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Abstract
Alzheimer’s disease (AD) is the most common major neurocognitive disorder of ageing. Although largely ignored until about a decade ago,
accumulating evidence suggests that deteriorating brain energy metabolism plays a key role in the development and/or progression of
AD-associated cognitive decline. Brain glucose hypometabolism is a well-established biomarker in AD but was mostly assumed to be a con-
sequence of neuronal dysfunction and death. However, its presence in cognitively asymptomatic populations at higher risk of AD strongly
suggests that it is actually a pre-symptomatic component in the development of AD. The question then arises as to whether progressive
AD-related cognitive decline could be prevented or slowed down by correcting or bypassing this progressive ‘brain energy gap’. In this review,
we provide an overview of research on brain glucose and ketone metabolism in AD and its prodromal condition – mild cognitive impairment
(MCI) – to provide a clearer basis for proposing keto-therapeutics as a strategy for brain energy rescue in AD. We also discuss studies using
ketogenic interventions and their impact on plasma ketone levels, brain energetics and cognitive performance in MCI and AD. Given that exer-
cise has several overlappingmetabolic effects with ketones, we propose that in combination these two approachesmight be synergistic for brain
health during ageing. As cause-and-effect relationships between the different hallmarks of AD are emerging, further research efforts should focus
on optimising the efficacy, acceptability and accessibility of keto-therapeutics in AD and populations at risk of AD.

Key words: Exercise: Brain glucose metabolism: Mitochondrial function: Brain function: Alzheimer: β-hydroxybutyrate: Mild
cognitive impairment

Alzheimer’s disease aetiology and treatments

Neurodegenerative diseases of ageing are a cluster of conditions
characterised by deteriorating brain function associated with the
gradual and regionally selective loss of brain cells that have become
a major concern for society(1). The most common neurodegener-
ative disease of ageing is Alzheimer’s disease (AD), a chronic syn-
drome in which progressive cognitive decline ultimately threatens
the individuals’ capacity to reason clearly and perform basic activ-
ities of daily living(2). Despite the broad documentation of multiple
factors affecting the development of AD pathogenesis, the exact
aetiology underlying AD remains unclear(3,4). Normal ageing is
accompanied by some decrease in certain cognitive abilities, but
a large proportion of the population remains cognitively healthy

during their lifetime, indicating that advanced cognitive dysfunction
is not an inevitable consequence of old age(5). Thus, the progres-
sion of brain neuropathology leading to AD is not related to ageing
per se, but to environmental andgenetic factors(6). Todate, thequest
for disease-modifying therapies addressing the amyloid, tau and
neurotransmitters hypotheses(7) has failed to produce an approved
drug in over 20 years, highlighting the difficulty in determining the
right target, type of intervention and/or timing to intervene(8).
At present, only two neurotransmitter-based therapies – cholines-
terase inhibitors and an N-methyl-D-aspartate antagonist – have
been approved for the management of cognitive symptoms,
but they remain ineffective for reversing underlying
AD pathology(9).

* Corresponding author: Étienne Myette-Côté, email etienne.myette-cote@mail.mcgill.ca
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insulin resistance; KD, ketogenic diet; kMCT, ketogenic medium chain TAG; MCI, mild cognitive impairment; PET, positron emission tomography; RCT, rand-
omised controlled trials; βHB, β-hydroxybutyrate.
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set
th
e
b
aselin

e
fo
r
th
e

en
ergy

d
eficitin

M
C
Ian

d
A
D
b
u
t,eq

u
ally,is

also
a
targetfo

rb
rain

en
ergy

m
o
d
ifyin

g
in
terven

tio
n
s
aim

in
g
to

red
u
ce

th
e
risk

o
fp

ro
-

gressio
n
to

M
C
I
o
r
A
D
.

Fo
r
d
ecad

es,
B
G
H

in
A
D

w
as

co
n
sid

ered
to

resu
lt

fro
m

ad
van

ced
n
eu

ro
n
al

d
ysfu

n
ctio

n
,
w
h
ich

co
rrelates

w
ell

w
ith

th
e
d
egree

o
f
co

gn
itive

im
p
airm

en
t (64),

b
u
t
em

ergin
g
evid

en
ce

rep
o
rtin

g
its

o
ccu

rren
ce

years
p
rio

r
to

th
e
o
n
set

o
f
A
D

clin
ical

sym
p
to
m
s
ch

allen
ges

th
is

in
terp

retatio
n
(39,65).

In
d
eed

,
p
o
p
u
la-

tio
n
s
at

h
igh

risk
fo
r
A
D

in
clu

d
in
g
th
e
o
n
es

carryin
g
gen

etic
m
u
tatio

n
s
p
resen

ilin
-1

(66),
yo

u
n
g
ad

u
lts

carryin
g
th
e
A
P
O
E

4
gen

e
(67)

o
r
w
ith

a
fam

ily
h
isto

ry
o
f
A
D

(68)
d
isp

lay
red

u
ced

regio
n
alP

E
T
-FD

G
u
p
take

in
th
e
b
rain

d
ecad

es
before

the
on

set
ofthe

cogn
itive

d
eficit.In

d
ivid

u
als

w
ith

risk
facto

rs
fo
r
A
D
su
ch

as
age

>
65

years
(69),IR

(70)an
d
su
b
jective

m
em

o
ry

co
m
p
lain

ts
(71)

also
p
resen

t
im

p
airm

en
ts

in
b
rain

glu
co

se
u
tilisatio

n
.
T
h
e

rep
o
rted

red
u
ctio

n
in

regio
n
alb

rain
glu

co
se

u
tilisatio

n
in

th
ese

p
o
p
u
latio

n
s
ran

ged
fro

m
8
to

u
p
to

25
%

an
d
,as

in
A
D
,affected

th
e
p
arietal

co
rtex,

p
o
sterio

r
cin

gu
late

an
d

tem
p
o
ral

co
rtex.

C
learly,B

G
H

can
d
evelo

p
p
re-sym

p
to
m
atically

so
itis

co
n
ceiv-

ab
le
th
atitp

lays
a
co

n
trib

u
tin

g
ro
le
in

th
e
d
evelo

p
m
en

to
fb

rain
en

ergy
d
eficit

an
d
A
D
-asso

ciated
co

gn
itive

d
eclin

e.
T
h
is

d
o
es

n
o
texclu

d
e
th
e
p
o
ssib

ility
th
atn

eu
ro
n
ald

ysfu
n
ctio

n
an

d
d
eath

fu
rth

er
exacerb

ate
B
G
H
as

p
arto

fa
vicio

u
s
cycle.B

G
H
m
ay

n
o
t

b
e
th
e
firstd

etectab
le
fo
rm

o
fd

ysfu
n
ctio

n
in
th
e
agein

g
b
rain

,b
u
t

ith
as

an
u
p
stream

p
lace

in
th
e
cascad

e
o
feven

ts
lead

in
g
to

A
D
.

U
nderlying

m
echanism

s
of

im
paired

brain
glucose

utilisation

T
h
e
d
isru

p
tio

n
o
f
glu

co
se

u
tilisatio

n
in

th
e
b
rain

o
f
in
d
ivid

u
als

w
ith

co
gn

itive
d
eclin

e
is

w
id
ely

o
b
served

,
b
u
t
its

u
n
d
erlyin

g
cau

ses
are

stilln
o
tfu

lly
u
n
d
ersto

o
d
.In

A
D
,n
u
m
ero

u
s
ab

n
o
rm

al-
ities

in
b
rain

glu
co

se
tran

sp
o
rt
(e.g.

cereb
ral

p
erfu

sio
n
,
b
lo
o
d
–

b
rain

b
arrier,

cereb
ral

b
lo
o
d

flo
w

an
d

G
LU

T
1

an
d

G
LU

T
3

exp
ressio

n
)
an

d
m
etab

o
lism

(e.g.glyco
lysis,p

en
to
se

p
h
o
sp
h
ate

p
ath

w
ay,

tricarb
o
xylic

acid
cycle,

o
xid

ative
p
h
o
sp
h
o
rylatio

n
)

h
ave

b
een

rep
o
rted

(72
–76).

N
o
rm

ally,
b
rain

glu
co

se
d
elivery

largely
exceed

s
lo
calco

n
su
m
p
tio

n
th
ereb

y
alm

o
stalw

ays
avo

id
-

in
g
a
p
o
ten

tial
b
rain

en
ergy

sh
o
rtage

(77).
B
rain

regio
n
s
vu

ln
er-

ab
le

to
A
D

can
d
isp

lay
glu

co
se

accu
m
u
latio

n
,
su
ggestin

g
th
at

glu
co

se
tran

sp
o
rtm

igh
tn

o
tb

e
th
e
in
itiallim

itin
g
facto

r
in

b
rain

glu
co

se
u
tilisatio

n
(73).

In
A
D
,m

itochondrialdysfunction
is
p
artofa

vicious
cycle

con-
tributing

to
am

yloid
beta

and
tau

p
athology,both

closely
associated

w
ith

oxidative
dam

age
w
hich

p
rom

otes
further

m
itochondrialdys-

function,
p
roteotoxicity,

cell
dysfunction

and
death

(74,78).
M
itochondrial

structure
and

function
differ

significantly
betw

een
A
D
and

healthy
olderadults

including
totalnum

ber,p
rotein

exp
res-

sion,antioxidantcap
acity

and
enzym

atic
activity

in
the

tricarboxylic
acid

cycle
and

oxidative
p
hosp

horylation
com

p
lexes

I,IIIand
IV

96.
Such

p
athologicalchanges

reduce
A
T
P
p
roduction

from
glucose

by
20
–50

%
in

sp
oradic

A
D

(41).
T
hus,

m
itochondrial

dysfunction
is
a

m
ajor

and
early

defect
resp

onsible
for

the
reduction

in
brain

glu-
cose

utilisation
in

A
D

(79).H
ow

ever,glycolysis
is
up

-regulated
dur-

ing
brain

activation
(77)and

glycolytic
im

p
airm

ent
in

sp
ecific

brain
regions

has
also

been
p
rop

osed
as

a
fundam

entalfeature
contrib-

uting
to

A
D

sym
p
tom

s (73).In
addition

to
lim

iting
A
T
P
p
roduction,

dysregulation
in

glycolysis
w
ould

also
reduce

the
am

ount
of

ana-
p
lerotic

interm
ediates

entering
the

citric
acid

cycle
w
hich

in
turn

w
ould

lim
itoxidative

p
hosp

horylation
and

the
synthesis

ofacetyl-
choline

and
γ-am

inobutyric
acid.

In
the

brain,insulin
’s
role

goes
beyond

glucose
hom

oeostasis (80)

and
im

p
airm

ent
in

its
signalling

pathw
ays

is
now

recognised
as

an
im

portant
characteristic

of
A
D

(81).
B
rain

insulin
resistance

(IR)
can

develop
in

the
absence

of
system

ic
IR

(82),but
epidem

iologicaland
neuroim

aging
studies

consistently
rep

ort
a

strong
association

betw
een

type
2
diabetes

and
A
D
,
suggesting

that
both

peripheral
and

central
IR

usually
co-exist (83,84).

In
patients

w
ith

A
D
,
im

paired
insulin

action
m
ay

contribute
to
abnorm

albrain
energetics

in
several

w
ays

including
im

paired
m
itochondrial

oxidative
m
etabolism

and
A
TP-dependentm

aintenance
processes

thatare
criticalto

neuronal
survival (85).M

oreover,increased
production

ofreactive
species

and
inflam

m
atory

cytokines
resulting

from
reduced

brain
insulin

signal-
ling

dam
age

brain
cellstructure

and
functionalintegrity

(86).Itis
also

possible
thatIR

dow
n-regulates

the
utilisation

ofglucose
through

the
blood

–brain
barrier

and
by

altering
G
LU

T4
trafficking,

though
the

im
pacton

overallbrain
glucose

hom
oeostasis

rem
ains

to
be

deter-
m
ined

(87).
W
hile

it
is
unclear

w
hether

IR
on

its
ow

n
is
enough

to
cause

neuronal
dam

age,
it
can

exacerbate
(and

be
exacerbated

by)
the

pathophysiologicalm
echanism

s
underlying

A
D
,particularly

am
yloid

β
accum

ulation
(via

the
com

petitive
inhibition

ofits
degra-

dation)
or

neuronalloss
(via

apoptosis) (78).

B
rain

ketone
m
etabolism

in
health

and
A
lzheim

er’s
disease

T
h
e
co

m
m
o
n
p
ercep

tio
n
th
atglu

co
se

is
th
e
o
b
ligato

ry
an

d
p
re-

ferred
fu
el

fo
r
th
e
b
rain

o
rigin

ates
fro

m
th
e
o
b
servatio

n
s
th
at

in
su
lin

-in
d
u
ced

h
yp

o
glycaem

ia
lead

s
to

severe
sen

so
ry

an
d
co

g-
n
itive

d
istu

rb
an

ces
th
atcan

b
e
reversed

b
y
th
e
ad

m
in
istratio

n
o
f

glu
co

se
(88)

an
d
th
at,

u
n
d
er

n
o
rm

al
co

n
d
itio

n
s,

glu
co

se
is

th
e

d
o
m
in
an

tso
u
rce

o
fen

ergy
fo
r
th
e
b
rain

(89).H
o
w
ever,βH

B
in
fu
-

sio
n
an

d
p
ro
lo
n
ged

fastin
g
atten

u
ate

th
e
p
h
ysio

lo
gicalresp

o
n
se

to
severe

h
yp

o
glycaem

ia
in
clu

d
in
g
au

to
n
o
m
ic
sym

p
to
m
s
(90

–92),
n
eu

ro
n
al

d
eath

(93)
an

d
cereb

ral
en

ergy
m
etab

o
lism

(94).
M
o
reo

ver,
u
n
d
er

circu
m
stan

ces
in

w
h
ich

th
e
keto

n
e:glu

co
se

ratio
in

th
e
b
lo
o
d
is

in
creased

allo
w
in
g
fo
r
p
o
ten

tial
su
b
strate

co
m
p
etitio

n
,
b
rain

glu
co

se
u
tilisatio

n
is

d
isp

laced
b
y
keto

n
es

an
d
its

o
xid

atio
n
b
y
th
e
n
o
rm

al
b
rain

is
red

u
ced

(35).
G
en

erally,

K
eto

n
es

fo
r
b
rain

en
ergy

rescu
e
in

agein
g

409
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an
in
crease

o
f0·1

m
M

in
p
lasm

a
βH

B
is
u
su
ally

p
aralleled

b
y
an

in
crease

o
f1·0

–1·2
%
in

th
e
co

n
trib

u
tio

n
o
fketo

n
es

to
to
talb

rain
en

ergy
m
etab

o
lism

(95).
In

extrem
e
p
h
ysio

lo
gical

keto
sis

(∼
6
–7

m
M

o
f
βH

B
)
su
ch

as
a
30

–40-d
fast,

keto
n
es

can
b
eco

m
e
th
e

m
ajo

r
fu
elo

f
th
e
b
rain

an
d
p
ro
vid

e
u
p
to

2/3
o
f
its

to
talen

ergy
n
eed

s
(89).

So
m
e
evid

en
ce

su
ggests

th
at

th
e
keto

n
e
co

n
trib

u
tio

n
to

to
talb

rain
en

ergy
m
etab

o
lism

d
o
es

n
o
tsu

rp
ass

th
is
2/3

valu
e

even
w
h
en

βH
B
levels

are
as

h
igh

as
8
m
M

in
h
u
m
an

s
(92)an

d
17

m
M

in
rats

(96)u
n
less

a
h
igh

levelo
f
in
su
lin

is
in
fu
sed

sim
u
ltan

e-
o
u
sly

(92).
O
n
e

p
o
ssib

le
exp

lan
atio

n
is

th
at,

like
fatty

acid
s,

keto
n
es

‘b
u
rn

in
th
e
flam

e
o
f
carb

o
h
yd

rates’
an

d
th
u
s
req

u
ire

th
e
p
resen

ce
o
fan

an
ap

lero
tic

su
b
strate

like
glu

co
se

to
rep

len
ish

tricarb
o
xylic

acid
in
term

ed
iates

an
d
en

su
re

th
e
co

m
p
lete

o
xid

a-
tio

n
o
f
keto

n
es

to
A
T
P
(97).

E
xcessive

keto
n
e
m
etab

o
lism

in
th
e

b
rain

at
th
e
exp

en
se

o
f
glu

co
se

co
u
ld

p
o
ten

tially
h
ave

a
d
etri-

m
en

tal
im

p
act

o
n
n
eu

ro
n
al

sign
allin

g
d
riven

b
y
glu

tam
ate

(98).
C
o
n
trary

to
b
rain

glu
co

se
u
tilisatio

n
,w

h
ich

is
m
ain

ly
d
ep

en
d
en

t
o
n
n
eu

ro
n
alactivity,b

rain
keto

n
e
u
tilisatio

n
is
d
irectly

related
to

keto
n
e
co

n
cen

tratio
n
s
in

circu
latio

n
o
ver

a
b
ro
ad

ran
ge

o
f
co

n
-

cen
tratio

n
s,
th
at

is,fro
m

0·1
to

at
least

6
–7

m
M

o
f
βH

B
(95),

th
u
s

en
su
rin

g
a
co

n
tin

u
o
u
s
su
p
p
ly

o
fen

ergy
to

th
e
b
rain

d
u
rin

g
glu

-
co

se
scarcity.

D
esp

ite
the

w
idesp

read
characterisation

oflow
er

brain
glucose

utilisation
in

A
D
,
few

studies
have

evaluated
the

cap
acity

of
the

brain
to

utilise
its

m
ain

alternative
fuel

–
ketones

–
in

A
D
.
T
o
the

best
of

our
know

ledge,
only

four
studies

have
directly

evaluated
brain

glucose
and

ketone
m
etabolism

concom
itantly

in
A
D

(T
able

1).
U
sing

the
arteriovenous

difference
m
ethod,

Lying-
T
unelletal.and

O
gaw

a
etal.,rep

orted
thatw

hile
C
M
R
ofglucose

w
as

im
p
aired

in
m
oderate-advanced

A
D
,
C
M
R
of

A
cA

c
and

βH
B

rem
ained

sim
ilar

to
cognitively

healthy,
age-m

atched
controls (42,44).D

ecades
later,these

findings
w
ere

confirm
ed

using
PET

in
m
ild-A

D
.W

e
have

also
dem

onstrated
thatp

lasm
a
A
cA

c
con-

centrations
and

A
cA

c
utilisation

in
healthy

olderadults,M
C
Iand

A
D

w
ere

allp
ositively

correlated
w
ith

the
sam

e
slop

e
indicating

a
sim

-
ilar

cap
acity

of
the

brain
to

extract
and

utilise
ketones

desp
ite

the
p
rogression

of
cognitive

decline
(47,50).

U
sing

a
4-year

longitudinal
study

in
healthy

older
adults,w

e
later

show
ed

thatw
hile

declining
regional

brain
glucose

utilisation
(–6

to
–12

%
)
w
as

p
aralleled

by
deteriorating

cognitive
p
erform

ance,
A
cA

c
utilisation

rem
ained

unchanged
over

the
sam

e
p
eriod

(99).
A
study

in
p
ostm

ortem
A
D

brains
recently

sup
p
orted

these
in

vivo
observations

by
show

ing
thatw

hile
glycolytic

gene
exp

ression
w
as

im
p
aired

in
allcelltyp

es,
ketolytic

gene
exp

ression
w
as

norm
al

in
neurons,

astrocytes
and

m
icroglia

but
sub-norm

al
in

oligodendrocytes (100).
O
verall,

the
im

p
airm

ent
in

brain
energy

m
etabolism

in
A
D

clearly
seem

s
to

be
sp
ecific

to
glucose,

w
hich

op
ens

the
p
ossibility

of
p
roviding

ketones
as

an
alternative

substrate
to

the
brain

to
reduce

or
byp

ass
the

energetic
deficit

in
A
D

caused
by

B
G
H
.

K
etogenic

interventions

R
esearch

into
the

p
otentialtherapeutic

ap
p
lications

ofketones
has

grow
n

exp
onentially

over
the

p
ast

decade
and

suggests
that

ketones
m
ay

be
clinically

beneficial
in

several
diseases

including
heartfailure,diabetes

and
A
D

(101
–103).N

utritionalketosis
is
usually

defined
as

having
a
blood

concentration
of

βH
B
or

A
cA

c
higher

than
0·5

m
M

(104).
It
should

be
differentiated

from
p
athological

ketoacidosis
in
w
hich

p
lasm

a
ketones

are
m
uch

higher(often
≥
10

m
M

βH
Bþ

A
cA

c)
butalso

because
nutritionalketosis

occurs
w
ith-

outeither
an

underlying
disease

or
m
etabolic

acidosis (105).Fasting
and

otherdietary
m
odifications

resulting
in
m
ild

endogenous
keto-

sis
have

been
used

to
treat

a
variety

of
diseases

for
centuries,including

ep
ilep

sy
(106),IR

(107),obesity
(108)and

neurode-
generative

diseases (39).
R
ecently,

the
develop

m
ent

of
exogenous

sources
ofketones

such
as

salts
and

esters
p
erm

its
p
lasm

a
ketones

to
be

raised
indep

endentof
p
lasm

a
glucose

or
insulin

levels,w
id-

ening
the

sp
ectrum

ofp
otentialtherap

eutic
ap

p
lications

ofthis
form

of
exogenous

nutritionalketosis (109).

Endogenous
ketosis

A
K
D

w
ill

trigger
m
etabolic

and
enzym

atic
adaptations

that
m
ake

the
brain

less
reliant

on
glucose

and
favour

the
utilisation

of
ketones (35,110).

T
he

blood
profile

that
accom

panies
endogenous

ketosis
on

K
D
(orfasting)differs

from
the

one
w
ith

exogenous
keto-

sis (111).First,given
the

low
am

ountofcarbohydrates
consum

ed
on

a
K
D
,glucose

and
insulin

fluctuations
are

greatly
reduced.Second,a

K
D
prom

otes
the

release
ofN

EFA
from

adipocytes
through

reduced
insulin

(112),
and

increased
counterregulatory

horm
ones

(e.g.
gluca-

gon,catecholam
ines,cortisol,grow

th
horm

ones) (113,114)w
hile

βH
B

inhibits
their

m
obilisation

(115).
The

effect
of

cortisol
and

glucagon
on

adipocytes
is

heavily
influenced

by
insulin;

w
hen

insulin
is

low
,
they

prom
ote

lipolysis
and

ketogenesis
and

w
hen

insulin
is

high,
they

prom
ote

fat
storage

and
lipogenesis (114,116).

In
adults,

short-term
K
D
(≤

4
w
eeks) (35,117,118)and

its
form

s
used

for
epilepsy

(w
ith

orw
ithoutM

C
T) (119)can

produce
m
oderate

ketosis
(βH

B
1·5

–

4·0
m
M
).N

evertheless,longer-term
studies

(≥
6
w
eeks)

in
M
C
Iand

A
D

(120
–123)

and
other

pop
ulations

w
ith

(124
–126)

and
w
ithout (127

–129)

chronic
diseases

have
usually

reported
m
ore

m
odest

βH
B

levels
(<

1·0
m
M
).A

dditionally,since
physicalfitness,totalenergy

intake,
dietcom

position
and

m
etabolic

p
rofile

influence
ketone

kinetics,it
can

be
difficultto

sustainably
achieve

a
blood

ketone
target

w
ith

a
dietintervention

alone
(130).A

chieving
endogenous

ketosis
can

take
m
any

hours,som
etim

es
days,and

adherence
to
this

relatively
restric-

tive
dietary

p
attern

can
be

problem
atic

(131),even
m
ore

so
ifcognition

and
autonom

y
are

already
suboptim

al.
K
etogenic

m
edium

chain
TA

G
(kM

C
T
)
can

be
used

to
supplem

enta
K
D

to
optim

ise
ketone

levels
and

to
allow

the
introduction

ofsom
e
carbohydrates,thereby

facilitating
long-term

adherence
(132).The

beneficialeffects
ofa

K
D
in

reducing
risk

factors
for

A
D
such

as
IR,im

paired
glycaem

ic
control,

inflam
m
ation,and

elevated
blood

pressure
and

body
w
eightcan

out-
w
eigh

the
difficulties

of
adjusting

to
a
K
D

(133).W
hile

w
eight

loss
is

usually
beneficialform

etabolic
health

in
those

w
ho

are
overw

eight,
itcould

potentially
have

deleterious
effectin

older
people

w
ho

are
frail,

sarcopenic
or

cachectic
(134).

Sim
ilar

to
reports

in
populations

w
ithoutcognitive

im
pairm

ent (126,135,136),studies
in
M
C
Iand

A
D
using

K
D
have

reported
significantim

provem
ents

in
body

w
eightas

w
ell

as
circulating

glucose,
insulin

and
TA

G
,
w
hile

both
H
D
L-

and
LD

L-cholesterolw
ere

increased
(120,122,137).

N
ot

all
fat

sources
are

equally
efficient

in
raising

blood
ketones (138).

In
the

absence
of

carbohydrate
restriction,

am
ong

dietary
fatty

acids
only

octanoic
acid

and
to
a
lesserextent,decanoic

acid
are

truly
ketogenic

(139
–142).Since

kM
C
T
are

only
found

atvery
low

levels
in

adipocytes
and

in
the

diet,they
need

to
be

repeatedly

410
É
.
M
yette-C

ô
té
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a
l.
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ingested
to

ensure
their

transform
ation

into
ketones

w
ithin

the
liver (143).In

cognitively
healthy

young
and

olderadults,kM
C
T
reduce

postprandialglucose
(144),have

a
neutraleffecton

fasting
lipids

and
glucose

and
can

m
oderately

reduce
body

w
eight

(–0·5
kg) (145,146).

The
consum

ption
of

kM
C
T
in

M
C
I
and

A
D

for
4
–24

w
eeks

is
safe

and
has

no
significanteffects

on
body

w
eightor

plasm
a
cardiom

e-
tabolic

and
inflam

m
atory

m
arkerprofiles (147,148).T

heirconsum
ption,

especially
athigh

doses,can
be

associated
w
ith

m
ild

gastrointestinal
issues

in
som

e
patients,

but
they

are
usually

transitory
and

can
be

tem
pered

by
dose

titration
(139).

C
ertain

dietary
patterns

including
interm

ittent
fasting,

tim
e-restricted

feeding
(149),

energetic
restric-

tion
(29)

and
even

coconut
oil (150,151)

do
not

necessarily
raise

blood
ketones,so

their
clinicaland

physiologicalim
plications

falloutside
the

scope
of

this
report.

Exogenous
ketosis

R
acem

ic
keto

ne
salts

and
βH

B
m
on

oesterp
ro
du

ce
p
lasm

a
D
-βH

B
o
f∼

1
and

∼
3
m
M
fo
r24

g
d
ose,resp

ectively
(152).In

b
oth

cases,n
o

d
ietary

carbo
hyd

rate
restriction

is
req

uired
,b
utgiven

the
transient

n
ature

o
f
exogeno

us
keton

es,
m
ultip

le
d
aily

ingestion
s
m
ay

b
e

n
ecessary

fortherap
eu

tic
efficacy.M

ostb
utn

otall (153)keto
ne

salts
are

racem
ic,thatis,con

taining
b
oth

the
D
an

d
the

Lform
o
fβH

B
(o
f

w
hich

o
nly

the
D
form

is
m
etab

olisab
le
into

energy
interm

ediates).
Like

w
ith

the
esters,theirh

alf-life
is
too

sho
rtto

achieve
a
sp
ecific,

sustained
βH

B
b
lo
od

level (109).N
everth

eless,keton
e
esters

allo
w
a

sim
ilar

levelo
f
b
lo
od

βH
B
to

b
e
attained

w
ithin

30
m
in

to
tho

se
o
bserved

after
several

d
ays

o
f
fasting

o
r
fo
llow

in
g
a
K
D

(154).
M
oreo

ver,they
con

tain
o
nly

D
-βH

B
an

d
are

saltfree
(155).T

heirbit-
ter

taste
an

d
h
igh

p
rice,h

ow
ever,currently

lim
ittheir

u
tility.T

he
acute

con
su
m
p
tion

o
f

keton
e

salts
and

βH
B

m
on

oesters

tran
sien

tly
an

d
m
ildly

raise
insulin

secretion
,
an

effect
u
nlikely

to
b
e
o
f
clinical

sign
ificance

(152,154).
W
hile

b
oth

keton
e
salts

and
the

βH
B
m
on

oester
raise

b
lo
od

βH
B
an

d
low

er
b
lo
od

glucose,
N
EFA

an
d

b
lo
od

p
ressure,

they
h
ave

d
ifferen

t
m
etab

olic
and

safety
effects

(152,154,156,157):
K
eton

e
salts

tran
sien

tly
raise

u
rine

p
H
w
h
ile

keton
e
esters

tran
sien

tly
d
ecrease

itand
,w

hen
com

p
ar-

ing
eq

uim
o
lar

d
oses,the

keton
e
m
on

oester
raises

chlorid
e
m
ore

than
keto

ne
salts

(152,158).
O
n
the

o
th
er

h
an

d,
the

N
a
con

tent
to

achieve
therap

eutic
levels

o
fb

lo
od

βH
B
u
sing

m
ostcom

m
ercially

availab
le
keton

e
salts

exceed
s
the

recom
m
end

ed
u
p
p
er

lim
it.T

o
d
ate,n

o
R
C
T
h
as

investigated
the

effecto
fo

ralketo
ne

sup
p
lem

en
-

tatio
n
in

p
op

ulatio
ns

w
ith

cogn
itive

d
ecline

altho
ugh

o
ne

is
cur-

ren
tly

in
p
ro
gress

(C
lin

icaltrials.go
v
identifier:N

C
T
04466735).

T
h
e
u
n
d
erstan

d
in
g
o
f
th
e
acu

te
an

d
sh
o
rt-

to
m
ed

iu
m
-term

(1
–24

w
eeks)

effect
o
f
d
ifferen

t
keto

gen
ic
in
terven

tio
n
s
o
n
car-

d
io
m
etab

o
lic

m
arkers

h
as

co
n
sid

erab
ly

exp
an

d
ed

in
recen

t
years

(su
m
m
arised

in
T
ab

le
2),

b
u
t
w
h
eth

er
th
ere

are
p
o
ten

tial
lo
n
g-term

sid
e

effects
o
f
th
e

n
o
n
-p
h
ysio

lo
gical

en
viro

n
m
en

t
acco

m
p
an

yin
g

exo
gen

o
u
s

keto
sis

(i.e.
elevated

glu
co

se,
keto

n
es

an
d
in
su
lin

sim
u
ltan

eo
u
sly)

is
still

u
n
kn

o
w
n
an

d
w
ill

n
eed

to
b
e
d
eterm

in
ed

in
o
rd
er

to
o
p
tim

ise
th
e
safety

an
d
effi-

cacy
o
fketo

gen
ic
in
terven

tio
n
s
in

d
ifferen

tth
erap

eu
tic

co
n
texts.

Fuelefficiency:a
core

feature
of

ketones

B
esides

substituting
for

glucose
as

a
fuel,

there
are

three
reasons

w
hy

ketones
are

a
m
ore

efficientsource
ofcarbon

to
fuelthe

m
ito-

chondrialresp
iratory

chain
than

glucose
orN

EFA
:First,ketones

are
m
ore

reduced
than

p
yruvate

(higher
hydrogen

to
carbon

ratio),so
have

a
higher

redox
p
otential

or
p
otential

to
generate

A
T
P
(159).

T
ab

le
1.

C
erebralm

etabolic
rate

of
ketones

but
not

glucose
rem

ains
norm

alin
A
lzheim

er’s
disease

com
pared

w
ith

healthy
age-m

atched
controls

(M
ean

values
and

standard
deviations)

O
lder

controls
A
lzheim

er

M
ean

S
D

M
ean

S
D

E
ffectof

A
lzheim

er

E
arly

A
lzheim

er
C
M
R
-P
E
T
(μm

ol/100
g/m

in)
C
roteau

et
al.2018

(50)

A
ge

73
6

73
5

A
cA

c
0·28

0·19
0·30

0·20
↔

βH
Bþ

A
cA

c
0·71

0·51
0·89

0·62
↔

G
lucose

29·7
2·5

27·0
3·3

↓
*

C
astellano

et
al.

2015
(47)

A
ge

72
5

76
4

A
cA

c
0·35

0·16
0·31

0·24
↔

G
lucose

38·3
4·9

34·2
5·0

↓
*

A
dvanced

A
lzheim

er
C
M
R
-A
V
D

(μm
ol/100

g/m
in)

O
gaw

a
et

al.1996
(42)

A
ge

63
9

66
8

A
cA

c
0·18

0·13
0·09

0·04
↔

βH
B

0·11
0·06

0·14
0·08

↔
G
lucose

24·9
7·2

11·6
4·0

↓
*

M
edian

R
ange

M
edian

R
ange

Lying-T
unellet

al.1981
(44)

A
ge

64
54

–71
60

52
–67

A
cA

c
0·44

–0·6
–1·7

0·39
0·0

–2·5
↔

βH
B

0·62
0·0

–1·6
0·45

0·2
–1·4

↔
G
lucose

24·8
18·8

–32·1
18·7

11·9
–30·3

↓
*

C
M
R
-P
E
T
,cerebralm

etabolic
rate

m
easured

by
positron

em
ission

tom
ography;βH

B
,β-hydroxybutyrate;A

cA
c,acetoacetate;C

M
R
-A
V
D
,cerebralm

etabolic
rate

m
easured

using
the

arteriovenous
difference

m
ethod.

D
ata

are
presented

as
m
ean

(standard
deviation)

and
as

m
edian

(range)
for

as
Lying-T

unellet
al.

S
ignificantly

low
er

v.
cognitively

healthy
age-m

atched
older

adults
*
P
<
0·05.

K
eto

n
es

fo
r
b
rain

en
ergy

rescu
e
in

agein
g

411
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Second,
in

contrast
w
ith

fatty
acid

oxidation
w
hich

p
rom

otes
the

exp
ression

ofuncoup
ling

p
roteins

(via
PPA

R
α
transcrip

tion
regula-

tion),
ketone

oxidation
is

electrochem
ically

m
ore

efficient
to

p
roduce

A
T
P.D

uring
fatty

acid
β-oxidation,only

halfofthe
reduc-

ing
equivalents

are
N
A
D
H

w
hile

the
other

half
are

FA
D
H

(w
hich

has
a
redox

p
otential

above
that

of
the

N
A
D

coup
le)

resulting
in

the
synthesis

offive
instead

ofthe
six

p
ossible

A
T
P
m
olecules (159).

T
hird,because

of
the

dualrole
of

succinate
dehydrogenase

in
the

K
rebs

cycle
and

electron
transp

ortchain,halfofthe
reducing

equiv-
alents

enter
the

electron
transp

ort
chain

via
C
om

p
lex

II
during

ketone
β-oxidation

instead
of

C
om

p
lex

I (159).
C
om

p
lex

II
has

a
sm

aller
reduction

p
otentialw

ith
the

Q
-coup

le
(w

hich
is
near

equi-
librium

)
than

C
om

p
lex

I
(–0·320

m
V

for
the

N
A
D

coup
le

(160)
v.

þ
0·32

m
V
for

the
fum

arate
and

succinate
coup

le
(161)).T

his
larger

gradient
results

in
m
ore

electrochem
ical

energy
available

to
fuel

A
T
P

p
roduction

during
ketones

oxidation
(162,163).

Furtherm
ore,

m
ostreactive

oxygen
sp
ecies

in
the

cellare
p
roduced

in
m
itochon-

dria,p
rincip

ally
atthe

electron
transferstep

betw
een

C
om

p
lex

Iand
the

Q
-coup

le.Since
ketone

oxidation
p
reserves

the
Q
-coup

le
in
the

oxidised
state

(as
op

p
osed

to
glucose

or
fatty

acid
β-oxidation),

few
er

reactive
oxygen

sp
ecies

are
p
roduced

during
ketolysis

than
during

β-oxidation.K
etolysis

also
exp

ands
the

citric
cycle

m
etabo-

lite
p
ool,desp

ite
a
low

erconcentration
ofglycolysis

interm
ediates.

K
eto-therapeutics

for
brain

energetics,cognition
and

neuroprotection

In
healthy

hum
ans (35)and

rodentm
odels (164),totalbrain

energy
lev-

els
rem

ain
unchanged

follow
ing

a
K
D
because

the
increase

in
brain

ketone
utilisation

is
p
aralleled

by
a
com

p
ensatory

reduction
in
glu-

cose
utilisation.

T
his

hom
oeostatic

m
echanism

is
not

observed
in

p
op

ulations
w
ith

cognitive
im

p
airm

ents
in

w
hom

ketones
help

fill
in

the
energetic

deficitand
increase

totalenergy
levels

in
the

brain
w
ithou

t
reducing

brain
glucose

utilisation
(122,141,165).

Even
at

low
levels

of
ketosis

(βH
B

∼
0·6

m
M
),
w
e
p
reviously

show
ed

using
11C

-A
cA

c-
and

18FD
G
-PET

that
long-term

consum
p
tion

of
30

g/d
of

kM
C
T
significantly

increased
w
hole-brain

C
M
R
of

ketones
by

230
%

in
M
C
I
and

144
%

in
A
D

w
ithout

affecting
C
M
R
of

glucose.
T
he

resultw
as

a
netim

p
rovem

entin
totalbrain

energy
consum

p
-

tion
of

3
–4

%
in

both
group

s (141,165).
N
eth

et
al.

also
observed

increased
brain

p
erfusion

and
ketone

body
utilisation

in
individuals

w
ith

subjective
m
em

ory
com

p
laints

or
M
C
I
on

a
K
D

(122).
T
hus,

ketones
effectively

com
p
ensate

foratleastp
artofthe

energy
deficit

in
older

p
op

ulations
w
ith

cognitive
decline.

Im
p
ortantly,

N
eth

et
al. (122)

and
Fortier

et
al. (107)

included
cognitive

p
erform

ance
as

a
secondary

outcom
e
in

their
trial.

W
hile

both
studies

rep
orted

som
e
im

p
rovem

ent
in

cognition
follow

ing
the

use
of

a
ketogenic

M
editerranean

diet (122)
or

kM
C
T
(141)

in
subjective

m
em

ory
com

-
p
laints

and
M
C
I,they

w
ere

notp
ow

ered
to

adequately
assess

cog-
nitive

changes
p
ost-intervention.

T
hus,

the
first

p
hase

of
the

B
EN

EFIC
trialrep

orted
by

Fortier
etal. (141)w

as
extended

by
dou-

bling
the

sam
p
le
size

so
as

to
betterevaluate

cognitive
outcom

es.A
s

com
p
ared

w
ith

an
energy-m

atched
drink,

the
consum

p
tion

of
kM

C
T
for

6
m
onths

led
to

clinically
m
eaningful

im
p
rovem

ents
in

severalcognitive
dom

ains
related

to
the

risk
ofp

rogression
tow

ards
A
D
including

ep
isodic

m
em

ory,language,executive
function

and
p
rocessing

sp
eed

(166).
Severalo

th
ertrialsas

w
ellas

a
few

case
stu

dies
u
sing

ketogenic
interventio

ns
in
M
C
Iand

A
D
have

rep
orted

b
en

efits
o
n
glo

balcog-
n
itio

n
(A
D
A
S-C

o
G
)an

d
m
em

ory
(120,121,123,140,142,148,167

–169)o
rq

ual-
ity-o

f-life
an

d
activities

o
f
d
aily

livin
g
(137)

as
com

p
ared

w
ith

p
lacebo

o
r
p
re-interven

tion
status

(T
ab

le
3).

T
w
o

system
atic

T
ab

le
2.

C
haracteristics

and
generaleffects

of
ketogenic

interventions

K
etogenic

diet
kM

C
T

K
etone

salts
βH

B
m
onoester

D
oses

C
H
O
<
50

g/d
15

–40
g

R
acem

ic
βH

B
:
12

–25
g,P

ure
D
-βH

B
:
12

g
10

–50
g

D
-βH

B
(m

M
)

0·4
–4·0

0·4
–0·7

m
M

R
acem

ic
βH

B
:
0·4

–1·0
m
M
,

P
ure

D
-βH

B
:
0·8

m
M

1·5
–5·0

m
M

βH
B
:
A
cA

c
2
–4:1

2:1
2:1

3
–4:1

T
im

e
to

ketosis
D
ays

to
w
eeks

1
–2

h
<
30

m
in

<
30

m
in

Insulin
↓↓

↔
↔

↑
↔

↑
G
lycaem

ia
↓↓

↔
↓

↔
↓

↔
↓

N
E
F
A

↑
↔

↔
↓

↔
↓

LD
L-cholesterol

↑
↔

?
?

H
D
L-cholesterol

↑
↔

?
?

T
A
G

↓↓
↔

↔
↓

↔
↓

C
R
P

↓
↔

?
↓

B
lood

pressure
↓

↔
↔

↓
↔

↓
B
lood

pH
↔

↔
↔

↔
↑

↔
↓

B
ody

w
eight

↓
↔

↓
↔

↔
C
ost

Low
-m

oderate
Low

-m
oderate

Low
-m

oderate
H
igh

A
dherence

Low
-m

oderate
M
oderate-high

M
oderate

Low
-m

oderate
T
aste

M
ultiple

choices
T
asteless

U
sually

sw
eet

V
ery

bitter
P
otentiallim

itations
S
ensitive

to
dietary

trans-
gressions,
keto-induction

sym
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Table 3. Nutritional studies using keto-therapeutics in populations with cognitive impairment linked to Alzheimer’s disease

Design Population Interventions Duration Therapy Ketone level
Domains/tests showing cognitive
improvement

Krikorian et al. 2012(120) RCT – parallel MCI KD (34 (SD 18) g CHO/d) (n 12, 68 (SD 3)
years) or HCLF (n 11, 71 (SD 8) years)

6 weeks Diet Blood βHB:
0·3 mM

Verbal memory

Brandt et al. 2019(121) RCT – parallel MCI, AD KD (30–50 g CHO/d) (n 9, 74 (SD 6) or HCLF
(n 5, 69 (SD 5) years)

12 weeks Diet Urine: 7·5–10
mg/dl

Memory composite score (at week 6)

Neth et al. 2020(122) RCT – cross-
over

SMC, MCI KD (40 (SD 99) g CHO/d) or HCLF (n 20, 64
(SD 6) years)

6 weeks Diet Capillary βHB:
0·9 mM

Improved memory performance (v. base-
line)

Phillips et al. 2021(137) RCT – cross-
over

AD KD (6% net CHO) or HCLF (n 13, 70 (SD 6)
years)

12 weeks Diet Capillary βHB:
0·95 mM

None (under-powered)

Taylor et al. 2018(123) One arm trial AD KD (46 (SD 27) g CHO/d)þMCT (C8C10), 21–
42 g/d (n 10, 73 (SD 9) years)

12 weeks DietþMCT Blood βHB:
0·3–0·5 mM

ADAS-Cog (–4·1 points v. baseline)

Reger et al. 2003(142) RCT – cross-
over

MCI, AD C8, 40 ml (n 20, 75 (SD 7) years) 1 dose MCT Blood βHB:
0·5–0·7 mM

ADAS-Cog (–1·7 points in ApoE4-)

Henderson et al.
2009(140)

RCT – parallel AD C8, 20 g/d (n 77, 77 (SD 9) years) or placebo
(n 63, 77 (SD 7) years)

12 weeks MCT Blood βHB:
0·4 mM

ADAS-Cog (–1·9 ITT, −2·6 DC at day 45)
(–3·4 ITT, −5·3 DC at day 90 in
ApoE4-)

Ohnuma et al. 2016(139) One arm trial AD C8, 20 g/d (n 22, 64 (SD 9) years) 12 weeks MCT Blood βHB:
0·3 mM

None (under-powered)

Xu et al. 2019(148) RCT – cross-
over

AD (APOE4 -/-) C8C10, 17 g/d or placebo (n 46, 75 (SD 8)
years)

4 weeks MCT Not reported ADAS-Cog (–5·2 points)

Ota et al. 2019(167) One arm trial AD C8C10, 20 g/d (n 16, 73 (SD 6) years) 12 weeks MCT Blood BHB:
0·5 mM

Verbal memory and processing speed
(v. baseline)

Fortier et al. 2019(141) RCT – parallel MCI C8C10, 30 g/d (n 19, 74 (SD 6) years) or pla-
cebo (n 20, 75 (SD 7) years)

24 weeks MCT Blood BHB:
0·5 mM

Episodic memory, language, executive
function and processing speed

Fortier et al. 2021(166)* RCT – parallel MCI C8C10, 30 g/d (n 44, 71 (SD 7) years) or pla-
cebo (n 39, 73 (SD 7) years)

24 weeks MCT Blood BHB:
0·5 mM

Episodic memory, language, executive
function and processing speed

ADAS-Cog, Alzheimer’s disease assessment scale-cognitive subscale; AD, Alzheimer’s disease; βHB, β-hydroxybutyrate; C8, caprylic acid; C10, capric acid; CHO, carbohydrates; DC, dosage compliant; HCLF, high-carbohydrate low-fat diet;
ITT, intention-to-treat; KD, ketogenic diet; MCI, mild cognitive impairment; MCT, medium chain TAG; MEC-WOLF, mini examen cognoscitivo (Spanish adaptation of the MMSE); RCT, randomised controlled trial; SMS, subjective memory
complaints.
* Fortier et al. (2021) extended the recruitment from Fortier et al. (2019) by adding forty more participants.
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en
tin

co
gn

itio
n
(þ

8
p
o
in
ts;M

o
C
A
)
an

d
b
io
m
arkers

o
f

th
e

m
etab

o
lic

syn
d
ro
m
e
(206).

A
lth

o
u
gh

co
gn

itio
n

w
as

n
o
t

assessed
in

th
eir

stu
d
ies,

M
iller

et
a
l.
d
id

lo
o
k
at

th
e
co

m
b
in
ed

effect
o
f
exercise

an
d

K
D

in
h
ealth

y
yo

u
n
g
in
d
ivid

u
als

an
d

rep
o
rted

sign
ifican

tim
p
ro
vem

en
ts
in

skeletalm
u
scle

m
ito

ch
o
n
-

d
rialfu

n
ctio

n
an

d
efficien

cy
(207).M

yette-C
ô
té
eta

l.rep
o
rted

b
et-

ter
glu

co
se

co
n
tro

lan
d
en

d
o
th
elialfu

n
ctio

n
fo
llo

w
in
g
a
4-d

K
D

co
m
b
in
ed

w
ith

exercise
as

co
m
p
ared

w
ith

b
o
th

K
D
alo

n
e
an

d
a

lo
w
-fat

lo
w
-glycaem

ic
in
d
ex

d
iet

in
typ

e
2
d
iab

etes
(208,209).

P
ro
lo
n
ged

glyco
gen

-d
ep

letin
g
exercise

h
as

lo
n
g
b
een

kn
o
w
n

to
stim

u
late

keto
n
e
tu
rn
o
ver

an
d
in
d
u
ce

a
m
arked

rise
in

b
lo
o
d

keto
n
e
co

n
cen

tratio
n
s
esp

ecially
d
u
rin

g
th
e
reco

very
p
erio

d
w
h
en

fatty
acid

o
xid

atio
n
is
elevated

(210,211).In
n
o
rm

o
glycaem

ic
b
u
t
n
o
t
in

m
ild

ly
h
yp

erglycaem
ic

in
d
ivid

u
als,

aero
b
ic

exercise
p
o
ten

tiates
th
e
p
lasm

a
keto

n
e
resp

o
n
se

(þ
69

%
)
to

kM
C
T
su
p
-

p
lem

en
tatio

n
;
w
h
eth

er
th
e
sam

e
w
o
u
ld

ap
p
ly

in
A
D

h
as

n
o
t

b
een

assessed
(212).

A
lo
n
g
th
ese

lin
es,

o
n
e
stu

d
y
in

b
o
th

m
ice

an
d
o
ld
erad

u
lts

rep
o
rted

th
ataero

b
ic
exercise

b
u
tn

o
tresistan

ce
train

in
g
w
as

effective
atraisin

g
b
lo
o
d
βH

B
levels

an
d
im

p
ro
vin

g
co

gn
itio

n
w
h
ich

m
igh

th
elp

gu
id
e
th
e
o
p
tim

alexercise
m
o
d
ality

to
select

in
A
D

(213).
Facto

rs
su
ch

as
fitn

ess
level,p

re-exercise
keto

n
e
levels,exer-

cise
in
ten

sity
an

d
m
etab

o
lic

statu
s
can

in
flu

en
ce

m
u
scle

keto
n
e

d
isp

o
sal

b
y
as

m
u
ch

as
2
–5-fo

ld
(214).

U
n
fo
rtu

n
ately,

stu
d
ies

o
n

b
rain

keto
n
es

u
tilisatio

n
d
u
rin

g
exercise

are
scarce

w
ith

o
n
e

sh
o
w
in
g
n
o
ch

an
ge

in
b
rain

su
b
strate

u
tilisatio

n
(keto

n
es,

lac-
tate,glycero

l)
in

yo
u
n
g
ad

u
lts

d
u
rin

g
p
ro
lo
n
ged

exercise
w
h
en

βH
B
levels

rem
ain

ed
relatively

lo
w

∼
0·4

m
M

(215).M
o
re

recen
tly,

w
e
sh
o
w
ed

th
atin

A
D
,exercise

in
creases

keto
n
e
tra

n
sportin

to
th
e

b
rain

,
th
ereb

y
tran

slatin
g

in
to

a
h
igh

er
co

n
trib

u
tio

n
o
f

keto
n
es

to
to
talb

rain
en

ergy.In
d
eed

,m
ild

to
m
o
d
erate

exercise
b
o
u
ts
(50

%
V
O

2
m
ax
fo
r40

m
in
)
p
erfo

rm
ed

o
ver3

m
o
n
th
s
sign

ifi-
can

tly
in
creased

b
o
th

p
lasm

a
keto

n
es

(þ
0·3

m
M
)
an

d
trip

led
C
M
R

o
f
A
cA

c
(fro

m
0·2

(SD
0·1)

μm
o
l/100

g/m
in

to
0·6

(SD
0·4))

w
ith

o
u
t
affectin

g
C
M
R
o
f
glu

co
se

(216).
T
h
u
s,
co

m
b
in
in
g
a

keto
gen

ic
in
terven

tio
n
an

d
exercise

w
o
u
ld

b
e
exp

ected
to

h
ave

a
m
o
re

p
ro
n
o
u
n
ced

b
en

efit
fo
r
b
rain

en
ergy

m
etab

o
lism

an
d

w
o
u
ld

p
o
ten

tially
b
e
asso

ciated
w
ith

b
etter

co
gn

itive
p
erfo

r-
m
an

ce.
W
h
ile

m
o
d
erate

p
h
ysical

activity
level

h
as

p
revio

u
sly

b
een

asso
ciated

w
ith

h
igh

er
C
M
R
o
f
glu

co
se

in
o
ld
er

ad
u
lts

at
risk

o
fA

D
(217),G

aitan
eta

l.failed
to

o
b
serve

a
sign

ifican
tch

an
ge

in
C
M
R
o
f
glu

co
se

fo
llo

w
in
g
a
26-w

eek
exercise

in
terven

tio
n
in

th
e
sam

e
p
o
p
u
latio

n
(218).In

terestin
gly,P

o
rto

eta
l. (219)an

d
Sh

ah
et

a
l. (220)

rep
o
rted

th
at

exercise
in
terven

tio
n
s

d
id

im
p
ro
ve

regio
n
alb

rain
glu

co
se

u
tilisatio

n
in
M
C
Ian

d
o
ld
erad

u
lts,resp

ec-
tively.T

h
o
u
gh

th
e
reaso

n
fo
rth

is
d
iscrep

an
cy

rem
ain

s
u
n
certain

,
th
ese

in
terven

tio
n
s
all

led
to

so
m
e
co

gn
itive

b
en

efits
th
at

w
ere

co
rrelated

w
ith

ch
an

ges
in

regio
n
al

18FD
G

m
etab

o
lism

w
h
ich

h
igh

ligh
ts
th
e
p
o
ten

tialo
fexercise

to
im

p
ro
ve

A
D
-related

sym
p
-

to
m
s
th
ro
u
gh

a
m
ech

an
ism

lin
ked

to
im

p
ro
ved

b
rain

en
ergy

m
etab

o
lism

.
W
h
ile

th
is

h
as

n
o
t
b
een

evalu
ated

in
A
D
,
a
recen

t
stu

d
y

sh
o
w
ed

th
at

exo
gen

o
u
s
keto

sis
im

p
ro
ved

exercise
to
leran

ce
in

p
atien

ts
livin

g
w
ith

P
arkin

so
n
’s
d
isease

su
ggestin

g
th
at

keto
-

gen
ic

in
terven

tio
n
s

co
u
ld

im
p
ro
ve

ad
h
eren

ce
an

d
,
co

n
se-

q
u
en

tly,
facilitate

access
to

exercise-in
d
u
ced

co
gn

itive
im

p
ro
vem

en
ts
(221).

M
o
reo

ver,
βH

B
p
ro
d
u
ced

d
u
rin

g
exercise

o
r
w
ith

keto
gen

ic
in
terven

tio
n
s
p
ro
m
o
ted

th
e
exp

ressio
n

o
f

b
rain

-d
erived

n
eu

ro
tro

p
h
ic

facto
r
in

h
ealth

y
h
u
m
an

s
(222,223),

an
d
in

A
D
,a

state
ch

aracterised
b
y
lo
w
levels

o
fb

rain
an

d
circu

-
latin

g
b
rain

-d
erived

n
eu

ro
tro

p
h
ic
facto

r
(224,225).In

creased
b
rain

-
d
erived

n
eu

ro
tro

p
h
ic
facto

r
h
as

b
een

p
ro
p
o
sed

as
o
n
e
p
o
ten

tial
m
ech

an
ism

to
exp

lain
th
e
o
b
served

co
gn

itive
im

p
ro
vem

en
t
in

A
D

w
ith

keto
gen

ic
in
terven

tio
n
s
as

it
is
in
vo

lved
in

n
u
m
ero

u
s

n
eu

ro
p
h
ysio

lo
gical

p
ro
cesses

th
at

co
n
trib

u
te

to
n
eu

ro
n
al

gro
w
th

an
d

su
rvival

as
w
ell

as
syn

ap
tic

p
lasticity

(175).
Im

p
o
rtan

tly,
keto

gen
ic

in
terven

tio
n
s

an
d

exercise
stim

u
late

m
ito

ch
o
n
d
rialb

io
gen

esis
an

d
A
T
P
gen

eratio
n
th
ro
u
gh

o
xid

ative
m
etab

o
lism

in
n
eu

ro
n
s
(226,227).

M
ito

ch
o
n
d
rial

d
ysfu

n
ctio

n
an

d
ab

erran
t
en

ergy
m
etab

o
lism

co
n
stitu

te
critical

facto
rs

in
th
e

p
ath

o
gen

esis
o
f
A
D

th
at

co
u
ld

p
o
ten

tially
b
e

p
reven

ted
o
r

slo
w
ed

d
o
w
n
b
y
co

m
b
in
in
g
th
ese

tw
o
th
erap

eu
tic

ap
p
ro
ach

es.
In

ad
d
itio

n
to

th
eir

effect
o
n
en

ergy
m
etab

o
lism

,
exercise

an
d

keto
gen

ic
in
terven

tio
n
s
sh
are

d
ifferen

t
ad

ap
tive

resp
o
n
ses

in
th
e
b
rain

th
atco

u
ld

co
n
trib

u
te
to

co
gn

itive
h
ealth

an
d
resilien

ce
in
clu

d
in
g
n
eu

ro
gen

esis,syn
ap

tic
p
lasticity

as
w
ellas

p
ro
tectio

n
again

stn
eu

ro
in
flam

m
atio

n
,reactive

o
xygen

sp
ecies

an
d
p
o
ten

-
tially

p
ro
teo

to
xicity

(205,228,229).
K
D

an
d
exercise

are
also

p
o
ten

t
stim

u
lato

rs
o
f
m
o
n
o
carb

o
xylate

tran
sp
o
rter

exp
ressio

n
,
w
h
ich

are
resp

o
n
sib

le
fo
r
th
e
p
assage

o
f
keto

n
es

acro
ss

th
e
b
lo
o
d
–

b
rain

b
arrier (230,231).

T
aken

to
geth

er,
exercise

h
as

several
o
ver-

lap
p
in
g
an

d
syn

ergistic
effects

w
ith

keto
-th

erap
eu

tics
th
atco

u
ld

p
o
ten

tially
p
lay

a
key

ro
le

in
th
e
treatm

en
t
an

d
m
ayb

e
p
reven

-
tio

n
o
f
A
D
.
T
h
u
s,
it
is
o
f
great

in
terest

to
fu
rth

er
in
vestigate

th
e

p
racticallim

its
o
fco

m
b
in
in
g
exercise

as
an

ad
ju
n
ctto

keto
gen

ic
in
terven

tio
n
s,

b
earin

g
in

m
in
d

th
at

th
eir

jo
in
t
feasib

ility
an

d
effectiven

ess
w
ill

likely
d
ep

en
d

o
n

facto
rs

su
ch

as
p
h
ysical

cap
acity,

m
o
tivatio

n
an

d
d
isease

stage.

C
urrent

challenges
and

future
directions

T
h
e
aetio

lo
gy

o
fA

D
is
co

m
p
lex

an
d
w
illm

o
stlikely

req
u
ire

early
in
itiatio

n
o
fa

m
u
lti-targettreatm

en
tto

sign
ifican

tly
im

p
ro
ve

clin
i-

cal
o
u
tco

m
es

(16).
K
eto

gen
ic

in
terven

tio
n
s
red

u
ce

n
o
t
o
n
ly

th
e

K
eto

n
es

fo
r
b
rain

en
ergy

rescu
e
in

agein
g

415
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b
rain

en
ergy

d
eficitb

u
talso

o
xid

ative
stress

an
d
n
eu

ro
in
flam

m
a-

tio
n
,
w
h
ile

im
p
ro
vin

g
m
ito

ch
o
n
d
rial

fu
n
ctio

n
.
B
G
H

alo
n
e
is

p
ro
b
ab

ly
n
o
t
su
fficien

t
to

cau
se

A
D
-related

co
gn

itive
im

p
air-

m
en

t,b
u
titcertain

ly
aggravates

th
e
d
eleterio

u
s
effects

o
fn

eu
ro
-

p
ath

o
p
h
ysio

lo
gicalp

ro
cesses

an
d
w
o
rsen

s
clin

icalp
ro
gn

o
sis

(78).
E
q
u
ally,th

e
clin

icalstu
d
ies

review
ed

h
ere

sh
o
w
th
atB

G
H
can

b
e

b
yp

assed
b
y
a
keto

gen
ic

in
terven

tio
n
an

d
in

so
d
o
in
g
im

p
ro
ve

co
gn

itive
o
u
tco

m
es,at

leastin
M
C
I (141,166).H

en
ce,b

rain
en

ergy
rescu

e
is

p
art

o
f
th
e
so
lu
tio

n
;
p
h
arm

aceu
tical

o
r
n
o
n
-p
h
arm

a-
ceu

tical
in
terven

tio
n
s
in

M
C
I
an

d
A
D

w
o
u
ld

th
erefo

re
b
e
p
re-

d
icted

to
h
ave

a
b
etter

ch
an

ce
o
f
su
ccess

if
th
ey

in
clu

d
e
so
m
e

fo
rm

o
f
b
rain

en
ergy

rescu
e.

A
s
to

fu
tu
re

d
irectio

n
s
fo
r
th
e
field

,
w
e
h
ave

a
few

su
gges-

tio
n
s:First,th

e
m
ajo

rity
o
fstu

d
ies

u
sin

g
keto

gen
ic
in
terven

tio
n
s

in
M
C
I
an

d
A
D

h
ave

b
een

p
ilo

t,
safety

o
r
feasib

ility
trials

an
d

w
ere

u
n
d
erp

o
w
ered

to
d
etectd

ifferen
ces

in
co

gn
itive

o
u
tco

m
es.

T
h
u
s,
it
w
ill

b
e
critical

fo
r
fu
tu
re

trials
to

in
clu

d
e
larger

sam
p
le

sizes
to

d
raw

m
o
re

valid
co

n
clu

sio
n
s
regard

in
g
th
e
effectiven

ess
o
fsu

ch
treatm

en
ts
to

d
elay

co
gn

itive
d
eclin

e
asso

ciated
w
ith

A
D
.

Seco
n
d
,alth

o
u
gh

a
K
D
in
d
u
ces

h
igh

ero
verallketo

sis
th
an

exo
g-

en
o
u
s
keto

n
es,p

o
o
rlo

n
g-term

co
m
p
lian

ce
to

su
ch

a
strictd

ietis
an

im
p
o
rtan

t
b
arrier

to
its

lo
n
g-term

ap
p
licatio

n
.T

h
e
u
tilisatio

n
o
fexo

gen
o
u
s
keto

n
es

alo
n
e
o
r
w
ith

K
D
m
igh

th
elp

alleviate
th
is

b
arrierb

y
allo

w
in
g
a
m
o
re

p
erm

issive
d
iet.In

typ
e
2
d
iab

etes,th
e

u
se

o
fco

n
tin

u
o
u
s
rem

o
te
care

d
u
rin

g
K
D
in
terven

tio
n
s
th
atp

ro
-

vid
es

p
atien

ts
w
ith

access
to

a
h
ealth

care
team

an
d
b
io
m
arkers

trackin
g
to
o
ls
th
ro
u
gh

a
w
eb

-b
ased

ap
p
licatio

n
recen

tly
sh
o
w
ed

great
d
iet

co
m
p
lian

ce
after

2
years

(232).
T
h
is
n
o
vel

system
w
ill

h
o
p
efu

lly
b
e
ap

p
lied

to
p
o
p
u
latio

n
s
w
ith

A
D
an

d
M
C
Iattem

p
tin

g
to

m
an

age
th
eirco

n
d
itio

n
s
u
sin

g
K
D
.A

s
clin

icalexp
erien

ce
w
ith

keto
gen

ic
in
terven

tio
n
s
gro

w
s,itis

b
eco

m
in
g
clearer

th
atcard

i-
o
m
etab

o
lic

m
arkers

d
o
n
o
t
ch

an
ge

ad
versely

d
u
rin

g
stu

d
ies

o
f

u
p
to

6
m
o
n
th
s,
th
ereb

y
in
d
icatin

g
a
go

o
d
m
argin

fo
r
safety.

So
far,

m
o
st

keto
gen

ic
in
terven

tio
n
s
in

M
C
I
an

d
A
D

h
ave

resu
lted

in
relatively

lo
w

p
lasm

a
βH

B
co

n
cen

tratio
n
s
(0·3

–0·9
m
M
,
see

T
ab

le
2).

Sin
ce

n
eu

ro
co

gn
itive

test
p
erfo

rm
an

ce
in

M
C
I
is
d
irectly

related
to

o
verco

m
in
g
B
G
H

b
y
b
rain

keto
n
e
u
ti-

lisatio
n
in

a
d
o
se
–resp

o
n
se

relatio
n
sh
ip

(120,140
–142),itis

likely
th
at

fu
rth

er
in
creasin

g
keto

n
e
levels

to
red

u
ce

th
e
b
rain

en
ergy

gap
as

m
u
ch

as
p
o
ssib

le
m
igh

t
yield

ad
d
itio

n
al

co
gn

itive
o
r
fu
n
c-

tio
n
al

b
en

efits.
T
o
ach

ieve
a
so
m
ew

h
at

h
igh

er
p
lasm

a
keto

n
e

resp
o
n
se

an
d
b
etter

co
m
p
lian

ce
th
an

w
ith

a
kM

C
T
o
r
K
D
,
w
e

recen
tly

lau
n
ch

ed
th
e
B
R
E
A
K
-A
D
R
C
T
in

M
C
Iu

sin
g
a
keto

n
e
salt

(25
g/d

o
f
D
-βH

B
)
(C
lin

icalT
rials.go

v
Id
en

tifier:N
C
T
04466735).

T
h
ird

,
keto

n
es

are
p
art

o
f
an
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