] T8 30 yuofeq

[ep] 'Te 10 ouLg Uy,

qlpP] T8 10 runIe],

wnpijed YO9M/SUOISSIS ¢ :Aouanbar
uowreng "H punoie
sna[onu jepne)) 12K ‘payroads jou :Arsuajuy
sndwreooddry  sof :suoneidepe [eo1Sojo1sAyq  UTW ()9—G :UOTIRIND UOISSAS [OIIU0D ATIOY ¢ (6/—79) 9°€ ¥6'89 98y
oot pauon (dnois :adKy UONBUIPIOOD) T (%0L/0€) T6=U [8¢]1 ar10T "Te 10 uuewaIN
JzA[euy,) [enuewt :poyIRI -uoW JOU :9W0dIN0 ATewLld uoIssas) Sunjfem JIpIou ;1 AN 19p[0 Ayfesy [2#] ‘Te 1o uuBWOIN
syjuow g :uoneinq
Yoom/suoIssas ¢ :Aouanbaig
wnpiy[ed NH %08 < 0F :Asuanu
uoweind Y3y usureind 3o pauonuaw urw ()9 :UoneINp UOISSAS 8'CF 99 :98y
snaonu ayepne)) jou :suoneidepe [ed130101SAYJ (dno13 Qouereq ‘g (%€°89/L°1€) 101 =u
(. LS¥Id,) parewoine :poylojN ou :9WooINo ATeWLIg :2d£} uorssas) Funyem 1V IV 'l Iop[o AyieoH [6t] ‘Te 10 nsjewe3eN
(pauonuaur jou (syjuowr) uoneInqg
Jouysak) mmmouﬁ%nm eor3or0 ([oam/suotssas) Aouanbary (e8ueI) s1eak ur oy
-1sAyd pajIo1[o uonUAAIU] Kysuayug (9 J/ur) sIoquunN
(uonoerojur owr X dnois) (pauonuau jou/ou (urur) uoreINp UOISSAS uonerndog
(8)3WooIN0 SWN[OA J3)eW A31D  /sak) swodno Arewrid TYIN Ly 1o Iy Jo odAL, UONUAAIIU] syuedronreq Apmgs

(ponunuoo) | sjqey



1657

Exercise and brain grey matter

snduwreooddry
ureiq 9oy
(:x0q[o01 SNFA,
S dVILVIA) [enuett :poyipN

snduwreooddry

(1Y,
. dVTLVIA) [enuet :poyioy
snwerey,
wnpired
uowreing
snaponu ayepne))
sndureooddry
ureiq 9oy

(1001
ATIINA,) ParewoIne ;PO
snwerey[,
wnpred 1Sty umpryred yyory
usweng
sno[onu ayepne))
sndwreooddry
ureiq Aoy

(100
ATIINA,) parewoine :poyIaA

ou :suonejdepe [eo130[01sAyq
oU :9W0INOo ATRWI]

sak :suoneidepe [eo130[01sAyq
ou :2WoNo Arewtid

sak :suoneidepe [eor3oorsAyq
SOA :ow00INO ATewtig

sak :suoneydepe Teor3oo1sAyg
oU :oWooINo ATeWLIg

syjuow 9 uoneIng

oM /sUOISSas G—¢ :Kouanbarg

NH %SL 0t :Ansudjug
(ream/ut 06 T)

UIw G :UOTBINp UOISSOS
(umouryun :2d£)

uorssas) payroads jou 1V

syjuow ¢ uoneinqg

Yoam/suoIssas ¢ :Aouanbarg

“NH %08 Ansuajug

UIr G :UONeINp UOISSIS
(umouyyun

:2d Ay uorssas) JuroAo i1y

syjuow 9 :uoneIng
Yoam/suoIssas g :Aouanbarg
MNH %56 < 69 Ansuajug
U ()9 <— ()¢ UOTJBINP UOISSIS
(Tenprarpur + dnoi3
:2d£} uorssas) Iouren
-SSOI0 ‘FUIMOI ‘JuroAd (v

syjuow ¢ :uoneinqg
Yoom/SuoIssas ¢ :Aouanbai
payroads jou :Ayrsuajuy
UIw ()¢ <— ()9 :UONeINp UOISSAS
(Tenpra
-1pur + dnoi3 :od£} uorssas)
Suruuni«— Junyrem 1V

L'LF6TLP8Y
Suyorens g (%1S/6¥) 9L=u
,H< . ~ OmmUmﬂu m,HUEMO£N~<

[I'CIF¢ 1 98y
Suryorens 'z (%L9/€€) 6L=U
NAAI uorssaidop Iofej

($9-81) +'6F8+¥ 98y

010D ISTHIEA T (%09/0%) 98=u

IVl s1s01970s 9[dnny

$'8F G0 03y

[0NUO0D ISIITeM T (%06/01) Tr=u
IV 1 sisoro[og ofdnniy

[9€] Te 30 SLLION

[S+] Te 10 ySory

[sel

“[® 19 ULSUISLIYD-A0YSASuR]

LP€] T8 30 shod

(uonoeiour awm X dnoid)
$)oUIOD)NO SWN[OA Ia)eUl ASI
I D

(pauonjuaw jou

/ouysak) gsuoneidepe [e9150[0
-1sAyd pajIoI[e UONUAAINU]
(pauonuaui jou/ou

/89K) Pwoomo Arewrid PN

(syjuowr) uoneing
(O[oam/suo1ssas) Aouanbory
Kyisuoju

(urur) uoreInp UoIssAg

I 1o Ly jo odAT,

(e8ueI) s1eak ur oy
(% 3/ar) srqunN
uonendod

UOTJUSAIOIU] syuedronreq

Apmgs

(ponunuoo) | sjqey



L. G. Hvid et al.

1658

,So[Ng Terodws) J0LSFu]
,SDO[NS [eIqI0
5R10d [eroduwag,
SMIAS d)e[n3uId JoLIUY
ureiq oy
(Tooy TN, pue
[0°01 9zA[euy,) [enuew POy

X310 QJe[N3UID JOLIISO]
sndweooddry

(1001
ATIINA,) PIIeWOINE :POYIIA

sndwreooddry
( Jopns
-9314,) parewoIne :poyIA

sndwesoddry
ureiq Aoy
(LSYILA,) parewomne :poyIoN

sok :suoneydepe Ted130101sAYq
ou :2WoNo Arewtid

pauonuaw
jou :suonejdepe Teo130701SAYJ
ou :9WooINo ATeWLIg

sak :suoneidepe Teo13oo1sAyg
ou :oWooIN0 ATeWLIg

sok :suonedepe [eo130[01sAyg
oU :9WoINo ATewIg

syjuow 9 uoneIng
Yoom/suoIssas g :Aouanbai
INIST-9 e

sda1 Z1—9 ‘s108 G—¢ :Aysuaiu]
paygroads jou :uoreIp UOISSIS

(sdnoi3
J[osnuu 1ofewr) 9 :SISIOTAXY
(umouyyun
:2d£} uoISsas) sauryorW : Iy
syjuowr 9 :uoneIn(
oam/suoIssas ¢ :Aouanbarg
sdar g “s3as ¢ :Kysuaiuy

payroads jou :uoneInp uoIssas

(sdnoi3

Jrosnu Jofewr) 9—¢ :SISTOIOXY

(umouyyun
:2d£} uoISsas) sauryorW ]y
syuow g :uoneinqg
Yoom/sSUOISSas ¢ :Aouanbaig
INYCI-L

je sdax g1—9 ‘s1es ¢ :Aysuaiuy
payroads jou :uoneINp UOISSIS

(sdnoi3
Qrosnuwi Jofewr) ¢ :SISIOIAXY
(dnoi3 :ad4) uorssas)
SIYITOM-91J ‘SQUIYORU ]
sypuow 7] :uoneing
Yoom
/SuOISsas 7 10 | :Aouanbaig
NIL
e sdax g—9 ‘sjas 7 :Aisuaiu]
Urw ()9 :UOTEINp UOISSOS
(sdnoi3

grosnur Jofewr) (payroadsun)

QIOW PUE ¢ :SOSIOIOXH
(umoujun
:2d£} uorssas) Apoq-oroym
‘S)YIToM-091] ‘SouIyoRW : ]y

[OIU0D ISIPIBM T
Id°T

IOD INVHS +1d IWVHS '+
LI INVHS+1DD ¢

LILD IWVHS+.1d T

IOD+ 1Yl

Kyanoe TeorsAyd enjiqey ‘g
Kysuoyur ysry 13y 1

doueeyq ‘¢
Apeem X7 1M T
Apeam X T 1Y 1

'8 F ¢ P8V
(%ET/LL) SE=u
S1S0I9[0S J[dnmn

(L8-SS) L'9FT'0L 93V
(%8972€) 001 =u
DN

$'TF0'99 98y
(%19/6€) TLE=u
IopJo
PaseasIp A[[estuolyo/Ayifeoyq

6'€F9'69 P8V
(%001/0) SST=u
Iop[o AyieoH

pl12] "Te 32 apayjofy

[Ly] Te 19 ong

[9%] "Te 30 Sur[in

[L€] Te 101899

(uonoeiour awm X dnoid)
$)oUIOD)NO SWN[OA Ia)ell ASI
I D

(pauonjusw jou

/ouysak) gsuoneidepe [e9150[0
-1sAyd payIoI[e UONUAAINU]L
(pauonuaui jou/ou

/89K) Pwoomo Arewrid YN

(syyuowr) uoneinqg
(O[oam/suorssas) Aouanbory
Kyisuoju

(urur) uoreInp UoIssAg

I 1o LV jo odAT,

UOTIUSAINUT

(e8ueI) s1eak ur oy
(% 3/ srqunN
uonendod
syuedronreq

Apmgs

(ponunuoo) | sjqey



1659

Exercise and brain grey matter

(suor3ar ) A[uo

s3urpuy aanisod Sunuasaid 104 ‘suoI3al urelq 4/, PoUTWEX? P “SIOIAXA YIIM sa3ueyd ou Sunuasard suoqunode pue efep3Awe paurwex? osfe :0 ‘syuedionied (DA 2anisod-projAwe ur sndwresod
-dry ur saSueyd dnoig-usamieq Juedyrudis Sunuasard :q Ajuo s3urpuy aanisod Sunuosaid jof ‘suorSar urelq [[e paurtuexs v ‘(uonoerul swn X dnoig <o) a3ueyd dnois-usomioq JUBIYIUTIS

(LV wim) Kroeded orqorse Jo (LY Yyiam) yisuans dposnw ut o1 ‘suoneldepe [eardoorsfyd ssudwo)

(uonenores semod Jo asn £q “3'T) SwoNNo Arewtid se PYIN SUIWEXS 0} PAUSISIP ApmS,,

Sururen aanmusoo pazuendwods 7)) ‘Sururen JULIINOUOD 7)) ‘Furures) OURISISAI [y ‘Sulurer) JIqoIde [y

sndwresoddry
ureiq a[oy M
(1003
ATIINA,) parewoine :poyIaA

syuow 9 :uoneIN

Yoom/sSUOISSas 7 :Aouanbaig
INIST-01

e sdax G1—QT ‘s10s ¢ :ANsuaup

UruI (yg UOIeINp UoISSaS
(sdnoi3

qrosnw Jofeur) 9 :SOSIOIOXH

souIyoRwW ;Y

syIuow 9 :uoneIN

Yoom/suoIssas 7 :Aouanbaig

RH %SL+— St Ausuou]

U ()f :UOBIND UOISSAS
(umouun :2d£} uoISSIS)
Suruuny/Sunyem ‘ouren

-$S0I0 ‘FUIMOI ‘JuI[oAd ;1Y

sak :suoneydepe Teor3oo1sAyg
ou :oWooINo ATewLig

9'LF 96T 98V
Kderor TeuonednooQ g (%61/18) €9=u
101 eruarydoziyog

[8€] "[e 10 9maaYog

(uonoeiour awm X dnoid)
$)oUIOD)NO SWN[OA Ia)eUl ASI
I D

(pauonjuaw jou
/ouysak) gsuoneidepe [E9150[0

(syjuowr) uoneing
(O[oam/suo1ssas) Aouanbory

-1sAyd pajIoI[e UONUAAINU] Kyisuoju
(pauonuaui jou/ou (urur) uorjeINp UOISSIS
/89K) Pwoomo Arewrid PN 1¥ 10 Ly Jo odA,

(e8ueI) s1eak ur oy
(% 3/ar) srqunN
uonendod

UOTJUSAIOIU] syuedronreq

Apmgs

(ponunuoo) | sjqey



1660

L. G. Hvid et al.

Table 2 TESTEX study quality assessment

Study Study quality Study reporting Total
1 2 3 4 5 Subtotal 6 7 8 9 10 11 12 Sub-total
Aerobic training
Colcombe et al. [19] ) 1 00 O 1 2 2 01 0 0 1 1 5
Erickson et al. [20] ((®)) 1 0 1 1 0 3 1 0 1 1 0 1 1 5
Jonasson et al. [41] ©O) 1 0 1 1 0 3 30 1 1 0 1 1 7 10
Kleemeyer et al. [40] ((®)) 1 00 1 0 2 30 1 1 0 1 1 7 9
Maass et al. [39] 0) 1 01 0 0 2 2 1 1 1 1 1 1 8 10
Nagamatsu et al. [49] (®)) 1 00 0 1 2 o o0 2 1 0 1 1 5
Niemann et al. [42] ©O) 1 00 0 1 2 0 0 1 1 0 1 1 4
Niemann et al. [48] ©O) 1 00 0 0 1 0 0 1 1 0 1 1 4 5
Tamuri et al. [44] ™Mch 1 1 1 1 1 5 1 1 2 1 0 1 1 7 12
Ten Brinke et al. [43] ™mch 1 1 1 1 1 5 2 1 2 1 0 1 1 8 13
Pajonk et al. [33] (Sch)y 1 0 1 1 1 4 2 0 1 1 0 0 1 5 9
Feys et al. [34] ™MSs) 101 0 0 2 2 1.2 1 O 1 O 7 9
Langeskov-Christensen et al. [35] (MS) 1 1 1 1 1 5 2 1 2 1 0 1 1 8 13
Krogh et al. [45] D) 1 1 1 1 1 5 1 1 1 1 0 1 1 6 11
Morris et al. [36] (Alz) 1 1 1 1 1 5 30 2 1 0 1 1 8 13
Resistance training
Best et al. [37] ) 1 1 1 1 1 5 31 2 1 0 1 1 9 14
Gylling et al. [46] (@) 1 1 1 1 1 5 2 1 2 1 1 1 1 9 14
Suo et al. [47] MCh 1 11 0 1 4 2 12 1 0O O 1 7 11
Ten Brinke et al. [43]* MCI) 1 1 1 1 1 5 2 1.2 1 0 1 1 8 13
Kjolhede et al. [21] (MS) 1 0 1 1 1 4 1 0 1 1 0 1 1 5 9
Concurrent training
Scheewe et al. [38] (Sch) 1 1 1 1 1 5 2 0 1 1 0 1 1 6 11
Total (across sub-scores) 20 9 15 13 14 34 9 29 19 2 18 19 Median=10

Study quality: 1, eligibility criteria specified; 2, randomization specified; 3, allocation concealment; 4, groups similar at baseline; 5, blinding
of assessors. Study reporting: 6, outcome measures assessed in 85% of patients; 7, intention-to-treat analysis; 8, between-group statistical com-
parisons reported; 9, point measures and measures of variability for all reported outcome measures; 10, activity monitoring in control group;
11, relative exercise intensity remained constant; 12, exercise volume and energy expenditure. The abbreviations shown in brackets denote the
specific populations at risk of neurodegeneration (O: older healthy adults, MCI: older adults with mild cognitive impairment, Sch: adults with
schizophrenia, MS: adults with multiple sclerosis, D: adults with depression, Alz: older adults with Alzheimer’s disease).

#Same study as evaluated under aerobic training, yet here with resistance training as the exercise modality (the scoring under resistance training

are not included in the total score)

26 weeks, ES=—0.36 [36]). For resistance training, whole
brain grey matter remained unaffected in older healthy adults
(n=155, 1-2 sessions/week, 52 weeks, ES=—-0.50 [37])
and in patients with multiple sclerosis (although a trend
towards a preservative effect was reported) (n =35, 2 ses-
sions/week, 24 weeks, ES=0.71 [21]). For concurrent train-
ing, whole brain grey matter remained unaffected in patients
with Schizophrenia (n=63, 2 sessions/week, 24 weeks,
ES=-0.13 [38]).

The meta-analyses showed no effects on whole brain
grey volume following all exercise modalities (N =7 stud-
ies, ES=—0.07 [- 0.42:0.28], I’= 39%), aerobic train-
ing separately (N=4 studies, ES=—-0.08 [-0.43:0.27],
I?=0%) as well as resistance training separately (N =2

studies, ES=0.07 [—7.58:7.71], I’=87%) (Fig. 2a—c).
Across all exercise modalities, low-to-moderate quality
studies were in favor of exercise (V=3 studies, ES =0.39
[-0.37:1.15], I>=0%; ES not including Colcombe et al.
2006 that were also in favor of exercise), whereas high-
quality studies were not (N=4 studies, ES=-0.26
[—0.60:0.08], 12=0%). Following all exercise modali-
ties within the separate study populations, no effects on
whole brain grey volume were observed in older healthy
adults (N =1 study, ES = - 0.50, mentioned above) or
in patients with schizophrenia (N =2 studies, ES=0.01
[-2.40:2.41], P= 0%), multiple sclerosis (N =3 studies,
ES=0.19 [-0.73:1.12], ’=33%), or Alzheimer’s disease
(N=1 study, ES =—-0.36, mentioned above).
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3.3.2 Deep Grey Structures—Hippocampus

Aerobic training was reported to increase the hippocam-
pus in one study involving older healthy adults (n =120,
3 sessions/week, 52 weeks, ES=0.26 [20]), while it
remained unaffected in four other studies (n =40, 3 ses-
sions/week, 12 weeks, ES=—0.03 [39]; n=152, 2 sessions/
week, 26 weeks, ES=—-0.32 [40]; n=60, 3 sessions/
week, 26 weeks, ES=—-0.31 [41]; n=92, 3 sessions/
week, 52 week, ES=0.26 [42]). In older adults with
mild cognitive impairment, one study reported aerobic
training to have a preservative effect on the hippocam-
pus (n =386, 2 sessions/week, 26 weeks, ES =0.74 [43])
while it had no effect in another study (n =70, 3-5 ses-
sions/week, 52 weeks, ES =0.35 [44]). Aerobic training
was reported to increase the hippocampus in one study
involving patients with schizophrenia (n =24, 3 sessions/
week, 12 weeks, ES =0.24 [33]), while it remained unaf-
fected in patients with multiple sclerosis (n =42, 3 ses-
sions/week, 12 weeks, ES=—0.36 [34]; n=286, 2 sessions/
week, 24 weeks, ES =0.00 [35]), major depression (n="79,
3 sessions/week, 12 weeks, ES =—0.08 [45]), and Alzhei-
mer’s disease (n=76, 150 min/week, 26 weeks, ES =0.25
[36]). For resistance training, the hippocampus remained
unaffected in older healthy adults (n =155, 1-2 sessions/
week, 52 weeks, ES=0.57 [37]; n=332, 3 sessions/week,
52 weeks, ES =—0.20 [46]) and in older adults with mild
cognitive impairment (n = 100, 3 sessions/week, 26 weeks,
ES=-0.31 [47], n=286, 2 sessions/week, 26 weeks,
ES =-0.32 [43]). For concurrent training, the hippocam-
pus also remained unaffected in patients with schizophre-
nia (n= 63, 2 sessions/week, 26 weeks, ES=—0.09 [38]).

The meta-analyses showed no effects on hippocampus
volume following all exercise modalities (N=17 stud-
ies, ES=0.10 [-0.16:0.36], 12:61%) and aerobic train-
ing separately (N =12 studies, ES=0.06 [-0.12:0.23],
I’=2%), yet a small non-significant effect following
resistance training (N =4 studies, ES=0.39 [—- 1.27:2.05],
P=90%) (Fig. 2d—f). Across all exercise modalities, nei-
ther low-to-moderate quality studies (N=5, ES=0.04
[—0.35:0.43, I’ =70%] nor high-quality studies appeared
to be in favor of exercise (N=12, ES=0.14 [—-0.22:0.51],
I*=0%). Following all exercise modalities within the sepa-
rate study populations, no effects on hippocampus were
observed in older healthy adults (N=9 studies, ES=—-0.09
[—0.30:0.12], P= 13%), in older adults with mild cogni-
tive impairment (N =4 studies, ES=0.81 [-0.56:2.19],
= 79%), or in patients with schizophrenia (N =2 studies,
ES=0.02 [-1.97:2.02], P= 0%), multiple sclerosis (N=2
studies, ES=-0.09 [-2.10:1.92], = 0%), or Alzhei-
mer’s disease (N=1 study, ES=0.25, mentioned above).

3.3.3 Deep Grey Structures—Other Regions

In older adults, three studies reported aerobic training to
have no effect on the caudate nucleus (n=92, 3 sessions/
week, 52 weeks, ES=—-0.70 [48]; n=120, 3 sessions/
week, 52 weeks, ES=0.06 [20]; n=101, 3 sessions/week,
52 weeks, ES =0.16 [49], one study reported aerobic train-
ing to superiorly preserve the left putamen (n =101, 3 ses-
sions/week, 52 weeks, ES =0.49) [49] while another did
not (n=92, 3 sessions/week, 52 weeks, ES =—0.32) [48],
two studies found no effect on the pallidum (n =101, 3
sessions/week, 52 weeks, ES=0.07 [49]; n=92, 3 ses-
sions/week, 52 weeks, ES =—0.34 [48]), and one study
found no effect on the thalamus (n =120, 3 sessions/week,
52 weeks, ES=-0.07) [20]. In persons with multiple scle-
rosis, one study reported aerobic training to increase the
left pallidum volume yet without effect on the right pal-
lidum, caudate nucleus, putamen, or thalamus (n =42, 3
sessions/week, 12 weeks, overall ES ~ —0.20) [34], and
another found no effect on the caudate nucleus, putamen,
pallidum, or thalamus n =86, 2 sessions/week, 24 weeks,
ES =0.00 [35]).

3.3.4 Frontal Lobe

In older adults, one study reported aerobic training to
increase the supplementary motor area, middle frontal
gyrus bilaterally, dorsolateral region of the right infe-
rior frontal gyrus, and the posterior aspect of the mid-
dle frontal gyrus (n =59, 3 sessions/week, 26 weeks, ES
not computable) [19], while another study found no effect
on the dorso- and ventrolateral prefrontal cortex (n =60,
3 sessions/week, 26 weeks, overall ES ~ —0.25) [41]. In
persons with multiple sclerosis, resistance training was
reported to preserve the orbital sulcus (n =35, 2 sessions/
week, 26 weeks, ES not computable) [21].

3.3.5 Cingulate Cortex

In older adults, one study reported aerobic training to
increase the posterior cingulate (n =59, 3 sessions/week,
26 weeks, ES not computable) [19] and one study showed
no effect on the anterior cingulate (n=60, 3 sessions/
week, 26 weeks, ES=0.00) [41]. In persons with mul-
tiple sclerosis, one study reported resistance training to
preserve the anterior cingulate gyrus (n =35, 2 sessions/
week, 26 weeks, ES not computable) [21]. In older adults
with mild cognitive impairment, one study reported resist-
ance training to preserve the posterior cingulate (n =100,
3 sessions/week, 26 weeks, ES =0.40) [47].
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a Aerobic + Resistance + Concurrent training Whole brain greay matter

Pajonk et al. 2010 (Sch) [33]
Feys etal. 2017 (MS) [34]
Langeskov-Christensen et al. 2020 (MS) [35]  -0.04 -0.47 038 20.4%
Morris et al. 2017 (Alz) [36] -0.30 -0.76 0.15 19.2%
Best etal. 2015 (0) [37] -0.50 -0.93 -0.07 203%
Kjolhede et al. 2018 (MS) [21] 071 -0.04 1.51 10.3%
Scheewe etal. 2013 (Sch) [38] 013 -0.84 0.58 11.6%
All -0.07 0.42 0.28

b Aerobic training ‘Whole brain grey matter

Pajonk et al. 2010 (Sch) [33]
Feys etal. 2017 (MS) [34]
Langeskov-Christensen et al. 2020 (MS) [35]  -0.04 -0.47 038 41.2%
Morris et al. 2017 (Alz) [36] -0.30 -0.76 0.15 36.1%
Al -0.08 -0.43 0.27

(o] Resistance training ‘Whole brain grey matter

Favors control ~ Hedges' g + 95% CI Favors exercise

-1.50  -1.00  -0.50 0.00 0.50 1.00 1.50 2.00

Favors control ~ Hedges' g + 95% CI Favors exercise

-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00

Favors control ~ Hedges' g 95% CI Favors exercise

-8.00 -6.00 -400 -2.00 0.00 200 400 6.00 8.00

" n L

Best et al. 2015 (0) [37) -0.50 -0.07
Kjolhede et al. 2018 (MS) [21]  0.71 -0.04 1.51 46.7%
All 0.07 -7.58 771

Aerobic + Resistance + Concurrent training Hippocampus

01—0«
o

Favors control ~ Hedges' g+ 95% CI  Favors exercise

4150 <100 -0.50 000 050 100 150 200 250 3.00  3.50
Erickson et al. 2011 (0) [20] —(O—

Jonasson etal. 2017 (O) [41] — O

Kleemeyer et al. 2016 (0) [40] —O—

Maass et al. 2015 (0) [39] —O—

Niemann et al. 2014a (0) [42] —T0O0—
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«Fig. 2 Effects of effects of exercise on whole and regional brain grey
matter, displayed as forest plots. a Effects of aerobic, resistance, and
concurrent training on whole brain grey matter; I>=39%. b Effects
of aerobic training on whole brain grey matter; I>=0%. ¢ Effects of
resistance training on whole brain grey matter; =87%. d Effects
of aerobic, resistance, and concurrent training on hippocampus;
PP=61%. e Effects of aerobic training on hippocampus; I*=2%. f
Effects of resistance training on hippocampus; I*=90%. The abbre-
viations shown in brackets denote the specific populations at risk of
neurodegeneration (O older healthy adults, MCI: older adults with
mild cognitive impairment, Sch adults with schizophrenia, MS: adults
with multiple sclerosis, D adults with depression, Alz older adults
with Alzheimer’s disease)

3.3.6 Temporal Lobe

In older adults, one study reported aerobic training to
increase the volume of the dorsal aspect of the left supe-
rior temporal lobe (n =59, 3 sessions/week, 26 weeks, ES
not computable) [19]. In patients with multiple sclerosis,
resistance training was found to preserve the temporal pole
and the inferior temporal sulcus (n =35, 2 sessions/week,
26 weeks, ES not computable) [21].

4 Discussion

The present study quantitatively summarizes and critically
reviews the effects of structured physical activity (i.e., pro-
gressive moderate-to-high intensity aerobic, resistance, or
concurrent training) on brain grey matter volume in indi-
viduals at risk of neurodegeneration, based solely on data
from randomized controlled trials. The identified studies
(19 RCTs, 20 articles, n= 1662 participants) were generally
heterogeneous, particularly in relation to the six different
populations and to the diverging exercise programs. Only
few of these studies report findings supporting that exercise
has the potential to preserve and/or expand brain volumes,
and markedly less pronounced than what was concluded in
a previous review enrolling both interventional and cross-
sectional data [22]. Specifically, only 1 of 8 studies (approxi-
mately 13%) elicited positive effects on whole brain grey
matter volume and only 3 of 14 studies (approximately 18%)
found effects on hippocampus. Moreover, our random effects
meta-analyses showed that the different exercise modalities
(combined or separately) failed to elicit any substantial
effects on the two most commonly assessed outcomes: whole
brain grey volume and hippocampus volume (Fig. 2a—f).
In addition, the effect sizes do not support any substantial
effects in any of the remaining regions (Table 3). In our
‘brain maps’ (Fig. 3), we have attempted to summarize/visu-
alize the different aspects outlined above. Such information
could be useful for the design of future studies.

While the initial interpretation of our study findings do
not support that physical exercise elicit adaptations in whole/

regional grey matter brain volume, this conclusion is tem-
pered by three aspects. First, when considering the aim of
the identified studies (i.e., to preserve or restore brain vol-
ume), the 3—12-month duration of the exercise interventions
(4 studies lasted 12 months, 8 studies lasted 6 months, 4
studies lasted 3 months) appear insufficient for a general
neuroprotective effect to occur across the grey matter (see
“Limitations” for further information). In fact, we should
perhaps have expected that short lasting physical exercise
(3-12 months) would not elicit substantial effects on grey
matter whole/regional brain volume. Second, the majority
of the identified studies were likely underpowered (i.e., hav-
ing too few study participants) (see “Limitations” for fur-
ther information). Three, only whole brain grey matter and
hippocampus volumes were consistently examined across
all study populations and exercise modalities, whereas evi-
dence appeared to be lacking for other regions of brain grey
matter. In addition, when the identified study findings were
not pooled across the populations at risk of neurodegen-
eration and across the different exercise modalities, evi-
dence appeared to be lacking (except perhaps for healthy
older adults and aerobic exercise, respectively). Altogether,
it seems prudent to conclude that the summarized current
evidence on the effects of physical exercise on grey matter
brain volume are sparse and inconclusive, and should be
interpreted with caution.

Whole brain grey matter volume is well known to be
associated with cognitive and physical function [5, 6, 8—11]
and in certain clinical populations also with disease progres-
sion [2, 3, 8, 12]. Preservation/restoration of whole/regional
brain grey matter volume thus seems as an important target
of medical treatment and (if proven efficient) physical reha-
bilitation. However, the present data do not strongly sup-
port that aerobic, resistance, or concurrent exercise can elicit
positive adaptations in whole brain grey matter, as only one
study found a positive effect (Table 2). This was verified
by performing quantitative analyses, i.e., showing that nei-
ther all exercise modalities combined (meta-analysis: N=7
studies, ES =—0.07), aerobic training (meta-analysis: N=4
studies, ES =—0.08), resistance training (meta-analysis:
N=2 studies, ES=0.07, heterogeneity between studies),
nor concurrent training (N=1 study, ES =—0.13) elicited
positive adaptations in whole brain grey matter. In addition,
neither all exercise modalities combined (meta-analysis:
N=17 studies, ES =0.10, heterogeneity between studies),
aerobic training (meta-analysis: N=12 studies, ES =0.06),
resistance training (N=4 studies, ES =0.39, heterogene-
ity between studies), nor concurrent training (N=1 study,
ES =-0.09) elicited positive adaptations in hippocampus
volume. Whether studies were categorized as low-to-mod-
erate or high quality (according to the TESTEX score) did
not appear to affect the present whole/regional brain grey
matter outcomes. The present findings are thus in overall
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Fig.3 ‘Brain maps’ visualizing current evidence on the effects of
physical exercise on whole/regional grey matter brain across popu-
lations at risk of neurodegeneration (i.e., healthy older adults, older
adults with mild cognitive impairment or Alzheimer’s disease,
adults with schizophrenia or multiple sclerosis or major depres-
sion). Between-group changes induced by aerobic training (a corti-
cal regions, while findings are based on left and right side combined,
both sides are displayed; b substructures, while findings are based on
left and right side combined, both sides are displayed; ¢ whole brain)

agreement with previous systematic reviews [23, 25], but
must be interpreted in light of the small number of resistance
and concurrent training studies, the heterogeneity between
resistance training studies, and the obvious difficulties in
comparing the effects of exercise across different popula-
tions. To exemplify, Colcombe and colleagues reported
positive effects on whole brain grey volume in healthy older
individuals (age = 66 years, aerobic fitness = 23 ml O,/
kg/min, cognitive status (Mini-Mental State Examination,
MMSE) score = 29) undergoing 6 months of aerobic train-
ing [19]. In contrast, Morris and colleagues carried out a
comparable aerobic training program yet in older Alzhei-
mer’s disease patients (age ~ 72 years, aerobic fitness ~
34 ml O,/kg/min, cognitive status (MMSE) score ~ 25),
and did not observe any positive effects [36]. Could it be
that Alzheimer’s disease—along with other neurological
and psychiatric disorders—comprise features that blunt

and resistance training (d cortical regions, no study findings identi-
fied; e substructures, while findings are based on left and right side
combined, both sides are displayed; f whole brain) are shown as
effect sizes. Dark grey denote regions that have not been examined
or where data have not been reported. See Tables 1 and 2 for spe-
cific study details (e.g., study population), significant/non-significant
findings, and effect sizes. dIPFC dorsolateral prefrontal cortex, vIPFC
ventrolateral prefrontal cortex, ACC anterior cingulate cortex, PCC
posterior cingulate cortex

exercise-induced brain volume adaptations? At present,
it is unclear if findings from healthy (aging) populations
can be transferred to clinical populations and vice versa.
Importantly, we also acknowledge the advantage of com-
paring the effects of exercise across similar populations,
particularly when number of participants, exercise modal-
ity, duration, etc. are quite comparable. Although few of
the identified studies allow this comparison, both Colcombe
and colleagues [19] and Jonasson and colleagues [41] inves-
tigated the effects of 6-month aerobic training (3 sessions
per week, 30-60 min sessions, 40-80% HRmax) in healthy
older adults (66—68 years old, aerobic fitness 20-23 ml O,/
kg/min, MMSE score >29). While both studies observed
comparable significant increases in VO,-max (correspond-
ing to intervention-versus-control effects of + 11 and + 9%,
respectively, i.e., the physiological ‘active ingredient’ argued
to be mediating the neuroprotective effects), Colcombe and
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colleagues found aerobic training to significantly increase
the volume of multiple brain regions, whereas Jonasson and
colleagues found no effects. At present, we do not have an
answer to help explain these contrasting findings.

While the link between exercise-induced improvements
in brain grey matter volume and cognitive or physical func-
tion is highly complex, improvements in cognitive and/or
physical function constitutes main outcomes. Some of the
included studies did address this for cognitive function,
although revealing some unexpected observations. The
study by Erickson and colleagues which is one of the larg-
est studies in the field (older individuals, » =120, 12 months
of aerobic training, 3 sessions per week) [20], has often been
cited for reporting an association between increases in hip-
pocampus volume and improvement in cognitive function
(spatial memory test) in the aerobic exercise group. While
we do not dispute this observation, it may not entirely be
caused by the intervention per se, as the active control group
(=stretching) experienced decreases in hippocampus vol-
ume (significantly different from the aerobic exercise group)
while at the same time having an improvement in cognitive
function (spatial memory test, comparable to the aerobic
exercise group). As another example, Ten Brinke et al. [43]
found that increases in hippocampus volume was associ-
ated with a reduction in cognitive function (sub-elements
of verbal memory and learning) following aerobic training.
Altogether, it is noteworthy that increasing brain volume
does not always lead to concomitant increases in cognitive
outcomes as mentioned above.

The physiological mechanisms explaining how aerobic
and resistance (and concurrent) training affect the brain
are still not fully understood, although a number of mecha-
nisms are consistently being put forward. First, both aero-
bic and resistance training have been argued to increase the
levels of brain-derived neurotrophic factors (BDNF) and
other neurotrophic factors (e.g., insulin like growth factor
1, nerve growth factor, neurotrophin-3 and -4/5 [50, 51])
within the central nervous system. This is believed to occur
either directly due to neuronal activity [52] or indirectly
through elevated myokines (e.g., cathepsin B, PGC1-alpha,
irisin) within the skeletal muscles, which subsequently via
the blood is transported to the cerebrospinal fluid and the
brain, where it increases the BDNF levels) [53]. BDNF
have been shown to impose a quite marked stimuli on the
central nervous system, i.e., by facilitating gliogenesis [54],
neurogenesis [55], synaptogenesis [56], and angiogenesis
[57]. However, existing evidence (systematic reviews, meta-
analyses) from human studies comprising different popu-
lations are rather weak and equivocal, with some stating
that aerobic training but not resistance training can improve
chronic circulating BDNF levels [58, 59] and others vice
versa [60]. Moreover, most of these BDNF studies miss to
report whether any neuroprotective effects had taken place,

alongside changes in BDNF. An exception is the study by
Erickson and colleagues, reporting a weak yet significant
association between changes in chronic BDNF levels and
hippocampus volume following 12 months of aerobic train-
ing in older individuals [20]. Another exception is produced
by our group, as we failed to observe an association between
changes in acute or chronic BDNF levels and whole brain
grey volume (trend) or cortical thickness in multiple sclero-
sis patients [21, 61]. The highly divergent data on circulating
BDNF levels may partly stem from methodological issues,
which are seldom similar across studies. Indeed, recent stud-
ies have reported handling of blood samples (clotting time
and centrifugation strategy) [62] and available blood sample
kits that vary in precision, sensitivity, and detection range
[63], markedly influences the magnitude and direction of
changes of circulating BDNF levels. Second, exercise has
long been argued to elicit positive effects on cytokines (anti-
inflammatory and pro-inflammatory markers). Intriguingly,
this should attenuate neuroinflammation which is a central
feature of neurodegeneration in all the identified populations
[64-66]. However, as with BDNF, the existing evidence
(systematic reviews, meta-analyses) from human studies
across different populations are quite weak and equivocal
[67-70], with interleukin-6 being the most robust candidate
[67, 69]. In MS, attenuation of neuroinflammation are spe-
cifically targeted and achieved by disease-modifying drugs
[4]. An interesting consequence of such treatment is the
occurrence of ‘pseudoatrophy’ (albeit preferentially of white
brain matter), argued to reflect an accelerated brain atro-
phy due to the resolution of inflammation and edema inde-
pendent of any changes in brain tissue structures [71, 72].
If physical exercise do in fact attenuate neuroinflammation
as proposed, and not just in MS but generally [64-66], the
occurrence of ‘pseudoatrophy’ could thus mask any positive
effects on regional/whole brain volume. While we can only
speculate whether this occurred or not, future studies should
address this conundrum. Third, exercise—aerobic training in
particular—has been shown to increase cerebral blood flow
along with mitochondrial biogenesis. This optimizes energy
metabolism, delivery of circulating signaling factors such as
BDNF, and removal of metabolic waste products. Exercise
can thus counteract hypometabolism which is believed to
precede cognitive impairment [73] and plausible also brain
atrophy.

4.1 Limitations

The evidence based on the identified studies of the present
review has a number of limitations that should be kept in
mind when interpreting the results, and that should be taken
into account when designing future studies. First, existing
RCTs are few and heterogeneous making direct compari-
sons across studies/study populations difficult, which is also
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why the meta-analyses outputs of the present study should be
interpreted with caution. However, whole/regional grey mat-
ter brain volume did not appear to adapt differently in any
of the separate study populations following physical exercise.
Second, when considering the aim of the studies (to preserve
or restore brain volume) the durations of the studies were
generally short (4 studies lasted 12 months, 8 studies lasted
6 months, 4 studies lasted 3 months). Along with others [41],
we would argue that such durations of exercise interventions
are less likely to provide sufficient time for a general neuro-
protective effect to occur across the grey matter. In support of
this notion, when patients with relapsing—remitting multiple
sclerosis receive disease-modifying treatment, marked neu-
roprotective effects on (grey matter) brain volume appear to
require a treatment period of 24 months or more [4, 74, 75].
This emphasizes that changes in brain (grey matter) volume is
a slowly occurring process. In correspondence, recent meta-
analyses of RCTs investigating exercise and cognition argue
that the duration of such interventions should last longer than
6—12 months [76-78]. Third, the identified studies build their
study rationales on the expectation that aerobic, resistance, or
concurrent training will elicit physiological adaptations, which
will subsequently mediate the neuroprotective effects (i.e.,
preserve or restore grey matter brain volume). Surprisingly, 3
studies did not observe significant improvements in aerobic fit-
ness following aerobic training [33, 36, 40] and 3 other studies
did not report physiological adaptations in the main targeted
systems [43, 47, 49], suggesting somewhat failed or ineffi-
cient exercise interventions (Table 1). This clearly weakens
the evidence that links exercise-induced physiological adapta-
tions to changes in grey matter brain volume (and further on to
changes in cognitive/physical function). Fourth, and perhaps
the most critical, the majority of studies appeared underpow-
ered and only one of the included studies investigated whole/
regional brain grey matter volume as their primary outcome
[35] (Table 1). Of the remaining seven studies investigat-
ing whole brain volume following exercise, six [21, 33, 34,
36-38] included the change in whole brain grey matter as a
secondary outcome, while one [19] did not specify whether it
was a primary or secondary outcome. By assuming that any
expectations of observing positive findings in the identified
3-12 month exercise studies would elicit small effect sizes
(i-e., recollecting that brain (grey matter) is a slowly adapting
tissue), a much larger number of study participants should have
been included [31] compared to what was actually included.
A closer examination of the presented meta-analyses (e.g.,
the width of the confidence intervals), furthermore reveal that
some of the exercise-induced effects were measured rather
imprecisely for the result to be interpreted with confidence
(except perhaps for whole brain grey matter and hippocampus
across all populations and exercise modalities). Fifth, some
studies were selective when reporting their findings, i.e., by
mentioning that numerous outcomes had been examined yet

only reporting those that turned out to be positive [19, 21].
While there may be pragmatic reasons for this, it is an obvious
problem if only the positive outcomes are reported. Hence,
the dark grey regions illustrated in Fig. 3 does not necessarily
represent brain regions that have not previously been exam-
ined. Finally, the present review itself was limited by the fact
that we only examined grey matter brain volume. Within the
last decade, more emphasis has been put on exercise-induced
effects on white matter brain volume (which together with
grey matter brain volume makes up brain morphology), and
importantly also on brain function through methods such as
functional MRI, EEG, and TMS [26, 79].

4.2 Clinical Implications

As emphasized in the sections above, the clinical implica-
tions for the effects of exercise on grey matter brain vol-
ume in populations known to undergo neurodegeneration
are debatable. The evidence generated from the present
systematic review appear sparse and inconclusive, and
does not unequivocally support that physical exercise is as
potent as previously proposed, when it comes to eliciting
positive changes in brain grey matter volume. The latter is
likely due to the absence of large, long-term (exercise dura-
tions > 1 year), high-quality studies designed specifically to
examine the effects of physical exercise on whole/regional
grey matter brain volume. Moreover, future studies examin-
ing exercise-induced effects on brain volume should perform
parallel assessments of cognitive and physical function, as
well as quality of life, to further our general understand-
ing of the link between adaptations in brain volume and
these important clinical outcomes. Despite the sparse and
inconclusive evidence provided in the present review—that
may even moderate recent guidelines for physical activ-
ity proposing that brain atrophy can be reduced [18]—it
still seems reasonable to recommend exercise as a poten-
tial means for brain (functional) preservation in populations
known to undergo neurodegeneration. Indeed, physical exer-
cise appear to be a safe, low-cost, multi-beneficial, almost
entirely absent of side effects, and easily accessible interven-
tion, which includes numerous other health benefits (e.g., on
physical function, cardiorespiratory function, neuromuscu-
lar function). This justify our continuous strong support of
physical exercise as an integral part of counteracting aging
along with several neurological and psychiatric disorders.

5 Conclusion

Across heterogeneous neurodegenerative populations, few
studies report findings that support a preservative or even
restoring effect of 3—12-month physical exercise on certain
regions of brain grey matter, with changes overall being



Exercise and brain grey matter

1669

modest and inconsistent. Moreover, meta-analyses showed
that different exercise modalities failed to elicit any substan-
tial effects on whole brain grey volume and hippocampus
volume, with rather large confidence interval width (i.e.,
variability). Altogether, the current evidence on the effects
of physical exercise on whole/regional grey matter brain vol-
ume appear sparse and inconclusive. Future well-designed
studies are necessary to determine if exercise can be utilized
for moderating effects on brain grey matter volume in popu-
lations at risk of neurodegeneration.
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