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Regional changes with global brain hypometabolism
indicates a physiological triage phenomenon and can
explain shared pathophysiological events in Alzheimer’s
& small vessel diseases and delirium
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Abstract: While reduced global brain metabolism is known in aging, Alzheimer’s disease (AD), small vessel disease
(SVD) and delirium, explanation of regional brain metabolic (rBM) changes is a challenge. We hypothesized that this
may be explained by “triage phenomenon”, to preserve metabolic supply to vital brain areas. We studied changes in
rBM in 69 patients with at least 5% decline in global brain metabolism during active lymphoma. There was signifi-
cant decline in the rBM of the inferior parietal, precuneus, superior parietal, lateral occipital, primary visual cortices
(P<0.001) and in the right lateral prefrontal cortex (P=0.01). Some areas showed no change; multiple areas had sig-
nificantly increased rBM (e.g. medial prefrontal, anterior cingulate, pons, cerebellum and mesial temporal cortices;
P<0.001). We conclude the existence of a physiological triage phenomenon and argue a new hypothetical model to
explain the shared events in the pathophysiology of aging, AD, SVD and delirium.

Keywords: Alzheimer’s disease, delirium, dementia, aging, small vessel disease, cerebral metabolism, cerebral
perfusion

Introduction framework outlined that positive amyloid bio-
markers are essential for AD diagnosis [6].

While there are many similarities in radiologic-
al and pathological findings between normal
aging, Alzheimer’s disease (AD), cerebral small
vessel disease (SVD) and delirium, no satisfac-
tory pathophysiological explanation of a linkage
is established [1]. Reduced global cerebral
blood flow (gCBF) and global brain metabolism
(gBM) is known in all these pathologies but only
regional changes are observed in anatomical
and functional imaging. Furthermore, a signifi-
cant overlap of regional metabolic changes is
observed. For example, while a typical pattern
of perfusion/metabolic abnormalities is known

The brain is an extremely energy dependent
organ and consumes 20% of overall metabolic
requirement to function optimally [7, 8]. Con-
sequently, even a small reduction in brain per-
fusion is of importance. In view of the adaptive
nature of the brain [9], we hypothesized that a
reduced brain metabolic supply may trigger a
triage of available resources to preserve more
vital areas for survival (e.g. autonomic, motor
and brain stem function). Other domains such
as cognitive function, may be of low priority
when survival is the only aim.

with AD, similar changes are also seen in many
non-AD disorders in the absence of amyloid
beta (AB) and tau [2, 3] deposition and even in
asymptomatic elderly persons [4-6]. For this
reason, the recent National Institute of Aging
and Alzheimer’s Association (NIA-AA) research

It would be unethical to create an artificial re-
duction in gCBF/gBM in humans. Henceforth,
we captured another common scenario to pre-
liminarily study this hypothesis. FDG PET/CT
brain in severe lymphoma may demonstrate
reduced gBM, which is near completely revers-
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ible after chemotherapy. In this study, we aimed
to evaluate variations in regional brain metabo-
lism (rBM) when gBM is reduced (pre-therapy
PET) versus when gBM is normal/near normal
(post therapy PET).

Material and methods
Patient selection

Thirty thousand, seven hundred and thirty one
18F-FDG PET/CT scans were performed in the
Department of Nuclear Medicine & PET in our
institution between Jan 2010, and Jan 2020.
1,513 PET scans performed for initial staging
of lymphoma were retrospectively reviewed by
a nuclear medicine physician (SG) with 13
years’ PET experience. 75 patients satisfying
all the following criteria were selected-large vol-
ume disease on pre therapy PET on visual
assessment of MIP imaging, nil brain metasta-
ses or CNS lymphoma, availability of a post
therapy PET demonstrating either complete or
near complete metabolic response, all PET
acquisition with arms by patient’s side, nil head
motion between CT and PET, absence of any
unwarranted systemic FDG activities (e.g.
pleurodesis, significant extravasation of inject-
ed dose, significant brown fat or muscular
activities etc.), BGL <8.0 mmol/L and lack of
significant marrow activity in the post therapy
PET. One patient was later excluded due to a
small occipital infarct in the post therapy PET.
The remaining 74 scans were further reviewed
and confirmed eligible by another nuclear medi-
cine physician (NR) with 14 years of experience
in PET scans. After quantitative analysis (as
described below), five patients with <5% decline
in gBM were excluded since the study aim was
to test regional changes “only when there is
decline in gBM”. The hospital records and rou-
tine pre-imaging patient questionnaire of the
study patients were reviewed to document vas-
cular risk factors e.g. smoking, hypertension,
obesity, diabetes mellitus and prior stroke. This
retrospective study was approved by the local
research ethics committee.

FDG PET acquisition and image analysis

FDG PET studies were performed using a GE
870 PET/CT digital scanner with 1.5 min per
bed position and Q.Clear reconstruction algo-
rithm with a beta value (optimum penalization
factor) of 550. Prior to June 2018, the studies

493

were obtained on GE Discovery-690 3D PET/CT
scanner (General Electric Medical Systems,
Milwaukee, Wisconsin, USA) with 2.0 min per
bed position and time-of-flight reconstruction
algorithm. The CT was performed using a pitch
of 0.984, 120 kV, automA with a noise index of
42. The scans are performed 60 minutes after
administration of weight adjusted (2.5 MBq/kg)
intravenous 18FDG after a minimum of four
hours’ fasting. The images were displayed on
an Advanced Workstation (AW version 3.3
Ext 1.2; GE healthcare, Milwaukee, Wisconsin,
USA). All the SUV calculations were as a default,
corrected for lean body mass. Following image
analyses were performed on all 69 paired PET
scans by a single investigator (SG).

8BM: Using the semiautomated PET VCAR so-
ftware (AW workstation-GE healthcare), a 3D
ROI was placed around the brain. Rarely non-
brain very close by FDG activities (e.g. relat-
ed to orbital muscles, skull marrow, neck mus-
cles or nodes) were included in the automated
contouring giving an overestimation of meta-
bolic volume. These, if present, were manually
excluded from the contouring to provide accu-
rate brain metabolism. gBM was represented
by total brain metabolic volume multiplied by
total brain SUVmean and was automatically cal-
culated by the software.

Manual rBM assessment: The transaxial atten-
uation corrected PET images were displayed
and absolute rBM was assessed by measuring
SUVmax. This data was collected using a mini-
mum of 96 mm? 2D ROl was placed at various
parts of the brain (frontal and parietal grey mat-
ter, frontal and parietal white matter, basal gan-
glia, thalami, and cerebellum bilaterally).

Automated relative rBM assessment: Using a
dedicated, completely automated software (Co-
rtexID Suit, Version 2.1 Ext. 6, GE healthcare -
General Electric Medical Systems, Milwaukee,
Wisconsin, USA), the uptake ratio values (nor-
malized to global brain) of the various brain
areas were tabulated for each PET scan. Global
normalization is used instead of pons or cere-
bellum as we did expect regional metabolic
changes in the latter areas.

Statistical analysis

Statistical analysis was conducted using JMP
Pro 14.2.0 (SAS Institute). Shapiro-Wilk W Test
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Table 1. Patient characteristics

Patient Characteristic N=69

% (N)

Gender
Male
Female
Total number of vascular risk factors
No known risk factors
One risk factor
Two risk factors
Three risk factors
Four risk factors
Vascular risk factors
Hypertension
Dyslipidaemia
Ischaemic Heart Disease
Diabetes
Others*
Type of Lymphoma
Diffuse large B cell ymphoma (DLBCL)
Follicular
Hodgkin’s
Mantle cell
Others
Therapy received
R-CHOP
Other

Age (years)
Age of females
Age of males
Duration between the two PET scans (months)
Injected FDG dose (MBq)
Pre-therapy
Post-therapy
Blood Glucose Level (mmol/L)
Pre-therapy
Post-therapy
Patient weight (kg)
Pre-therapy
Post-therapy

52.2% (36)
47.8% (33)

47.8% (33)
30.4% (21)
17.4% (12)
2.9% (2)
1.4% (1)
33.3% (23)
14.5% (10)
10.1(7)
5.8% (4)
15.9% (11)

72.5% (50)
7.2% (5)

5.8% (4)
4.3% (3)
10.1% (7)

72.5% (50)
27.5% (19)
Mean (std)
64 (16)
(15)
61 (17)
8(2.3)

211 (31)
210 (29)

75.0 (17.2)
74.1 (16.6)

ers. Paired t-tests were used to compare
differences pre-post and left-right. Simple
linear regression models were performed
to identify significant differences between
brain regions and multivariate linear re-
gression models performed using the in-
dependent variables while accounting for
total glycolytic volume. Bland-Altman was
used to assess inter-rater agreement. For
all statistical analyses P<0.05 is consid-
ered as a statistically significant differ-
ence, while P<0.001 is taken as a highly
significant difference.

Correlation between the two observers in
sixteen studies of eight patients was
extremely high (>0.99). Bland-Altman test
identifies a minor bias between readers
(114.94803.1) but no significant differ-
ence (P<0.001).

Results

The study comprised of 69 patients with
mean age 64+16 years and with an almost
equal gender distribution (48% females vs
52% males) (Table 1). Patient vascular risk
factor counts ranged from 47.8% with zero,
30.4% with one, 17.4% with two and 4.3%
with less than five. Hypertension was the
most common vascular risk factor (33.3%).
A maijority of patients had diffuse large B
cell lymphoma (72.5%) and a majority had
received R-CHOP therapy (72.5%) with
occasional minor variations. No difference
in the FDG dose, blood glucose level or
weight was observed between the paired
pre- and post-therapy PET scans (Table 1).

With active lymphoma pathology, there
was a mean 40.7% (range 6.0% to 85.1%)
decline in the gBM compared to normal
post therapy state (P<0.001). During brain
hypometabolism, all the assessed brain

*Peripheral vascular disease, Cerebrovascular disease, Smoker,

Obesity, Chronic renal failure.

identifies almost all individual readings as nor-
mally distributed although some minor varia-
tions are noted. In these cases, normal quan-
tile plots were used to assess their acceptabil-
ity for further inclusion. Differences display a
similarly normal profile in the absence of outli-
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regions had marked decline in absolute
metabolism as assessed by SUVmax
(Figure 1). The mean percentage decline
was maximal in frontal and parietal corti-
ces (42.8%-45.3%), followed by thalami and
basal ganglia (40.7%-41.7%) and cerebellum
(left =36.8%, right =37.9%). The mean decline
in white matter in parietal and frontal regions
was relatively less (31.7%-33.3%). All these
reductions were highly significant (P<0.001).
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etal cortex was significantly
significant relative to the ipsi-
lateral thalamus (P=0.001),
basal ganglia (P<0.001), and
cerebellum (P<0.001), but not
from the frontal cortex (P=
0.05) (Figure 1).

31.8% 31.

Quantitative automated deta-
L iled analyses of relative me-
tabolism, using CortexID soft-
ware, showed that with re-
duced gBM, there was a sig-
nificant percentage decline in
the rBM of the inferior pari-
etal, precuneus, superior pari-
etal, lateral occipital, and
primary visual cortices (P<
0.001) as well as in the right
lateral prefrontal cortex (P=
0.01) (Figure 2). While many
regional areas showed no
change (e.g. bilateral posteri-

Parietal cortex
Frontal cortex
Thalamus
Basal ganglia
Cerebellum

Figure 1. Relative % reduction in SUVmax in some cortical and subcortical
regions with global hypometabolism (as measured manually by drawing re-
gion of interests). % reduction in global hypometabolism is on the far-right

Parietal white matter

or cingulate, sensory-motor,
lateral temporal as well as left
lateral prefrontal cortices),
multiple areas had significant-
ly increased rBM (e.g. medial
prefrontal, anterior cingulate,
pons, cerebellum and mesial
temporal cortices; P<0.001).
Mean maximum decline in
rBM was 10.0% in the right
primary visual cortex and
mean maximum increase was
12% in the left mesial tempo-
ral cortex (Table 2).

Frontal white matter
Global glycolytic volume

column for reference only. For each area, R= right & L= left hemisphere, as

depicted on x-axis. Each bar represents mean % decline; 95% Cl of mean is
also shown with solid lines. Paired analysis between the individual regions of
the same hemisphere (except white matter) was performed to assess differ-
ence. A total of ten pair combinations in each hemisphere were possible. The
relative decline in all the areas is significantly different to others except four
regions “bilaterally” (P>0.05). These non-significantly different combination
pairs are shown in light green horizontal bars at the bottom of the image.

When ‘relative’ decline of each area (excluding
white matter) is compared to the remainder of
the areas in the same cerebral hemisphere, a
total of twenty such paired combinations in
each hemisphere were possible. Metabolic
decline in all, except six, combination loca-
tions were statistically different, indicative of
regional variations in metabolism. For example,
percentage decline in SUVmax in the right pari-
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To assess the effect of in-
creasing severity of gBM de-
cline, we attempted to repli-
cate the analyses in stepwise
20% decline in gBM. However,
the sample size of patients
with >20% decline in gBM
was too large (n=60), similar to overall study
patients. Patient numbers with >60% decline in
gBM was considered too small (n=12). A reduc-
tion of greater than 40% cut off was selected
giving a reasonable sample size (n=31). In
quantitative analyses of the latter subgroup,
the percentage changes in rBM were much
more marked and the mean values ranged from
-15.4% to +18.5%. Only right posterior cingulate
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Figure 2. Relative % regional metabolic changes in various grey matter areas with global hypometabolism (as mea-
sured by automated uptake scores using CortexID software). All patients (n=69) values are shown by coloured
circles and mean +95% Cl is shown by black solid bars. X-axis denotes areas (in ascending mean % changes) and
Y-axis denotes % changes (increase or decrease). The areas with statistically significant decline are shown in red,
significant increase are shown with green whereas nonsignificant (P>0.05) change is shown with blue circles. Paired
analyses of all the individual areas compared all the other areas in the same hemisphere were performed, which
showed no significant differences between the paired areas depicted at the bottom of the image with solid horizon-
tal bars. The green bars indicate no differences in both hemispheric regions whereas blue bars indicate no statisti-
cal differences only in unilateral hemisphere pair combination. Pons and cerebellum had a single value. Difference
between all the other pair combinations was statistically significant. (In automated analyses, cerebellum and pons
are analysed as a single region rather than right or left).

cortices (2.1% decrease) and left sensorimotor possible pairs. Changes in all except 24 pair
cortices (2.0% increase), which were unchanged combination values, as shown in Figure 2, were
in all patient analyses, were then found to be statistically different. This finding is further con-
significantly different in subgroup analyses of sistent with rBM variations.
>40% decline in gBM. Otherwise, paired analy-
ses were of similar pattern, but the regional When global hypometabolism-induced relative
changes were more pronounced (Table 2). changes in right and left hemispheric areas
were compared, only lateral prefrontal (mean
Uptake ratio in each area during decline in gBM change left -0.5%, right -1.2%; P=0.025) and
was compared to all the other areas in the sensorimotor (mean change left side 0.4%,
same hemisphere. There were a total of 181 right side 0.0% P=0.024) had mild differenc-
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Table 2. % change in regional metabolism (uptake score) when there is global hypometabolism

% Change (Cl%)-All patient

% Change in subgroup of >40%

Region (n=69) Prvalue decline in gBM (n=31)
Primary Visual (R) -10.0% [(-12.2%)~(-7.9%)] <0.001 -15.4% (P<0.001)
Primary Visual (L) -9.9% [(-11.9%)-(-7.8%)] <0.001 -14.8% (P<0.001)
Occipital Lateral (L) -1.7% [(-9.1%)-(-6.2%)] <0.001 -10.4% (P<0.001)
Occipital Lateral (R) -7.6% [(-9.1%)-(-6.1%)] <0.001 -10.5% (P<0.001)
Parietal Superior (R) -4.3% [(-5.3%)~(-3.2%)] <0.001 -4.9% (P<0.001)
Precuneus (R) -3.4% [(-4.2%)~(-2.5%)] <0.001 -4.9% (P<0.001)
Parietal Superior (L) -3.3% [(-4.4%)-(-2.2%)] <0.001 -2.9% (P=0.003)
Parietal Inferior (R) -3.3% [(-4.2%)-(-2.3%)] <0.001 -4.7% (P<0.001)
Precuneus (L) -3.2% [(-4.3%)-(-2.2%)] <0.001 -4.8% (P<0.001)
Parietal Inferior (L) 2.7% [(-3.7%)-(-1.8%)] <0.001 -3.3% (P<0.001)
Prefrontal Lateral (R) -1.2% [(-2.2%)-(-0.3%)] 0.01 -2.1% (P=0.006)
Posterior Cingulate (R) -0.6% [(-1.5%)-(0.4%)] 0.26* 2.1% (P=0.004)
Prefrontal Lateral (L) -0.5% [(-1.5%)-(0.4%)] 0.26* -1.3% (P=0.06)*
Posterior Cingulate (L) 0.0% [(-1.0%)-(0.9%)] 0.94* -1.0% (P=0.11)*
Sensorimotor (R) 0.0% [(-0.92%)-(0.9%)] 0.95* 0.4% (P=0.62)*
Temporal Lateral (R) 0.2% [(-0.7%)-(1.1%)] 0.66* -0.2% (P=0.71)*
Sensorimotor (L) 0.4% [(-0.5%)-(1.4%)] 0.36* 2.0% (P=0.01)
Temporal Lateral (L) 0.8% [(-0.2%)-(1.78%)] 0.13* 0.5% (P=0.57)*
Prefrontal Medial (R) 4.0% [(3.0%)-(5.0%)] <0.001 5.2% (P<0.001)
Prefrontal Medial (L) 4.3% [(3.4%)-(5.3%)] <0.001 5.6% (P<0.001)
Anterior Cingulate (R) 9.0% [(7.2%)-(10.9%)] <0.001 13.1% (P<0.001)
Anterior Cingulate (L) 9.7% [(7.7%)-(11.7%)] <0.001 14.2% (P<0.001)
Pons 10.4% [(7.2%)-(13.6%)] <0.001 16.4% (P<0.001)
Cerebellum Whole 10.9% [(8.8%)-(13.0%)] <0.001 15.2% (P<0.001)
Temporal Mesial (R) 10.9% [(8.5%)-(13.4%)] <0.001 16.9% (P<0.001)
Temporal Mesial (L) 12.0% [(9.2%)-(14.9%)] <0.001 18.5% (P<0.001)

*P>0.05 (non-significant).

es. These were considered non-specific and
were likely due to physiological hemispheric
dominance.

Using all 69 patients, the explanatory variables
age, sex and number of vascular comorbidities
were regressed against each significant brain
region (as shown in Figure 2) in turn while con-
trolling for gBM. A gender differential was noted
(Figure 3) with females displaying an increase
in rBM for Right Anterior Cingulate (1.64%
P=0.03) and Right Temporal Mesial (1.93%
P=0.04) but a decrease for Superior Parietal
(left, right: -1.26% P=0.03, -1.23% P=0.008,
respectively), Primary Visual (left, right: -2.63%
P<0.01, -2.20% P<0.01, respectively) and right
lateral occipital (-1.45% P=0.02).

Only one area significantly varied with vascular
risk factors when controlled for gBM (left lateral
occipital cortex, 1.32% P=0.048). Only three
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areas (right medial prefrontal, left superior pari-
etal and pons: 0.07% P 0.01, -0.08% P 0.03
and -0.18% P 0.04 respectively) varied signifi-
cantly with age. In view of only isolated and/or
small differences, in the authors’ opinion, aging
and vascular risk factors do not influence triage
to any clinical relevance.

FDG PET images of a study patient have been
summarised in Figure 4.

Discussion

The study aimed to evaluate our hypothesis
that with a reduction in gBM, changes occur
in rBM indicative of a triage phenomenon.
Sixty-nine patients with more than 5% dec-
line in gBM during active lymphoma (relative
to post therapy) were evaluated. During reduc-
ed gBM, all the regional brain areas had reduc-
ed ‘absolute’ metabolism. However, between

Am J Nucl Med Mol Imaging 2021;11(6):492-506
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Figure 3. Male versus female changes in rBM per 1% drop in gBM. Mean values are shown by dotted lines and 95%
Cl of mean by solid bars for males (blue bars) and females (pink bars). Note that females have relative more meta-
bolic decline in regions mentioned in left side of the figure as well as more metabolic increase in regions mentioned
in right side of the figure. This indicates more pronounced triage phenomenon in females compared to males when
there is similar degree of reduction in gBM. The statistically significant regions are highlighted with green font. (In
automated analyses, cerebellum and pons are analysed as a single region rather than right or left).

regions, there was a distinct pattern of meta-
bolic changes. Reduced rBM was found in pri-
mary visual, lateral occipital, superior and infe-
rior parietal, precuneus as well as right lateral
frontal cortices, whereas increased rBM was
demonstrated in mesial temporal, cerebellum,
pons, anterior cingulate and medial prefrontal
cortices. Explicably, former areas are the low
priority areas whereas latter are likely more
vital for survival. This triage phenomenon
was significantly more pronounced in many
areas in females, compared to males. In light of
this crucial physiological information, we pro-
pose a new hypothetical model outlining the
pathophysiological process and interactions
of the common cognitive pathologies (Figures
5, 6).
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Firstly, the aetiology of reduced gBM on FDG
PET requires elucidation. Reduced gBM is a
well-known occurrence with lymphoma, chemo-
therapy, drug induced marrow reactivation (e.g.
erythropoiesis and colony stimulating factors)
as well as infective and non-infective inflamma-
tory pathologies [10-16]. One plausible expla-
nation may be a physiological diversion of
radio-glucose towards a high volume inflamma-
tory or malignant process. Thence less injected
FDG activity is available for brain but in our
experience, reduced gBM is also seen in small
volume malignancies. A second, more likely
explanation may be blood brain barrier (BBB)
dysfunction. Glucose transporter 1 (GLUT-1) is
expressed in the microvascular endothelial
cells of the BBB and glia, whereas GLUT-3 is

Am J Nucl Med Mol Imaging 2021;11(6):492-506
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Global Hypc?metabolism

Figure 4. FDG PET images of a 73-year old female with DLBCL. The left two
columns represent images with normal brain metabolism and images when
global hypometabolism are shown in right two columns. The two imaging are
five months apart. A. Only minor changes in MIP imaging (1t column) and
three axial brain slices (2™ column). However with a 67.7% reduction in to-
tal brain metabolism with lymphoma (MIP image 4™ column), matched axial
slices show reduced rBM in parietal (red arrow) & parieto-occipital (red arrow
head) cortices whereas increased metabolism in anterior cingulate & mesial
temporal cortices (green arrow) and cerebellum (green arrow head). B. The
Stereotactic Surface Projection- Uptake Ratio images are shown in 1tand 4"
column and Uptake Ratio MIP images generated by cortex ID software (nor-
malized to global brain) are shown in 2" and 3" columns. RL- Right lateral;
RM- Right medial; LL: Left lateral; LM: Left medial. The reduced metabolic
areas are shown with red arrows and increased metabolic areas are shown
with green arrows and arrow heads.

our study patients. For exam-
ple, up to 45% to 58% decli-
ne in perfusion and metabo-
lism is seen in minimally con-
scious or vegetative patients
[23, 24]. Thus, in view of a se-
vere (up to maximum 85.5%)
decline in gBM, we believe
that reduced gBM in our
patients is most likely indica-
tive of ischemic BBB injury;
and is in part contributed
by radioglucose diversion to
highly metabolic extracranial
lesions.

Secondly, we outline the fact
that reduced gCBF/gBM s
well known to be associated
with physiological aging [25-
27], sickness behaviour [28],
hyperthermia [25], delirium
[9, 29-33], malignancy, che-
motherapy, acute or chronic
inflammation (either infective
or non-infective) [10-16], an-
aesthesia [34-37] as well as
AD [22, 38-43]. For example,
anaesthesia leads to 26.8%
decrease in gCBF in the se-
dated state [35] and 27.6%
to 54.4% reduction in the
anesthetized state [35-37].
A combination of latter with
aging and surgery related
inflammation, may result in
more severe decline in gBM
leading to higher probabili-
ty of delirium perioperatively
[44, 45]. Predictably, during
delirium, a mean 42.2% de-
cline in gCBF is demonstrat-
ed [30]. This explains delirium
related ischaemic changes
on radiological (white matter
hyperintensities, lower brain

expressed in neurons [17]. FDG entry to the
brain is facilitated by GLUT-1 receptors [18].
Hence, reduced gBM could result from either
BBB or neuronal injury. Later is unlikely in view
of reversibility after correction of illness. Of
note, the cerebral perfusion and metabolism
are highly coupled, [19-22] even in persistent
vegetative state [23]. BBB dysfunction, alone,
cannot explain the degree of reduced gBM in
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volume, atrophy and infarcts), biochemical (ele-
vated CSF lactate and pyruvate) as well as
pathological (hypoxic vascular damage lead-
ing to impaired BBB function) investigations
[9, 33, 46] despite nil acute brain involvement
by disease [40, 47]. Reduction in gCBF in AD is
also well known, related to amyloid toxicity [48,
49]. Since in all the above mentioned condi-
tions, reduced gBM likely reflects BBB injury,
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Figure 5. Hypothetical model of pathophysiological interaction between the acute and chronic pathologies on brain
perfusion and clinical outcome. Aging is the most important template for all the diseases but SVD is the second larg-
est contributor. SVD can be due to acute or chronic illnesses (including partly AD). While acute iliness are potentially
reversible, some residual deficits contribute to chronic illnesses especially when multiple episodes. Chronic SVD is
not only from vascular risk factors but also from AD. Hence a maijority of perfusion/metabolic abnormalities in AD
perhaps due to secondary to that of SVD but additional deficits e.g. posterior cingulate and more severe precuneus
involvement is likely unrelated to SVD pattern. All these illnesses lead to global cerebral hypoperfusion/hypome-
tabolism and due to triage, there is relatively more ischemic BBB injury, neuroinflammation leading to a vicious
cycle whereby more toxic systemic materials can penetrate the brain. The outcome can be acute whereby depend-
ing on severity of disease and age, this may be asymptomatic (Cognitively unimpaired CU) or may lead to sickness
behaviour or delirium. Chronic outcomes may be either asymptomatic or minimal cognitive impairment or dementia.

we believe these conditions may be classed as
non-thromboembolic, cerebral SVD (Figure 5).

Thirdly, a large amount of literature shows
reduced gBM and consequent variations in
rBM, further supporting the triage phenome-
non. In vegetative patients, 58% decline in gBM
led to 62% decline in precuneus but only 35%
decline in brainstem metabolism [24]. Similar
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changes in rBM or rCBF have been demonstrat-
ed with systemic inflammation in animal stud-
ies [50], sickness behaviour [47, 50] and even
with physiological aging [49, 51, 52]. A reduc-
ed gBM/gCBF may lead to ischemic BBB in-
jury in predominantly low priority brain regions.
Subsequently, via a cascade of events, neuroin-
flammation results, which is further exacerbat-
ed by passage of vasculotoxic and neurotoxic
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Figure 6. Hypothetical model of relationship of cerebral perfusion/metabo-
lism and natural course in acute and chronic conditions. The x-axis repre-
sents increasing age and y-axis represents declining global cerebral perfu-
sion/metabolism (not to scale). Firstly, healthy aging (solid grey line) leads to
progressive reduction in brain perfusion/metabolic changes, but these are
more pronounced with AD (AD-solid red line), SVD (SVD-solid blue line) and
even more pronounced with both AD + SVD (solid purple line). With all condi-
tions, decline in perfusion is slow in early age but is more rapid in middle
age onwards. Secondly, each episode of acute pathology (as shown with dot-
ted line spikes) alters the natural course of disease to worsening as shown
by dotted lines of respective colours. In younger age, acute illness has only
minimal or nil longer-term consequences but middle age onwards each epi-
sode is associated with more residual perfusion deficit as shown with altered
natural course shown by dotted lines. Thirdly, in younger age, recovery from
even a severe acute illness is quicker, but with advancing age, the recovery is
slower even with mild acute illness (as shown by widening of spikes). Finally,
threshold for symptoms varies with aging. Small decline in brain perfusion
is asymptomatic but more severe decline can lead to sickness behaviour
(or mild cognitive decline if chronic) or delirium (or dementia if chronic). The
symptoms vary with patients’ cognitive reserve, age, genetic profile and co-
morbidities e.g. vascular pathologies, anaemia, hypoxia etc.

changes. This is substantiat-
ed by a recent study by Di et
al [57] who followed healthy
individuals yearly with FDG
PET for five years and demon-
strated age related reduction
in rBM in visual cortex, poste-
rior parietal cortex, anterior
temporal, insular, orbitofron-
tal and cingulate cortices.
They found increased rBM
in cerebellum, basal ganglia,
insula, amygdala, thalami and
sensory motor cortices [57].
Our study shows a close pat-
tern of regional metabolic
changes further supporting
our hypothesis.

Symptomatically, acute SVD
can lead to either no cognitive
changes or sickness behav-
iour or delirium. Younger age
and high cognitive reserve
(highly connected brain and
preserved plasticity) are pro-
tective factors [58]. Sickness
behaviour is a spectrum of
metabolic and behavioural
changes to conserve energy
and maximize the probability
of recovery [9, 59, 60]. Exem-
plifying this, similar iliness at
a young age may lead to eith-
er no symptoms or sickness
behaviour but in vulnerable
brain (e.g. aging, pre-existing
cognitive impairment or co-
existing brain pathologies) th-

substances across the BBB [18, 21, 22, 28,
40, 41, 53-55] (Figure 5). Expectedly, multiple
studies have demonstrated temporoparietal,
frontal and occipital hypoperfusion in delirium
patients [9, 29, 31, 45, 47].

While acute SVD may be completely reversible
when precipitating illness resolves, this isch-
emic event may lead to at least some degree of
residual irreversible chronic neuronal injury
particularly with severe illness, multiple risks
and with aging [1, 9, 33, 47, 56]. Chronic condi-
tions (e.g. aging, vascular risk factors or chronic
inflammation related) with resultant chronic
SVD likely leads to chronic, slowly worsening
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is can cause delirium [9, 33, 44, 47]. Similarly,
chronic SVD may lead to nil cognitive changes
or minimal cognitive impairment or dementia
depending on severity of illness and cognitive
reserve of an individual [61, 62].

Here we emphasize the known fact that the
most important and crucial substrate for many
brain pathologies is aging [53]. Aging brain can-
not withstand the metabolic stress in the same
way as young healthy individuals and becomes
increasingly vulnerable to hypoxic stress result-
ing from a variety of pathophysiological chang-
es [42, 46, 53]. With aging, the gCBF declines
by approximately 2.7 to 4.8 mL/min per year
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[25-27] after 5-6 years age and exponentially
among the elderly (9.38 mL/min per year) [26].
Interestingly, while brain aging is assumed to
be linear in trend, fluctuations are seen along
this trend [57] which may be explained by inter-
mittent episodic illnesses (Figures 5, 6).

Fourthly, the predominant pathophysiological
abnormality in AD is diffuse high AR deposition
[18, 40, 63-67]. Our triage hypothesis explains
a well-known dilemma of only rBM changes on
FDG PET despite AB found diffusely throughout
the neocortex [68-70]. In AD, while a reduced
rBM on FDG PET is seen in the parieto-tempo-
ral association area, posterior cingulate, precu-
neus and frontal association areas [2, 4, 21,
64], increased rBM is demonstrated in sensory
motor cortices, thalami, pons, cerebellum and
anterior cingulate cortices [71]. While we can
explain a majority the changes by our triage
hypothesis (similar to SVD), posterior cingulate
and more pronounced precuneus abnormali-
ties are the deviations. Hence, we believe that
while AD is predominantly a subset of chronic
SVD, above discrepant finding in these two
areas argues for additional pathophysiological
mechanism requiring further studies.

An interesting finding in our study was the sex
difference in triage. Females have approxi-
mately 12.1% higher mean gCBF than men [25,
72] but still have higher incidence of AD and
worse cognitive functions when suffering from
AD [7]. Findings from the European Studies of
Dementia (EURODEM) network show a 54%
higher relative risk of AD for females, adjusting
for age and education compared to males [73].
Almost two-thirds of Americans with AD are
females and estimated lifetime risk for AD at
age 45 is twice that of men [74]. We believe
significantly more pronounced triage related
metabolic changes in females can explain this
(Figure 3).

Another interesting finding is a more pro-
nounced triage related reduction in occipital
rBM. In a study by Chiotis et al., increased
THK5317 tau binding in occipital lobe in AD
was associated with cognitive impairment
despite FDG PET showing no significant differ-
ence [75]. Recently, Huang et al. compared 50
AD patients with 30 controls and showed
14.2% decline in gCBF in AD with maximum
reduction in perfusion in the occipital cortices
(22.3%) followed by parietal (18%), lateral tem-
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poral (13.3%) and frontal (12.0%) cortices [28].
Furthermore, occipital hypometabolism has
been demonstrated during delirium episodes
[33]. Hence, we believe occipital lobe is truly
involved in any SVD related conditions, but this
is not manifested early due to relative high
reserve and greater physiological variations.

We found increased rBM in mesial temporal
cortices with triage arguing its importance in
survival. No surprisingly, this area regulates
enhanced memory for stimuli that are of adap-
tive importance to survival [76]. This finding is
further substantiated by a recent study by
Huang et al. showing a 14.2% decline in gCBF
in AD is associated with least reduction in per-
fusion in medial temporal cortex (9.1%) relative
to occipital (21.3%), parietal (18%), lateral tem-
poral (13.3%) and frontal (11.9%) cortices [28].

Similarly, relative increased rBM in anterior cin-
gulate cortex (ACC) indicates its value for sur-
vival. ACC is known as a “neural alarm” that
serves to direct attention toward potential
conflicts with enduring survival goals [77]. A
substantial body of evidence also implicates
ACC dysfunction in depression [77-79] and
depressed suicides [80]. Therefore, during an
iliness, relative preservation of rBM is probably
an evolutionary mechanism to avoid depressed
suicides.

One discrepant finding was the lack of triage
related, statistically significant difference in
rBM in the lateral prefrontal cortices despite
images showing areas of mildly reduced me-
tabolism in dorsolateral frontal cortices visual-
ly. On CortexID software, the area used for
quantification is very large compared to appre-
ciably small areas. This may indicate dilution
of the effect resulting in underestimation of
rBM changes. Nonetheless, probably the fontal
abnormality is not as severe in keeping with
study by Huang et al. showing 14.2% gCBF
decline in AD patients is associated with only
11.9% decline in frontal cortices (relative to
occipital 21.3%).

Strengths of our study include a reasonable
sample size, objective measurements of gBM
and rBM with no inter-observer variations as
well as manual relative metabolism. Brain mea-
surements can suffer large ‘between’ (16.2%)
and ‘within’ (4.8%) subject variabilities [25],
former is eliminated in this study. A limitation
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of the study is that we have inferred a physio-
logical phenomenon in patients who had se-
vere malignancy in the pre therapy PET and had
just recovered with chemotherapy in post-ther-
apy PET. However, the aim of the study was
simply to observe regional changes if there is
global hypometabolism rather than assess-
ment of normal metabolism. Another limitation
of this study is that we did not confirm that the
decreased brain FDG activity was associated
with reduced perfusion. We do recommend this
should be further explored further in better
designed studies.

Conclusion

A triage related metabolic redistribution has
huge implications not only in understanding
human behaviour during illness but also in
explaining the well-known pathophysiological
and epidemiological linkage between aging,
delirium, SVD and AD. Our model has a strong
emphasis on SVD as an umbrella pathology but
dedicated designed studies are required to
further elaborate on this. Linkage of cognition
with intermittent illnesses in our model implies
possible lower cognition in infection prevalent
regions and further epidemiological studies are
encouraged. Sex related difference in triage
should be further explored for other non-neuro-
degenerative reversible neurological illnesses
with high gender differences e.g. migraine and
posterior reversible encephalopathy syndrome
(PRES).
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