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Impaired cerebral vascular andmetabolic
responses to parametric N-back tasks in
subjective cognitive decline
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Abstract

Previous studies reported abnormally increased and/or decreased blood oxygen level-dependent (BOLD) activations

during functional tasks in subjective cognitive decline (SCD). The neurophysiological basis underlying these functional

aberrations remains debated. This study aims to investigate vascular and metabolic responses and their dependence on

cognitive processing loads during functional tasks in SCD. Twenty-one SCD and 18 control subjects performed para-

metric N-back working-memory tasks during MRI scans. Task-evoked percentage changes (denoted as d) in cerebral

blood volume (dCBV), cerebral blood flow (dCBF), BOLD signal (dBOLD) and cerebral metabolic rate of oxygen

(dCMRO2) were evaluated. In the frontal lobe, trends of decreased dCBV, dCBF and dCMRO2 and increased dBOLD

were observed in SCD compared with control subjects under lower loads, and these trends increased to significant

differences under the 3-back load. dCBF was significantly correlated with dCMRO2 in controls, but not in SCD subjects.

As N-back loads increased, the differences between SCD and control subjects in dCBF and dCMRO2 tended to enlarge.

In the parietal lobe, no significant between-group difference was observed. Our findings suggested that impaired vascular

and metabolic responses to functional tasks occurred in the frontal lobe of SCD, which contributed to unusual BOLD

hyperactivation and was modulated by cognitive processing loads.
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Introduction

Subjective cognitive decline (SCD) is characterized by a
self-perceived continuous worsening of cognitive func-
tions with no objective impairment in cognition.1,2

SCD has a high incidence in the elderly population,3,4

increases the risk of Alzheimer’s dementia (AD)5 and
may be the first cognitive manifestation of AD.2

Investigations of the brain mechanisms of SCD have
immediate significance to the early detection and prog-
nosis of AD.

Functional brain aberrations exist in SCD6 and
occur early in the course of AD.7 During cognitive
tasks, various laboratories observed abnormally elevat-
ed and/or lowered blood oxygen level-dependent
(BOLD) activation in the prefrontal cortex and other
brain regions in SCD compared with control sub-
jects.8–13 Interpretations of how SCD modulates
functional brain activity, therefore, remain debatable.
One leading theory favors compensatory strategies,
where increased functional activity arises from
additional neuronal recruitment to maintain cognitive
integrity.8–11,14,15 An alternative view suggests continu-
ous mild neural impairments. In this regard, compro-
mised functional activity can be associated with vascular
dysfunction,16 hypometabolism17 and other neuronal
deficiencies.13,18 The above theories were primarily
tested in SCD using BOLD functional magnetic reso-
nance imaging (fMRI).8–13 Although the BOLD signal
has merits, including robustness, ease of use, and rela-
tively high spatial and temporal resolution, it reflects a
mixed effect of changes in cerebral blood volume (CBV),
cerebral blood flow (CBF) and cerebral metabolic rate
of oxygen (CMRO2).

19 This prompts us to look beyond
the BOLD signal to gain insights into the neurophysio-
logical basis of functional brain aberrations in SCD.We
hypothesized that, compared with control subjects,
those with SCD would have elevated vascular and met-
abolic changes during cognitive tasks if the compensa-
tory mechanism was triggered. Otherwise, continuous
neural impairment might occur, which could limit the
vascular and metabolic responses of SCD subjects.
Unfortunately, a study clarifying vascular and metabol-
ic behavior during functional brain activation in SCD
has not been reported.

Moreover, the functional brain aberrations in SCD
might be dependent on cognitive processing loads. In
behavioral studies, people with SCD performed nor-
mally on standardized cognitive tests but fell behind
on complex cognitive tasks.13,20–22 In neuroimaging
studies, BOLD activation evoked by the N-back task
was comparable between SCD and control groups
under lower loads (1�2 back) but significantly
increased in SCD under higher loads (2�3 back).8,11

These findings suggested the possibility of a

load-dependent approach to SCD assessment.
However, the association between cognitive task
loads and functional brain aberrations in SCD has
not been explored from vascular and metabolic per-
spectives. The N-back paradigm is suitable for address-
ing this issue because it allows manipulation of
working memory loads and evokes load-dependent
functional brain activation.

In this study, we applied well-established multimod-
al MRI techniques and parametric N-back working
memory tasks to investigate (a) the underlying vascular
and metabolic mechanisms of functional brain aberra-
tions and (b) their associations with working memory
loads in SCD. Age- and education-matched SCD and
control subjects performed 0-, 1-, 2- and 3-back tasks in
an MRI scanner. Cerebrovascular regulation was
assessed with an MRI pulse sequence that simulta-
neously acquired task-evoked changes in CBV, CBF
and the BOLD signal.23–30 Task-evoked changes in
CMRO2 were evaluated with a modified BOLD cali-
bration model.25–27 The results of this study may pave
the way to understanding the neurological mechanism
underlying functional brain aberrations in SCD, which
would provide critical information for the early detec-
tion and prognosis of AD.

Materials and methods

Subjects

Twenty-two SCD subjects and 20 age- and education-
matched control subjects aged 60-79 years were
recruited from the community via advertisements
between June 2018 and October 2019. This study was
approved by the Ethics Committee of Peking
University (approval number: 2016-03-08), in accor-
dance with the Helsinki Declaration of 1975 (and as
revised in 1983). Written informed consent was
obtained from each subject. All subjects completed sys-
tematic neuropsychological assessments, physical
examinations and MRI scans. The subjects abstained
from caffeine and alcohol for at least 12 hours prior to
the MRI scans.

The inclusion criteria for the SCD group were in
accordance with the research criteria proposed by
Jessen and colleagues,2 namely, elderly adults with
normal cognitive performance after age, gender and
education adjustment who reported the presence of
persistent self-perceived cognitive decline, unrelated to
acute events, compared with their previous normal cog-
nitive status.2 To include subjects at high risk for cog-
nitive decline, we explicitly sought out subjects who
had complaints and concerns about memory decline,
but not declines in other cognitive functions, within
the past five years.1 The inclusion criteria for the
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control group called for cognitively normal elderly

adults with no complaints.
The exclusion criteria for all subjects included mild

cognitive impairment (MCI) or dementia, which was

diagnosed based on the Jak and Bondi criteria31 or

the Diagnostic and Statistical Manual of Mental

Disorders, fifth edition (DSM-5),32 respectively;

major psychiatric diseases, such as severe depression

and anxiety; neurological conditions that may affect

brain structure or function (e.g., stroke, brain tumors,

epilepsy, or Parkinson’s disease); systemic diseases that

may lead to cognitive decline, such as thyroid dysfunc-

tion, severe anemia, syphilis or HIV; cognitive impair-

ments caused by traumatic brain injury; uncontrolled

diabetes or hypertension; abuse of tobacco, alcohol or

drugs; inability to complete the protocol; and contra-

indications for MRI.
One SCD subject and two control subjects were

excluded due to excessive head motion during MRI

scans. The results of this study were based on 21

SCD (13 females) and 18 control subjects (10 females).

Clinical and cognitive assessments

All subjects completed a systematic inquiry into their

basic information and medical history as well as a bat-

tery of neuropsychological tests, which included the

following: the Subjective Cognitive Decline Interview

(SCD-I) and 9-item Subjective Cognitive Decline

Questionnaire (SCD-Q9) to evaluate the details of

self-reported complaints and the severity level of

SCD; the Hamilton Anxiety Scale (HAMA)/

Hamilton Depression Scale (HAMD) and Geriatric

Depression Scale (GDS) to evaluate emotions and

moods; the Auditory Verbal Learning Test (AVLT)

with long delayed recall and recognition to evaluate

the cognitive domain of memory; the Shape Trail

Test-A/B (STT-A/B) to evaluate the cognitive domains

of speed and executive function; the Boston Naming

Test (BNT) and Animal Fluency Test (AFT) to evalu-

ate the cognitive domain of language; the Functional

Activities Questionnaire (FAQ) to evaluate activities of

daily living; and the Montreal Cognitive Assessment-

Basic (MoCA-B) to evaluate global cognitive function.

Details on the protocols and cutoffs of the aforemen-

tioned neuropsychological assessments have been pre-

viously published.33 The inquiries were conducted by a

professional neurologist, and the diagnoses were con-

firmed by two experienced neurologists.

Experimental procedures

All subjects were briefly trained for familiarization with

the experimental procedures before the MRI scans.

N-back task. The block-designed N-back task was com-
posed using E-Prime software (Psychology Software
Tools, Pittsburgh, PA, USA). Each block consisted of
a cue (2 s) and a series of 15 one-digit numbers (30 s).
Each number was displayed for 0.5 s, followed by a
“þ” for 1.5 s. During a baseline (0-back) block, sub-
jects were instructed to press a button as soon as the
number “3” was displayed. During an active (1-, 2- or
3-back) block, subjects were instructed to press the
button when the current number matched the number
that preceded it by 1, 2 or 3 places, respectively.

Each run of the N-back task lasted 148 s, which
consisted of a 12-s dummy scan, a baseline block fol-
lowed by the three active blocks in a pseudorandom
order, and an 8-s resting session. Each subject complet-
ed six runs of the N-back task to permit a sequentially
balanced design of the three active blocks. All subjects’
responses were recorded. The hit rate, false alarm rate,
dprime (i.e., difference between the z-transforms of the
hit rate and false alarm rate) and reaction time were
used to evaluate subjects’ N-back task performance.

CO2 challenge. Following the N-back task, a CO2 chal-
lenge was adopted from a previous study24 to allow the
evaluation of the N-back task-induced CMRO2

changes using the modified BOLD calibration
model.25–27 Subjects were supplied with medical air
(21% O2 and 79% N2) for the first 132 s and a hyper-
capnic gas mixture (5% CO2, 21% O2 and 74% N2) for
the remaining 180 s via a laboratory-built gas supply
system.24 During the CO2 challenge, the arterial oxygen
saturation (%SPO2) and pulse rate of 15 subjects (7
control and 8 SCD subjects) were measured with a dig-
ital pulse oximeter (Model 7500 FO, Nonin Plymouth,
USA). These measurements were not significantly dif-
ferent between the two groups (%SPO2 – normocapnia
(controls vs. SCD, mean� standard deviation (SD)):
95.62� 1.72 vs. 96.61� 1.51, p¼ 0.26, hypercapnia:
96.17� 2.35 vs. 97.54� 1.11, p¼ 0.16; pulse rate – nor-
mocapnia: 82.94� 6.33 vs. 78.09� 7.06, p¼ 0.19,
hypercapnia: 80.80� 7.51 vs. 76.04� 6.25, p¼ 0.20).
Other physiological parameters were not monitored
in this study, but nonetheless merit attention and will
be studied in our future work with larger samples.

MRI scanning protocol

All imaging data were collected on a 3.0 T MRI system
(Discovery MR750, GE Healthcare, Milwaukee, WI,
USA) equipped with an 8-channel head coil. For
fMRI acquisition, the common parameters were field
of view (FOV)¼ 260� 260 mm2, matrix¼ 64� 64, slice
thickness¼ 6mm and time of repetition (TR)¼ 2 s. All
subjects sequentially underwent a functional localizing
run, the N-back task and the CO2 challenge. The
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functional localizing run consisted of a dummy scan
and six blocks alternating between 0-back and 2-back
tasks (204 s). During the functional localizing run,
whole-brain BOLD signals were acquired using a
T2*-weighted gradient-echo echo-planar imaging
sequence with the following parameters: time of echo
(TE)¼ 30ms, flip angle¼ 90�, 10 slices. Immediately
after the functional localizing run, the built-in fMRI
analysis platform on the MRI system was used to iden-
tify an oblique slice through the 2-back activation
regions in both the frontal and parietal lobes for each
subject as the targeted imaging slice for the rest of the
MRI scan. During the subsequent N-back task and the
CO2 challenge, CBV-, CBF- and BOLD-weighted sig-
nals were acquired in the target slice using a simulta-
neous vascular space occupancy (VASO), arterial spin
label (ASL) and BOLD acquisition sequence23,24 with
the following parameters: TE¼ 9.4/11.6/28.1ms for
VASO/ASL/BOLD signals, inversion slab¼ 102mm.
The blood nulling time (TI1) for the VASO signal
was individually determined with an inversion recovery
sequence by searching for the lowest signal intensity in
the sagittal sinus.23,24 TI2 for the ASL signal was
1200ms.24,26 Finally, a structural image of the same
position was acquired using a T1-weighted fluid-atten-
uated inversion recovery sequence as previously
described.24

MRI data processing

All functional images were analyzed using AFNI soft-
ware (AFNI_19.1.00, https://afni.nimh.nih.gov/) and
customized MATLAB (version 9.1.0, MathWorks,
Natick, MA, USA) scripts. Images obtained during
the dummy scans were discarded. In order to account
for motion-related effects, outliers in each time series
were detected using the 3dToutCount command and
later inputted as a nuisance regressor in the general
linear model (GLM) analysis. The VASO/ASL/
BOLD images were obtained by surround averaging/
subtraction/averaging of the adjacent label and control
images acquired during the first/second/third echo of
the simultaneous acquisition sequence, respectively.24

Spatial smoothing was performed with an 8-mm
Gaussian kernel. Images during all six runs of the N-
back task were scaled to a mean of 100 and concatenat-
ed. GLM analyses were performed to identify voxels
that were positively activated by the 1-, 2- and 3-back
tasks with respect to the 0-back task and by hypercap-
nia with respect to normocapnia. The criterion for sta-
tistical significance was p< 0.05. For each task, the
region of interest (ROI) was selected as the voxels
that were activated for all of the VASO, ASL and
BOLD signals. ROIs in the frontal and parietal lobes
were distinguished by the central sulcus.

Herein, we defined d as the percentage change in a
signal. For example, dBOLD¼BOLD/BOLD0 – 1,
where BOLD and BOLD0 represent the average
BOLD signals measured in the activated and baseline
states, respectively. Within each ROI, voxelwise
dVASO, dASL and dBOLD were calculated for the
N-back task and the CO2 challenge. dCBV was con-
verted from dVASO as previously described,24,26 and
dCBF¼ dASL.

A modified BOLD calibration model24,26,27 was
adopted for the calculation of dCMRO2 evoked by
the N-back task:

dBOLD¼ M 1� dCBVþ 1ð Þ dCMRO2 þ 1

dCBFþ 1

� �b
" #

(1)

In equation (1), b is a constant characterizing the
relationship between the BOLD signal and the magnet-
ic susceptibility difference between blood and tissue.
be¼ 1.5, simulated with 2% capillary and 2% venule
volume fractions,34 was selected for this study.24,26,27 A
lower b¼ 0.8�1 has also been suggested35–37 and may
have minor effects on the results.24,34,36 For each sub-
ject, M, the BOLD calibration parameter, can be cal-
culated by solving equation (1) with the dCBV, dCBF
and dBOLD measured during the CO2 challenge under
the assumption that the CMRO2 does not change
between normocapnic and hypercapnic conditions
(i.e., dCMRO2¼ 0). Next, M and the dCBV, dCBF
and dBOLD obtained during the N-back task were
entered into equation (1) to calculate the dCMRO2

evoked by the N-back task. Finally, these measure-
ments were averaged within each ROI for each subject.

Statistical analysis

The statistical analysis was performed using SPSS soft-
ware (version 26, IBM Corporation, Somers, NY,
USA). Data normality was tested using the
Kolmogorov-Smirnov test. Demographic, clinical, cog-
nitive and neuroimaging parameters were compared
between the SCD and control groups. Continuous var-
iables were analyzed via one-way analysis of covariance
(ANVOCA) and its non-parametric equivalent as
appropriate, while categorical variables were analyzed
via chi-square test. Since the neuroimaging parameters
in the parietal lobe did not show significant differences
between the two groups (see details in the Results sec-
tion), they were not further investigated. In the frontal
lobe, partial correlations were evaluated among the
neuroimaging parameters as well as between the neu-
roimaging parameters and the MoCA-B scores.
Throughout the statistical analysis, age, gender and
education were considered covariates, and p< 0.05
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after false discovery rate (FDR) correction was used as

the threshold for statistical significance.

Results

Behavioral results

The SCD and control groups were matched with

respect to age (mean� SD: 65.86� 4.03 vs. 68.83�
5.93, p¼ 0.07) and education (13.38� 2.64 vs.

13.50� 3.17, p¼ 0.90). Their clinical and cognitive

results are displayed in Table 1. The SCD group had

higher SCD-Q9, HAMD and HAMA scores than the

control group. Otherwise, the two groups performed

comparably during the objective cognitive assessments.

In addition, their N-back task performance was equiv-

alent (p> 0.26 for all hit rates, false alarm rates,

dprimes and reaction times, Figure 1).

Neuroimaging results

Figure 2 provides an overview of the anatomical

(Figure 2(a)) and functional (Figure 2(b) and (d)) infor-

mation of a representative SCD subject generated by

the MRI procedures. Note that all SCD and control

subjects had task-induced activation in the frontal

and parietal ROIs (i.e., voxels activated for all dCBV,
dCBF and dBOLD), with no significant difference in

the numbers of activated voxels between the

two groups (frontal ROIs – CO2 challenge (SCD

vs. controls, mean�SD): 30.71� 19.11 vs. 32.88�
20.81, p¼ 0.71, 1-back: 13.19� 16.36 vs. 11.78�
12.31, p¼ 0.66, 2-back: 26.81� 24.59 vs. 26.67� 24.25,

p¼ 0.65, 3-back: 27.33� 29.87 vs. 24.83� 24.20,

p¼ 0.87; parietal ROIs – CO2 challenge: 63.00� 33.56

vs. 67.29� 47.39, p¼ 0.75, 1-back: 35.10� 33.47 vs.

27.61� 26.04, p¼ 0.31, 2-back: 62.81� 47.04 vs.

58.94� 47.59, p¼ 0.96, 3-back: 62.43� 45.76 vs.

55.78� 54.01, p¼ 0.78). As displayed in Figure 2(c),

the 1-back task evoked lesser functional activations, in

terms of both area and intensity, than the 2- and 3-back

tasks. The hypercapnia measurements led to the M map,

which was used to calculate dCMRO2 within the ROIs

for each task (Figure 2(d)). The mean M values were not

significantly different between the two groups (frontal

ROI (SCD vs. control, mean�SD) 0.060� 0.029 vs.

0.049� 0.026, p¼ 0.26; parietal ROI 0.069� 0.038 vs.

0.058� 0.019, p¼ 0.33).
The quantitative group averages of dCBV, dCBF,

dBOLD and dCMRO2 evoked by the N-back task

are shown in Figure 3. In the frontal lobe, the SCD

group tended to have lower dCBV, dCBF and

dCMRO2 as well as higher dBOLD than the control

group. Specifically, all 3-back neuroimaging parame-

ters, 1-back dCBV and 2-back dBOLD were signifi-

cantly different (p< 0.05 after FDR correction for all

occasions) between the two groups. Notably, the

between-group differences tended to increase with N-

back loads in dCBF and dCMRO2, but such trends

were not clearly evident in dCBV or dBOLD. In the

parietal lobe, none of the task-evoked functional

changes were significantly different between the two

groups.
For all the 1-, 2- and 3-back tasks, dCBF and

dCMRO2 in the frontal lobe were strongly correlated

(p< 0.01 after FDR correction for all occasions,

Figure 4) in the control group but uncorrelated in the

SCD group. Additionally, dCBF was positively correlat-

ed with the MoCA-B score (p< 0.05 after FDR correc-

tion, Figure 5(a)) in both groups for nearly all N-back

cases (the only exception being the 1-back task in the

Table 1. Clinical and cognitive results.

Neuropsychological test SCD (N¼ 21) Control (N¼ 18) P value

MoCA-B 25.62� 2.31 25.44� 1.82 0.78

SCD-Q9 5.00� 1.80 2.33� 1.49 <0.01

HAMD 4.10� 3.79 1.83� 1.79 0.04

HAMA 4.62� 3.87 1.72� 2.32 <0.01

AVLT: long delayed recall 6.24� 1.64 6.33� 1.37 0.83

AVLT: recognition 21.90� 1.58 21.33� 1.46 0.30

STT-A 63.10� 14.88 61.33� 15.40 0.38

STT-B 140.81� 42.22 137.11� 38.89 0.50

AFT 18.90� 5.22 18.67� 5.09 0.91

BNT 25.38� 2.36 24.06� 3.23 0.18

GDS 2.33� 1.80 1.39� 1.42 0.12

FAQ 0.19� 0.68 0.06� 0.24 0.46

SCD: subjective cognitive decline; MoCA-B: Montreal Cognitive Assessment-Basic; SCD-Q9: 9-item Subjective Cognitive Decline Questionnaire;

HAMD: Hamilton Depression Scale; HAMA: Hamilton Anxiety Scale; AVLT: Auditory Verbal Learning Test; STT: Shape Trail Test; AFT: Animal Fluency

Test; BNT: Boston Naming Test; GDS: Geriatric Depression Scale; FAQ: Functional Activities Questionnaire.

Note: Values are mean� SD. P values were obtained by performing analyses of covariance with age, gender and education as covariates.
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control group). In contrast, dCMRO2 was positively

correlated with the MoCA-B score only in the control

group during the 2- and 3-back tasks (p< 0.05 after

FDR correction, Figure 5(b)) and uncorrelated in the

SCD group.

Discussion

In this study, we investigated task-evoked cerebral vas-

cular and metabolic responses and their dependence on

cognitive processing loads in SCD. To achieve this

goal, we implemented a well-established simultaneous

MRI acquisition technique23–30 to measure task-

evoked dCBV, dCBF and dBOLD in a time-efficient

manner. Additionally, a sophisticated BOLD calibra-

tion model24–27,34,38 was adopted to evaluate task-

evoked dCMRO2. These neuroimaging parameters

were measured and evaluated during a parametric

N-back working memory task performed by age- and

education-matched SCD and control cohorts.
Our main finding was that decreased dCBV, dCBF

and dCMRO2 and increased dBOLD concurrently

occurred in SCD compared with control subjects.

Previous fMRI studies mostly used the BOLD signal

to investigate cognitive functions in SCD.8–13 Some

reported increased BOLD activation and explained

their observations as a compensatory strategy to main-

tain cognitive function,8–11 whereas others reported

lower BOLD activation and attributed their observa-

tions to neural deficiency.12,13 Similarly, a mixture of

increased and decreased BOLD activation during

working memory tasks has been reported in amnestic

MCI (aMCI) and/or AD patients compared to control
subjects.39–42 Since the BOLD signal reflects a mixed
effect of many physiological parameters, including
CBV, CBF and CMRO2, changes in this signal could

be induced by vascular factors in addition to neuronal
activation. In this study, our observation of increased
BOLD activation in SCD could not be adequately
explained by a compensatory mechanism with the pres-
ence of compromised vascular and metabolic

responses. Instead, we propose that cognitive-related
vascular and metabolic impairments occurred in SCD
subjects.

Previous studies have stressed the nonnegligible role
of vascular dysregulation during the early stage of
AD.43–45 In the resting state, global and regional
CBF was reported to decrease over the course of neuro-

degeneration by multiple studies using various techni-
ques.46 Such decreased resting CBF was associated
with impaired cognitive functions in SCD16,47 and
was proposed to predict cognitive decline in elderly

individuals.48 In this study, resting CBF was not direct-
ly measured but was theoretically proportional to the
ASL data via the following equation29,49,50:

CBF ¼ kASL

2aM0se� TI2=T1að Þ (2)

where ASL represents the label/control-subtracted

ASL images; k is the blood-tissue partition coefficient;
a and s are the labeling efficiency and duration,

Figure 1. The average hit rates, false alarm rates, dprimes, and reaction times (mean� SD with exact data points) exhibited no
significant differences (p> 0.26 for all occasions) between the SCD and control groups during the 0-, 1-, 2- or 3-back task.

6 Journal of Cerebral Blood Flow & Metabolism 0(0)



respectively; M0 is the equilibrium brain tissue magne-
tization; and T1a is the blood T1. Based on a bold
assumption that k, M0 and T1a were not affected by
SCD, we compared the ASL data obtained during the
baseline period of the CO2 challenge and found no sig-
nificant difference between the two groups (ASL sig-
nals (control vs. SCD, mean�SD): 53.07� 12.89 vs.
53.69� 11.87, p¼ 0.31). On the other hand, few studies
have examined task-state CBF responses in SCD or
AD. Studies of aMCI patients reported decreased
regional CBF responses to memory-encoding tasks
compared to control subjects.51,52 Consistent with the
aMCI findings, the present study reported a reduced
task-evoked dCBF in the frontal lobe of the SCD
group. Based on the previous findings of a declined
(or unchanged) resting CBF in the SCD group, the

reduced dCBF observed in this study could imply a
reduced absolute change in CBF. According to Lu
et al.,53 the VASO-based dCBV primarily reflects the
absolute CBV changes under the approximation that
baseline CBV is relatively small in the brain parenchy-
ma. We reported decreased N-back task-evoked dCBV
in the frontal lobe of the SCD group, which was also
consistent with the reduced dCBF observation if one
considers their close relationship.54 Together, our find-
ings of compromised dCBV and dCBF further demon-
strated impaired cerebrovascular regulation during
comprehensive tasks in SCD.

Reduced dCMRO2 was also observed in the frontal
lobe of the SCD group during the N-back task. To the
best of our knowledge, no reported fMRI study has
investigated task-evoked CMRO2 changes in SCD or

Figure 2. Maps of a representative subject (Female, 66 years old) from the SCD group are presented for illustrative purposes. (a)
Anatomical information on the imaging slice. Voxel-based dCBV, dCBF and dBOLD evoked by (b) the CO2 challenge and (c) the 1-, 2-
and 3-back tasks with respect to the 0-back task were measured using the simultaneous MRI acquisition technique. The activated
voxels were identified using GLM analysis, with p< 0.05 considered statistically significant. (d) The calibrated BOLD model was used
to obtain the M value resulting from the CO2 challenge, which, in turn, was used to calculate dCMRO2 during the 1-, 2- and 3-back
tasks. The ROI of each task was determined by finding the commonly activated voxels across all CBV, CBF and BOLD measurements.
All functional maps were overlaid on the subject’s structural image.
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AD. Xu et al. showed no difference in the mean

CMRO2 changes during a memory-encoding task but

a significantly decreased activation index (i.e., mean

CMRO2 changes multiplied by the ratio of activated

to total voxels in the hippocampus) in aMCI patients

compared to control subjects.55 Using the functional

near-infrared spectroscopy technique, a majority of

the studies reported hypoactivation in cerebral oxygen-

ation, which can be related to relative CMRO2 and

CBF changes by fitting into a biophysical model,56,57

in the frontal/parietal cortex of aMCI and AD patients

during working memory58–60 and other cognitive

tasks.61 In the resting state, reduced17,62 or

unchanged63 levels of glucose metabolism were

observed in SCD compared with control subjects. As

the resting cerebral metabolic rates of glucose and

oxygen are closely coupled,64 the SCD group likely

had a reduced or unchanged resting CMRO2 and a

reduced absolute increase in CMRO2 during the N-

back task. Additionally, dCBF was disassociated

from dCMRO2 in SCD (Figure 4), which was also

reported in aMCI patients65 and suggested impaired

neurovascular coupling. Moreover, the correlation

between dCMRO2 and the MoCA-B score observed

in controls appeared to diminish in SCD subjects

(Figure 5(b)). Together, these alterations in metabolism

could be a manifestation of impaired neuronal66 or

blood-brain barrier43 integrity.
Evaluation of dCMRO2 with the modified BOLD

calibration model relies on a crucial assumption that

the CO2 challenge is an isometabolic procedure.34 In

practice, both unchanged and decreased CMRO2 with

mild hypercapnia have been reported in human stud-

ies.67 If CMRO2 had decreased during the CO2

Figure 3. The average dCBV, dCBF, dBOLD and dCMRO2 (mean� SD) evoked by the 1-, 2- and 3-back tasks with respect to the 0-
back task in the frontal and parietal lobes of the SCD and control groups. GLM analyses were applied to compare the percentage
changes between the two groups with age, gender and education as covariates. * denotes p< 0.05 after FDR correction.

Figure 4. During 1-, 2- and 3-back tasks, significant positive correlations were observed in the frontal lobe between dCBF and
dCMRO2 in the control group but not in the SCD group. These FDR-corrected partial correlations were performed with age, gender
and education as covariates.
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challenge, M and the N-back task-evoked CMRO2

might have been overestimated in both SCD and control

subjects. Although such uncertainties are not likely to

alter the differences found between the two groups, they

can be avoided with a gas-free approach68 in future stud-

ies. Moreover, the relative results of this study should be

validated by means of absolute CMRO2 measurements.

Quantitative susceptibility mapping (QSM)-based tech-

niques allow whole-brain absolute CMRO2 measure-

ment without gas manipulation.69–72 While QSM has

the potential to provide neuroimaging biomarkers in

various neurodegenerative disorders,73 few studies have

applied it to dynamically measure absolute CMRO2

changes during cognitive tasks, likely due to the relative-

ly lengthy scan time. Recently, our group developed a

gas-free MRI technique to dynamically measure the

whole-brain oxygen extraction fraction with improved

temporal resolution.74 In the framework of Fick’s prin-

ciple, we intend to combine this technique with CBF

measurements to further investigate the absolute

changes in whole-brain CMRO2 during cognitive tasks

in SCD cohorts.
A second finding of this study was that the impaired

cerebral vascular and metabolic responses in SCD were

modulated by cognitive processing loads. Despite their

normal performance on standardized tests, SCD sub-

jects were reported to slightly underperform in compre-

hensive cognitive tasks,13,20–22 a finding that still

requires neuroimaging support. The parametric N-

back task offers a range of working memory loads

and can evoke load-dependent brain activation.75,76

Load-dependent bilateral frontal hypoactivation

during the N-back task has previously been reported

in MCI patients.58 We observed that in the frontal lobe,

the differences between the SCD and control groups in

all neuroimaging parameters became significant during

the most challenging 3-back task despite indistinguish-

able task performance. Dumas et al.11 observed that

cognitive complainers had increased BOLD activation

in relevant brain regions for the 2- and 3-back condi-

tions but equivalent BOLD activation for the 1-back

condition compared with the noncomplainers. Erk

et al.8 reported that no difference was found in 2-

back-evoked BOLD activation between groups of sub-

jects with and without subjective memory impairment.

Considering the differences among individuals and sen-

sitivities of neuroimaging parameters, our study and

previous studies jointly supported the concept that suf-

ficiently complex tasks increase the probability of dif-

ferentiating the SCD group from the control group.

Figure 5. In the frontal lobe, (a) dCBF was positively correlated with the MoCA-B score in the SCD group during all the 1-, 2- and 3-
back tasks and in the control group during the 2- and 3-back tasks; (b) dCMRO2 was positively correlated with the MoCA-B score in
the control group during the 2- and 3-back tasks but not at all in the SCD group. These FDR-corrected partial correlations were
performed with age, gender and education as covariates.
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Of the neuroimaging parameters measured and eval-

uated in this study, dCBF and dCMRO2 in the frontal

lobe not only had the closest relationships with global
cognitive status (Figure 5) but also showed the greatest

flexibility in detecting altered N-back task-evoked

responses in SCD. In the control group, the frontal

dCBF and dCMRO2 increased with task difficulty, as
previously demonstrated.11,75 In the SCD group, these

parameters behaved in the same manner during the 1-

and 2-back tasks but did not further increase during the

3-back task (Figure 3). These observations suggested

that the blood flow and metabolic regulation systems
in the frontal regions of the SCD group may have been

slightly disrupted to an extent that, while still function-

ing properly during easy to moderate tasks, it was

likely to reach its limit during challenging tasks.
Therefore, our findings suggest the possibility of a

task-load-dependent approach to SCD assessment

using CBF and CMRO2 as potential neuroimaging

markers.
This study has limitations. For example, the simul-

taneous acquisition technique provided limited spatial

coverage. However, regional heterogeneity in the task-

related responses of SCD subjects has been reported in
this and previous studies.8 We chose to observe parts of

the frontal and parietal lobes that are known to partic-

ipate in the working memory process. Nevertheless,

task-related responses in other important regions,

such as the hippocampus and medial temporal lobe,
are not known. In addition, although efforts were

made to maintain consistency among subjects by deter-

mining the targeted imaging slice using a functional

localizing run, it could not be guaranteed that the
exact same regions were covered in every subject. As

a result, coregistration or voxelwise comparison

between groups could not be rigorously conducted,

which may blur possible spatial variations in the
observed regions. Finally, this cross-sectional study

recruited a relatively small sample of elderly individuals

without testing for the presence of AD-related patho-

physiological biomarkers. SCD is a heterogeneous con-

dition with multiple etiologies,1 which may hinder a
clear understanding of the pathophysiology of AD.

To include SCD subjects with an increased risk for

cognitive decline, we selected those with memory com-

plaints and associated concerns that had emerged
within the past 5 years according to the framework pro-

posed by Jessen et al.1,2 We obtained statistically sig-

nificant preliminary evidence demonstrating impaired

cerebral vascular and metabolic responses in SCD sub-
jects during cognitive tasks. Nevertheless, longitudinal

studies with a large sample size are required to further

associate the findings of this study with the risk of AD

in the long term.
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