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Introduction
Numerous studies have documented the usefulness of the 
blood-oxygen-level dependent signal (BOLD) as a key meas-
ure of cortical brain function. In contrast to changes in task-
related BOLD signal, which reflects the coupling of neural 
events with the hemodynamic response,1,2 resting-state BOLD 
(BOLD) reflects primarily neurovascular (mainly hemody-
namic) factors.3 The moment-to-moment change of resting-
state BOLD, that is, its turnover (TBOLD), possesses several 
interesting properties, including heritability,4 increase with 
age5,6 (particularly in individuals lacking certain immunopro-
tective human leukocyte antigen alleles),5 and negative associa-
tion with brain volume during the lifespan.6 In a previous 
study,6 we attributed the TBOLD increase with age to cumula-
tive insults (ie, reactivation of latent human herpes viruses) 
causing low-level, chronic neuroinflammation—a hallmark of 
brain aging.7 This hypothesis was supported by the finding of a 
significant negative correlation of TBOLD with brain volume 
during the lifespan,6 thus linking the hypothesized chronic 
neuroinflammation (reflected in increased TBOLD) to 
decreased brain volume. Since (a) cognitive performance 
declines with age,7 (b) chronic neuroinflammation has been 
postulated to underlie this decline,8 and (c) TBOLD has been 

postulated to be a marker of chronic neuroinflammation,5,6 we 
investigated, in this study, the direct relation between TBOLD 
and cognitive performance in a large sample of Human 
Connectome data. In addition to evaluating the contempora-
neous association between TBOLD and cognition, we also 
investigated the possibility that TBOLD would precede cogni-
tive decline in the future. Indeed, various genetic, environmen-
tal, and lifestyle factors contribute to neurovascular dysfunction 
which, in turn, may contribute to cognitive decline and neuro-
degeneration.9 Thus, subtle neurovascular alterations captured 
by TBOLD may reflect the influence of neurovascular insults 
and may presage cognitive decline; however, the association 
between TBOLD and cognitive function remains to be inves-
tigated. Here, then, we evaluated the association between 
TBOLD and cognitive function in 711 participants from the 
Human Connectome Project on Aging (HCP-A; age range 
36-90 years). Specifically, we evaluated contemporaneous and 
lagged associations between TBOLD and performance on the 
Montreal Cognitive Assessment (MoCA)10 and 2 of its sub-
scales, controlling for age and sex. The current analyses focused 
on MoCA subscales reflecting Delayed Recall and Visuospatial/
Executive Function as deficits in those 2 MoCA domains are 
associated with the highest risk for cognitive decline.11
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Materials and Methods
Participants

We analyzed data from the Montreal Cognitive Assessment 
(MoCA) test and state-of-the-art imaging data of sub-second 
resting state fMRI (rfMRI) from 711 healthy participants of 
Human Connectome Project (HCP) on Aging (HCP-A, 
www.humanconnectome.org/study/hcp-lifespan-aging)12 
lifespan 2.0 data release. The study included 316 males and 395 
females younger than 90 (36.0-89.9 years old), representing a 
sample of the current US population with diverse ethnic, racial, 
and socio-economic status and with “typical” health for their 
age. Those with clinical diagnoses of psychiatric and neurologi-
cal disorders, cognitive impairment, and symptomatic stroke, 
among other criteria were excluded. All participants provided 
written informed consent. The Research and Development 
Committee of the Minneapolis Veterans Affairs Medical 
Center approved this study.

Cognitive assessment

The total MoCA10 score and scores of 2 MoCA subscales were 
used in this study, namely the Visuospatial/Executive Function 
scale and the Delayed Memory scale. The visuospatial/Executive 
function scale includes 3 tasks—Trails, Cube, and Clock 
Drawing (TCCD) that generally capture visuospatial and exec-
utive functioning. The Trails involves drawing lines to connect 
circled numbers and letters in alternating number and alphabet 
sequence, the Cube involves copying a Necker cube, and the 
Clock Drawing involves drawing a clock face with the contour, 
numbers, and time correctly shown. The Delayed Memory scale 
involves 2 learning trials of a list of 5 words followed by recall of 
those words 5 minutes later. Points for Uncued Recall (PUR) is 
determined by the number of words correctly recalled prior to 
category or multiple choice cue prompting.

Resting state functional MRI data

The 32-channel head coil Siemens 3T Prisma scanner, which 
enables high acceleration factors via multi-slice acquisitions of 
MRI, was used.13 Participants viewed a small white fixation 
crosshair on a black background during rfMRI scanning. They 
were instructed to remain awake, still, and blink normally. 
RfMRI scans were acquired in pairs of 2 runs, with opposite 
phase encoding polarity so that the fMRI data in aggregate is 
not biased toward a particular phase encoding polarity. RfMRI 
data were acquired for 26 minutes of resting state scanning in 4 
runs of 6.5 minutes each. Details of acquisition parameter are 
given elsewhere.13

rfMRI data extraction and processing

The Desikan-Killiany atlas parcellation, consisting of 68 corti-
cal areas (34 per hemisphere, Table 1), were used.14 Data of 2 

rfMRI acquisition sessions, the first session with one run AP 
and second run PA and the second session with one run AP 

Table 1.  The 68 areas analyzed (34 for the left and the same 34 for 
the right hemisphere).

Index Area

1 Banks superior temporal sulcus

2 Caudal anterior cingulate cortex

3 Caudal middle frontal gyrus

4 Cuneus cortex

5 Entorhinal cortex

6 Frontal pole

7 Fusiform gyrus

8 Inferior parietal cortex

9 Inferior temporal gyrus

10 Insula

11 Isthmus cingulate cortex

12 Lateral occipital cortex

13 Lateral orbital frontal cortex

14 Lingual gyrus

15 Medial orbital frontal cortex

16 Middle temporal gyrus

17 Paracentral lobule

18 Parahippocampal gyrus

19 Inferior frontal, pars opercularis

20 Inferior frontal, pars orbitalis

21 Inferior frontal, pars triangularis

22 Pericalcarine cortex

23 Postcentral gyrus

24 Posterior cingulate cortex

25 Precentral gyrus

26 Precuneus cortex

27 Rostral anterior cingulate cortex

28 Rostral middle frontal gyrus

29 Superior frontal gyrus

30 Superior parietal cortex

31 Superior temporal gyrus

32 Supramarginal gyrus

33 Temporal pole

34 Transverse temporal cortex

www.humanconnectome.org/study/hcp-lifespan-aging
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and second run PA, were combined. For each participant and 
brain area, the blood-oxygen-level dependent (BOLD) time 
series were extracted from recommended minimally preproc-
essed rfMRI data15 (N = 1912 BOLD values per vertex).

Data analysis

TBOLD.  A robust, nonparametric estimate of resting-state 
BOLD turnover was obtained in 3 steps, as described in detail 
in Ref.6 Briefly, (i) single BOLD time series for a given kth 
voxel were first-order differenced; (ii) the median of the abso-
lute values of the differenced time series was computed; and 
(iii) this median value was divided by 0.8 second (since 
TR = 0.8 second) to yield the resting-state BOLD turnover per 
second (TBOLD):

	 TBOLD
Medianof abs(BOLDChange)

.
k �

� �
	 (1)

Finally, the mean TBOLD for each area (across M voxels in the 
area) was computed and used for further analyses:
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�
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k M
k
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Handedness.  Handedness scores in the databases were integers 
ranging from −100 and (totally left handed) to +100 (totally 
right handed), with negative scores indicating left handed, pos-
itive scores indicating right handed, and zeros indicating ambi-
dextrous participants. Of the total of 711 participants, 76 
(10.7%) were left handed and 635 (89.3%) were right handed; 
there were no ambidextrous participants. For quantitative anal-
yses, a binary (HAND) variable was created:

Handedness score [−100 to −1] → Left handed (HAND = 0)
Handedness score [1 to 100] → Right handed (HAND = 1)

Statistical analyses.  Standard parametric and nonparametric 
statistical methods were used to analyze the data, including 
descriptive statistics, and comparisons between means, com-
parisons between distributions, linear regression analysis, 
etc. In addition, a crosscorrelation analysis was performed 
between TBOLD and MoCA, TCCD and PUR scores to 
find out whether TBOLD is associated with cognitive per-
formance in future years. For that purpose, for each area, the 
effects of sex and handedness were removed by performing 
a multiple linear regression of TBOLD, MoCA, TCCD, 
and PUR against SEX and HAND and retaining the resid-
uals, Next, grand means of these residuals (across areas) were 
computed for each year-bin, yielding time series of length 
N = 54 (36-89 annual bins) for each measure. The crosscor-
relation function was then calculated between the time 
series above of TBOLD and those of MoCA, TCCD and 
PUR scores.

The IBM-SPSS statistical package (version 29) was used to 
analyze the data. All reported P values are 2-sided.

Results
Age

The frequency distribution of age is shown in Figure 1A. Mean 
age did not differ significantly between men (mean = 60.2 years, 
SD = 15.2, N = 316) and women (mean = 59.0, SD = 14.6, 
N = 395) (P = .268, independent samples t-test). In addition, a 
comparison of the age distributions of the 2 sexes using the 
Kolmogorov-Smirnov test was not significant (P = .291), indi-
cating that men’s and women’s age distributions come from the 
same parent distribution.

Effect of sex and handedness on cognitive 
performance

The frequency distribution of MoCA is shown in Figure 1B, 
and the frequencies of TCCD and PUR scores are given in 
Tables 2 and 3, respectively. The effects of sex and handedness 
on performance of MoCA, TCCD and PUR scores was evalu-
ated using an ANCOVA where the cognitive score was the 
dependent variable, SEX and HAND were fixed factors, and 
age was a covariate. We found the following. (a) with respect 
to MoCA scores, women performed significantly better than 
men (F[1,706] = 6.180, P = .013), whereas neither the HAND 
nor the SEX × HAND interaction were significant (P = .794 
and P = .324, respectively). (b) With respect to the TCCD 
task, no statistically significant effects were found (P = .155 for 
SEX, P = .774 for HAND, and P = .229 for SEX × HAND 
interaction; F-test). Finally, with respect to the PUR task, 
women performed significantly better than men (F[1,706] = 3.920, 
P = .048) and right handed participants performed better than 
left handed participants (F[1,706] = 4.545, P = .033); the interac-
tion term SEX × HAND did not have a significant effect 
(F[1,706] = 0.124, P = .725).

Association between TBOLD and cognitive 
performance

The frequency distribution of TBOLD is shown in Figure 1C. 
The association of TBOLD with cognitive performance was 
assessed by computing, for each one of the 68 cortical areas, the 
partial correlation between TBOLD and MoCA, TCCD and 
PUR scores, controlling for age, sex, and handedness. The 
results are shown in Tables 4 and 5. We found the following. 
With respect to the TBOLD versus MoCA, 32/34 (94.1%; 
P < .001, Wilson test for binomial proportion against the null 
hypothesis of 50%) partial correlations in the left and 29/34 
(85.3%; P < .001, Wilson test) in the right hemispheres were 
negative; overall, the partial correlations were highly correlated 
between the 2 hemispheres (Figure 2A; rp = 0.821, P < .001, 
N = 34 areas). With respect to TBOLD versus TCCD, 29/34 
(85.3%; P < .001, Wilson test) partial correlations in the left 
and 25/34 (73.5%; P = .006, Wilson test) in the right hemi-
spheres were negative; overall, the partial correlations were 
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highly correlated between the 2 hemispheres (Figure 2B; 
rp = 0.855, P < .001, N = 34). With respect to TBOLD versus 
PUR, 32/34 (94.1%; P < .001, Wilson test) correlations in both 
the left and right hemispheres were negative; partial correla-
tions were highly correlated between the 2 hemispheres (Figure 
2C; rp = 0.888, P < .001, N = 34). Finally, with respect to hemi-
sphere, partial correlations were more negative in the left than 
the right hemisphere for all 3 cognitive measures (Table 6). 
These differences were highly statistically significant (Table 7).

Crosscorrelations

Given the pervasive negative effect of TBOLD on cognitive 
measures of performance, we further explored, for all 3 meas-
ures (MoCA, TCCD, PUR), the hypothesis that an increase in 
TBOLD would precede a decrease in cognitive performance, 
in addition to their contemporaneous negative association doc-
umented above. For that purpose, we computed the crosscor-
relation function between the time series of TBOLD and 
MoCA, TCCD, and PUR, after removing the effect of SEX 
and HAND (see Methods). We found the following. (a) The 
autocorrelation and partial autocorrelation functions (ACF 
and PACF, respectively) of the TBOLD residuals time series 
did not show any statistically significant value across all 15 year-
lags evaluated (Figure 3), approximating white noise. (b) The 

crosscorrelation function (CCF) analyses revealed a pervasive 
negative effect of TBOLD on: MoCA (Figure 4), TCCD 
(Figure 5) and PUR (Figure 6) across the 15 forward lags 
tested, namely 13/15 (86.7%) negative CCF values for MoCA 
CCF, 15/15 (100%) for TCCD CCF, and 11/15 (73.3%) for 
PUR CCF. (c) CCF values were highly correlated among cog-
nitive measures (MoCA CCF vs TCCD CCF: r = .817, 
P < .001, N = 15; MoCA CCF vs PUR CCF: r = .859, P < .001; 
TCCD CCF vs PUR CCF: r = .716, P = .002) and did not dif-
fer significantly (P > .5 for all 3 comparisons).

Discussion
Here we evaluated the association between TBOLD, that is, 
the moment-to-moment turnover in the task-free resting-state 
BOLD signal, and cognitive performance in a large sample of 
adult participants of the Human Connectome Project on 
Aging. The findings documented that increasing TBOLD was 
associated with decreased performance on MoCA total score as 
well as delayed recall and visuospatial/executive function tasks. 
Those negative correlations were documented contemporane-
ously and prospectively, suggesting that increases in resting-
state TBOLD are not only associated with but also predict 
subsequent decline in cognitive performance. On the hypoth-
esis that neuroinflammatory processes underlie increased 
TBOLD and associated atrophy,6 the present findings provide 

Figure 1.  (A) frequency distribution of age of participants (N = 711). (B) frequency distribution of MoCA scores of participants (N = 711). (C) frequency 

distribution of TBOLD (N = 711 brains × 68 areas = 48 348).

Table 2.  Performance in the Trails, Cube and Clock Drawing (TCCD) task.

Score Frequency Percent

0 1 0.14

1 5 0.70

2 43 6.05

3 115 16.18

4 217 30.52

5 330 46.41

Total 711 100.00

Table 3.  Performance in the Points for Uncued Recall (PUR) task.

Score Frequency Percent

0 19 2.67

1 27 3.80

2 96 13.50

3 169 23.77

4 178 25.04

5 222 31.22

Total 711 100.00
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Table 4.  Partial correlations between MoCA scores and TBOLD, controlling for age, sex, and handedness (N = 711).

Index Area Left hemisphere Right hemisphere

rp P value rp P value

1 Banks superior temporal sulcus −0.093 .013 −0.033 .376

2 Caudal anterior cingulate cortex −0.074 .049 0.001 .979

3 Caudal middle frontal gyrus −0.084 .026 −0.046 .225

4 Cuneus cortex −0.095 .011 −0.088 .019

5 Entorhinal cortex 0.003 .930 0.049 .191

6 Frontal pole −0.019 .612 −0.039 .299

7 Fusiform gyrus −0.025 .511 0.015 .684

8 Inferior parietal cortex −0.098 .009 −0.073 .053

9 Inferior temporal gyrus −0.039 .296 −0.012 .750

10 Insula −0.073 .051 −0.018 .628

11 Isthmus cingulate cortex −0.048 .202 −0.036 .344

12 Lateral occipital cortex −0.084 .025 −0.080 .033

13 Lateral orbital frontal cortex −0.078 .038 −0.054 .148

14 Lingual gyrus −0.023 .548 −0.024 .522

15 Medial orbital frontal cortex −0.051 .176 −0.039 .306

16 Middle temporal gyrus −0.091 .015 −0.048 .203

17 Paracentral lobule −0.071 .058 −0.072 .056

18 Parahippocampal gyrus 0.010 .789 0.041 .278

19 Inferior frontal, pars opercularis −0.059 .120 −0.032 .395

20 Inferior frontal, pars orbitalis −0.138 <.001 −0.113 .003

21 Inferior frontal, pars triangularis −0.089 .018 −0.050 .181

22 Pericalcarine cortex −0.056 .140 −0.053 .158

23 Postcentral gyrus −0.096 .011 −0.065 .086

24 Posterior cingulate cortex −0.082 .029 −0.062 .100

25 Precentral gyrus −0.097 .010 −0.060 .108

26 Precuneus cortex −0.066 .079 −0.061 .107

27 Rostral anterior cingulate cortex −0.050 .186 0.013 .728

28 Rostral middle frontal gyrus −0.101 .007 −0.074 .050

29 Superior frontal gyrus −0.077 .041 −0.062 .100

30 Superior parietal cortex −0.072 .056 −0.063 .091

31 Superior temporal gyrus −0.065 .082 −0.031 .412

32 Supramarginal gyrus −0.075 .047 −0.042 .261

33 Temporal pole −0.034 .365 −0.006 .870

34 Transverse temporal cortex −0.056 .140 −0.014 .712

Abbreviations: rp, partial correlation; P, P value; Left, left hemisphere; Right, right hemisphere. See text for details.
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Table 5.  Partial correlations between TCCD and PUR scores and TBOLD, controlling for age, sex, and handedness (N = 711). Conventions as in 
Table 4.

Index Area PUR-TBOLD TCCD-TBOLD

  Left hemisphere Right hemisphere Left Right

rp P rp P rp P rp P

1 Banks superior temporal sulcus −0.086 .023 −0.077 .040 −0.106 .005 −0.040 .287

2 Caudal anterior cingulate cortex −0.050 .185 −0.004 .917 −0.025 .511 0.020 .586

3 Caudal middle frontal gyrus −0.066 .081 −0.048 .205 −0.056 .135 −0.036 .339

4 Cuneus cortex −0.078 .039 −0.083 .028 −0.078 .039 −0.084 .026

5 Entorhinal cortex −0.045 .227 −0.051 .179 0.032 .399 0.041 .278

6 Frontal pole 0.034 .373 0.004 .914 0.009 .818 0.012 .753

7 Fusiform gyrus −0.113 .003 −0.103 .006 0.015 .688 0.031 .415

8 Inferior parietal cortex −0.106 .005 −0.117 .002 −0.116 .002 −0.075 .046

9 Inferior temporal gyrus −0.093 .014 −0.108 .004 −0.011 .780 0.033 .382

10 Insula −0.081 .030 −0.066 .078 −0.051 .172 0.005 .901

11 Isthmus cingulate cortex −0.086 .023 −0.099 .008 −0.041 .271 −0.014 .701

12 Lateral occipital cortex −0.087 .021 −0.092 .014 −0.046 .220 −0.035 .354

13 Lateral orbital frontal cortex −0.038 .313 −0.024 .530 −0.016 .663 −0.028 .452

14 Lingual gyrus −0.074 .050 −0.072 .054 0.016 .681 0.010 .785

15 Medial orbital frontal cortex 0.013 .720 −0.007 .850 −0.001 .980 −0.002 .964

16 Middle temporal gyrus −0.100 .008 −0.105 .005 −0.077 .041 −0.028 .460

17 Paracentral lobule −0.101 .007 −0.091 .016 −0.086 .023 −0.078 .039

18 Parahippocampal gyrus −0.088 .019 −0.068 .071 0.050 .187 0.052 .166

19 Inferior frontal, pars opercularis −0.059 .118 −0.050 .180 −0.031 .404 −0.025 .513

20 Inferior frontal, pars orbitalis −0.081 .030 −0.017 .651 −0.077 .041 −0.092 .015

21 Inferior frontal, pars triangularis −0.038 .311 −0.029 .443 −0.036 .341 −0.012 .754

22 Pericalcarine cortex −0.049 .196 −0.049 .192 −0.027 .478 −0.031 .405

23 Postcentral gyrus −0.124 <.001 −0.120 .001 −0.095 .012 −0.060 .108

24 Posterior cingulate cortex −0.106 .005 −0.081 .031 −0.067 .077 −0.047 .209

25 Precentral gyrus −0.102 .007 −0.091 .016 −0.086 .022 −0.057 .128

26 Precuneus cortex −0.116 .002 −0.116 .002 −0.070 .065 −0.051 .178

27 Rostral anterior cingulate cortex −0.011 .767 0.029 .439 −0.021 .584 0.034 .371

28 Rostral middle frontal gyrus −0.014 .716 −0.008 .830 −0.066 .079 −0.049 .193

29 Superior frontal gyrus −0.037 .330 −0.023 .545 −0.037 .331 −0.026 .498

30 Superior parietal cortex −0.103 .006 −0.112 .003 −0.085 .024 −0.067 .076

31 Superior temporal gyrus −0.077 .040 −0.081 .032 −0.064 .089 −0.029 .438

32 Supramarginal gyrus −0.101 .007 −0.107 .004 −0.098 .009 −0.040 .293

33 Temporal pole −0.068 .072 −0.050 .187 −0.028 .460 −0.014 .701

34 Transverse temporal cortex −0.060 .110 −0.042 .267 −0.063 .092 −0.033 .386
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Figure 2.  (A) MoCA partial correlations (rp, controlling for sex, age, and handedness) in the left hemisphere are plotted against those in the right 

hemisphere (r = .821, P < .001, N = 34 areas). (B) same for Trails, Cube and Clock Drawing (TCCD) task (r = .855, P < .001. (C) same for Points for Uncued 

Recall (PUR) task (r = .888, P < .001. See text for details.

Table 6.  Descriptive statistics of partial correlations ( rp ) of TBOLD with the indicated cognitive measures.

Hemisphere Mean SEM

MoCA Left −0.0661 0.00538

Right −0.0392 0.00609

TCCD Left −0.0453 0.00704

Right −0.0240 0.00644

PUR Left −0.0703 0.00638

Right −0.0635 0.00694

Table 7.  Results of paired samples t-test of respective partial correlations between the left and right hemispheres.

Left-right 
hemisphere

Mean paired 
difference

SEM of 
difference

t value DF P value Effect size
Cohen’s d

MoCA −0.0269 0.00350 7.70 33 <.001 1.320

TCCD −0.0213 0.00367 5.80 33 <.001 0.995

PUR −0.0069 0.00320 2.14 33 .04 0.367

Figure 3.  (A) Autocorrelation and (B) partial autocorrelation functions (ACF and PACF, respectively) of the TBOLD time series used for crosscorrelation 

analyses. Lines indicate 95% confidence intervals.
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a mechanism linking neuroinflammation with decreased cog-
nitive performance.

Previous studies using different measures of BOLD varia-
bility have documented that variability in the resting-state 
BOLD correlates with age16 and cognitive performance,17,18 
although, the direction of those effects has been shown to vary 
over the lifespan in specific brain regions19 and across cognitive 
domains.20 In the present study we first controlled for age, per-
mitting evaluation of fundamental associations between 
TBOLD and cognitive performance without potentially con-
flating age effects. In doing so, we found that increased 
TBOLD was associated with decrements in cognitive perfor-
mance, independent of age, and across each of the cognitive 
domains evaluated. Furthermore, the vast majority of the cor-
relations between TBOLD and cognitive performance were 
negative across brain regions, albeit more strongly in the left 
hemisphere, suggesting a pervasive negative influence of 
TBOLD on cognition. Given these robust associations, we 
then evaluated the influence of TBOLD on cognitive perfor-
mance across forward lags and found that TBOLD predicted 
decrements in future cognitive performance. These findings are 
in keeping with the postulated TBOLD as dynamic marker for 

chronic neuroinflammation and, furthermore, provide an esti-
mate of forward negative effects on cognition, ranging from 2 
to 3 years, and up to 7 years (Figures 4-6). However, it should 
be noted that these results are based on cross-sectional data 
that warrants replication in a longitudinal study.

To date, we have documented that resting-state TBOLD 
is heritable,4 varies across brain areas,5 is negatively associated 
with brain volume6 and cognitive performance (current 
study), and increases with age but only in individuals lacking 
a specific neuroprotective human leukocyte antigen (HLA-
DRB1*13:02).5,6 Taken together, these findings highlight 
TBOLD as a fundamental indicator of brain activity and show 
that increases in TBOLD reflect abnormal brain function. In 
light of the role of HLA in immune protection against foreign 
antigens such as viruses, we have surmised that increases in 
TBOLD and associated brain volume loss and cognitive decline 
may result from chronic low-grade neuroinflammation associ-
ated with exposure to common pathogens in the absence of 
immune protection against them.5,6 Neuroinflammation 
induces vasodilation via production of nitric oxide21 mediated 
by activation of microglia22,23 which upregulate the inducible 
nitric oxide synthase isoform (iNOS).24 In addition, astrocytes 
have also been implicated in neuroinflammation25,26 and associ-
ated vasodilation mediated by D-serine and endothelial nitric 
oxide synthase.27 TBOLD, which reflects primarily neurovascu-
lar activity,3 is likely to be particularly sensitive to effects of 
vasodilation. To that end, recent studies have documented that 
increased BOLD variability is higher in individuals with cere-
bral small vessel disease28 and in hypertensive elderly patients.29 
The current finding that TBOLD is negatively associated with 
cognitive performance contemporaneously and prospectively in 
healthy adults suggests that subtle neurovascular changes pre-
cede cognitive decline and likely reflect the effects of brain 
insults in the absence of immune-neuroprotection against them.

Study limitations

It should be noted that this study was focused on the overall, 
“bird’s eye view” association of neurovascular coupling with 

Figure 4.  Crosscorrelation function (CCF) between TBOLD (independent 

variable) and MoCA (dependent variable). For CCF at lag 2, P = .022, and 

at lag 3, P = .018.

Figure 5.  CCF between TBOLD and TCCD. For CCF at lag 3, P = .037, 

and at lag 7, P = .049.

Figure 6.  CCF between TBOLD and PUR. For CCF at lag 0, P = .023, 

and at lag 3 P = .005.



James et al	 9

basic, well established assessments of cognitive function, such 
as the overall MoCA score and the scores of 2 of its domains 
(visuospatial [TCCD]) and delayed recall [PUR] tasks) over 
the lifespan. This design provides a framework for exploring 
associations between neurovascular coupling at the task-free, 
resting state (TBOLD) with performance scores of other tasks. 
By contrast, the study of the neural mechanisms underlying 
task performance requires the use of fMRI recorded during 
task performance, a condition where synaptic neural activity 
contributes substantially to the BOLD signal, in contrast to the 
task-free, resting-state fMRI where the contribution of synap-
tic activity is small (~10%).3
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