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Summary

Habitual poor sleep is associated with cerebrovascular disease. Acute sleep

deprivation alters the ability to match brain blood flow to metabolism (neurovascular

coupling [NVC]) but it is not known how partial sleep restriction affects NVC. When

rested, caffeine disrupts NVC, but its effects in the sleep-restricted state are

unknown. The purpose of this study was therefore to investigate the effects of par-

tial sleep restriction and subsequent caffeine ingestion on NVC. A total of 17 adults

(mean [standard deviation] age 27 [5] years, nine females) completed three separate

overnight conditions with morning supplementation: habitual sleep plus placebo

(Norm_Pl), habitual sleep plus caffeine (Norm_Caf), and partial (50% habitual sleep)

restriction plus caffeine (PSR_Caf). NVC responses were quantified as blood velocity

through the posterior (PCAv) and middle (MCAv) cerebral arteries using transcranial

Doppler ultrasound during a visual search task and cognitive function tests, respec-

tively. NVC was assessed the evening before and twice the morning after each sleep

condition—before and 1-h after caffeine ingestion. NVC responses as a percentage

increase in PCAv and MCAv from resting baseline were not different at any time-

point, across all conditions (p > 0.053). MCAv at baseline, and PCAv at baseline, peak,

and total area under the curve were lower 1-h after caffeine in both Norm_Caf and

PSR_Caf as compared to Norm_Pl (p < 0.05), with no difference between Norm_Caf

and PSR_Caf (p > 0.14). In conclusion, NVC was unaltered after 50% sleep

loss, and caffeine did not modify the magnitude of the response in the rested or

sleep-deprived state. Future research should explore how habitual poor sleep affects

cerebrovascular function.
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1 | INTRODUCTION

Habitual poor sleep is associated with cerebrovascular disease

and dementia (Wu et al., 2018), independent of other confounding

illnesses (Sterniczuk et al., 2013). This relationship is concerning

because a quarter of adults may fail to routinely meet the recom-

mended 7–9 h of sleep per night (Kocevska et al., 2021).

Most research exploring the relationship between habitual sleep

and cerebrovascular outcomes have focused on patients with obstruc-

tive sleep apnea (OSA), a disorder involving periods of interrupted
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breathing during sleep and therefore poor quality, fragmented sleep.

Research in these patient populations have reported an increased risk of

dementia (Shi et al., 2018), chronically lower resting cerebral blood flow,

both during sleep and wakefulness (Durgan & Bryan Jr, 2012), and

impaired cerebrovascular reactivity (Reichmuth et al., 2009) compared

to patients without OSA. Furthermore, in participants without OSA,

studies have shown that 1 night of restricting sleep to 4 h decreases

baseline cerebral blood flow (Poudel et al., 2012) and that the diurnal

variation in cerebrovascular reactivity is associated with both sleep effi-

ciency and sleep duration (Shariffi et al., 2023). Collectively, these stud-

ies suggest a role for sleep in cerebrovascular function.

The precise temporal and spatial matching of cerebral perfusion

to changes in cerebral metabolism, termed neurovascular coupling

(NVC), is a fundamental component of cerebrovascular function

(Squair et al., 2020). Alterations in NVC are observed in dementia

(Shabir et al., 2018) and may also have a pathophysiological role in

preceding the disease (Zhu et al., 2022). It has been recently hypothe-

sised that alterations in NVC due to habitual poor sleep might contrib-

ute to the increase in dementia risk, and that the chronic association

of life-long poor sleep and dementia may be related to the repeated,

acute exposure of sleep loss (Kapadia et al., 2020). At present, only

one study has assessed the relationship between sleep and NVC in

healthy human participants and observed that NVC is altered after

24 h of sleep deprivation (Csipo et al., 2021). However, no study to

date has considered the effects of 1 night of partial sleep restriction

on NVC, which might be more reflective of typical sleep loss.

Morning caffeine consumption in the form of coffee and/or tea

is typical of Western diet, particularly after sleep loss. Importantly, a

‘J-shaped’ association exists between coffee intake and future cere-

brovascular disease incidence (Wu et al., 2017). Despite the positive

effect caffeine has on cognitive functions (McLellan et al., 2016), caf-

feine acutely decreases resting cerebral blood flow (Addicott

et al., 2009; Field et al., 2003). This reduction in blood flow in turn

causes an ‘uncoupling’ between cerebral blood flow and metabolism

(Chen & Parrish, 2009). However, it is currently unknown how caf-

feine affects NVC in the sleep restricted state.

In light of the above, the purpose of this study was to investigate:

(i) the impact of 1 night of partial sleep restriction on NVC, and

(ii) whether caffeine ingestion affects NVC after partial sleep restric-

tion. It was hypothesised that partial sleep restriction would alter the

magnitude of the NVC response (Csipo et al., 2021), and that this rela-

tionship would be further altered by caffeine ingestion.

2 | METHODS

2.1 | Ethical approval and participants

The study was approved by the University of Exeter Sport and

Health Sciences Ethics Committee (2021-M-27) and conformed to

all standards set by the Declaration of Helsinki, apart from registra-

tion in a database. Written informed consent was provided prior to

participation in the study. A total of 18 participants volunteered to

take part; however, one participant dropped out due to moving away

from the study area, therefore only 17 participants completed the

study. Participant characteristics are presented in Table 1.

Exclusion criterion included being a ‘poor sleeper’, and was iden-

tified at three levels: a health screening form identifying diagnosed

sleep disorders such as OSA, restless leg syndrome and insomnia;

scoring >5/21 (where a lower score equates to better sleep), and/or

reporting a normal sleep duration of ≤6.5 h on the Pittsburgh Sleep

Quality Index (PSQI) (Buysse et al., 1989); and achieving ≤6.5 h of

sleep per night during the habitual sleep assessment. Volunteers were

also excluded if they had any mental health issue where symptoms

could be exacerbated following sleep loss (Babson et al., 2010), and/or

habitually consumed >600 mg caffeine/day as participants were

required to abstain from caffeine for >24 h (Rogers et al., 2005). Other

exclusion criteria included current metabolic, cardiovascular, or cere-

brovascular disease, known to affect NVC at baseline (Girouard &

Iadecola, 2006; Maeda et al., 1993) and/or taking supplements or

medication known to influence blood vessel function or blood pres-

sure, and individuals outside of the age range (18–41 years).

2.2 | Experimental overview

Participants visited the laboratory on a total of seven occasions.

This consisted of one familiarisation visit and three experimental

trials. Each experimental trial required two visits, one in the late

afternoon/evening, and one the following morning (Figure 1). The

sleep protocol took place at the participant's own home. The study

followed a repeated measures design, in order to explore the effects

of: (i) normal sleep + placebo (NORM_PL), (ii) normal sleep + caffeine

(NORM_Caf), and (iii) partial sleep restriction + caffeine (PSR_Caf),

on NVC and cognitive function.

2.3 | Visit 1: Familiarisation

Participants were familiarised to the testing procedures ahead of com-

pleting the experimental trials. Body mass (Hampel, XWM-150 K,

Hampel Electronics Co., Chung Ho City, Taiwan) and stature (Seca,

TABLE 1 The characteristics of the 17 participants (nine females).

Characteristic Mean (SD) Range

Age, years 27.5 (5.7) 20.4–40.3

BMI, kg/m2 25.9 (4.7) 18.5–37.3

Habitual caffeine consumption, mg/day 178 (143) 0–462

PSQI habitual sleep duration, h/night 8.0 (0.6) 7.0–9.0

PSQI score 3 (1) 1–5

Sleep diary habitual average sleep

duration, h/night

8.4 (0.5) 7.2–9.3

Note: results are expressed as mean (± standard deviation [SD]).

Abbreviations: BMI, body mass index; PSQI, Pittsburgh Sleep Quality

Index.
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stadiometer, SEC-225, Seca, Hamburg, Germany) were measured

using standard procedures, and body mass index was calculated.

Subjective sleep duration and quality were assessed during this

visit using the PSQI (Buysse et al., 1989). These data were not used to

prescribe sleep duration/timing during the experimental visits and

was only utilised for identifying exclusion criteria and as a descriptive

characteristic. Participants were instructed to complete a sleep diary

across 3 consecutive nights of their typical, habitual sleep. These data

were analysed to determine the sleep duration and timing for the

experimental visits, so that participants kept their normal wake time.

2.4 | Visits two to seven: experimental trials

The experimental trials were completed in a randomised, counterba-

lanced order, with six possible orders of completion (with the original

18 participants counterbalanced across the six possible orders) and

were separated by a mean (standard deviation [SD]) of 13 (7) days.

For conditions where PSR_Caf was not the final trial, at least 6 days

(mean [SD] 15 [10] days) separated the PSR_Caf and subsequent trial,

to allow sufficient recovery sleep between trials. All trials took place

in a quiet, temperature controlled (�23�C) room.

Participants arrived at the laboratory for the evening visit at a

consistent time between 4:00 and 7:00 p.m. (Figure 1). Upon arrival,

participants confirmed that they had met the prerequisites of the

study: no caffeine consumed on the day of the visit, no food or drink

(asides from water) consumed in the 2 h prior to arrival, no exercise

in the 6 h prior to the visit (Burma, Macaulay, et al., 2021), and a

good sleep the night before. NVC was then assessed, before the par-

ticipants were sent home to complete their sleep condition.

Participants were then told their target sleep onset and wake up

times, which were calculated from the habitual sleep assessment. Tim-

ings were the same for the two normal sleep conditions. The target

sleep onset time for PSR_Caf was calculated as the halfway point

between normal sleep onset and normal wake time, resulting in a 50%

sleep restriction. For example, a participant who typically slept 12:00–

8:00 a.m. would have a target sleep onset and wake time of 4:00 and

8:00 a.m., respectively. During the night of the PSR_Caf trial, partici-

pants were instructed to remain mostly sedentary and refrain from

eating during the period in which they would normally be asleep. For

all conditions, participants were given a combined triaxial accelerome-

ter and electrocardiogram device (Actiheart, Camntech Fenstanton,

UK) to wear at night. This data was exported via the Actiheart soft-

ware (Version 5.1.10) to produce estimations of sleep duration and

sleep stages. Participants also recorded their sleep onset time, approx-

imate time to fall asleep and time of waking, along with any other

notes about their sleep using a sleep diary.

Participants were reminded to refrain from exercising between

the evening and morning visit, as well as from consuming caffeine or

alcohol. A food diary was completed during the first experimental visit

to allow participants to replicate their evening meal for subsequent

trials.

Participants returned to the laboratory in a fasted state at the

same time across each of the conditions, within 1 h of their normal

waking time (range 6:20–9:30 a.m.). Participants confirmed that they

were awake during the PSR_Caf condition by sending an email every

30 min. Participants also confirmed whether they achieved a normal

sleep in the Norm_Pl and Norm_Caf conditions. On one occasion,

after completing the evening visit, one participant reported an abnor-

mally bad night of sleep during a normal sleep condition, and

F IGURE 1 A schematic depicting the experimental trials. COG MCAv, cognitive function tests with middle cerebral artery insonated;
Norm_Caf, normal sleep + caffeine; Norm_Pl, normal sleep + placebo; NVC, neurovascular coupling; Visual PCAv, visual search task with
posterior cerebral artery insonated; PSR_Caf, partial sleep restriction + caffeine.
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therefore the whole trial was completed on another occasion. The full

NVC protocol was then repeated. After completing the final test, par-

ticipants were provided with either 150 mg caffeine (Sigma-Aldrich,

Gillingham, UK) in the Norm_Caf and PSR_Caf conditions or placebo

(10 mg maltodextrin; Bulk, Lancaster, UK) in the Norm_Pl condition in

pill form. Participants were blinded to the contents of the pill,

and although the study was only single blind, data were saved in a

manner to allow for analysis blinded to the pill. At 1 h after ingestion,

approximately when caffeine peaks in the bloodstream (Nurminen

et al., 1999), participants again completed the NVC tests. During the

1 h break, participants sat quietly and were limited to light desk work.

2.5 | Experimental measures

2.5.1 | Instrumentation

Transcranial Doppler ultrasound (TCD) (DWL, Compumedics, Freiberg,

Germany) was used to assess blood velocity in the posterior cerebral

artery (PCAv) during a series of visual search tasks, and middle cere-

bral artery (MCAv) throughout the cognitive function tests. A 2-MHz

probe was placed over the temporal acoustic windows to acquire the

cerebral blood velocity in the vessel of interest, using previously

described guidelines (Willie et al., 2011), and secured in place using an

adjustable headset (DiaMon, DWL). Beat-by-beat fingertip blood pres-

sure was continuously monitored throughout the NVC assessment by

finger plethysmography and quantified as mean arterial pressure

(MAP) (NIBP, ADInstruments, Colorado Springs, CO, USA). All data

was recorded using the LabChart 8 software (ADInstruments) and was

exported at 1 Hz.

2.5.2 | Neurovascular coupling and cognitive
function assessments

The NVC response was assessed with two different protocols. With

the PCA insonated, NVC responses were quantified using a complex

visual search task (‘Where's Wally’), which provides a robust and reli-

able PCAv challenge with high signal-to-noise ratio (Smirl et al., 2016).

This test is able to provide a surrogate measure of NVC due to the

patterns of deactivation/activation evoked by visual stimuli in the

visual processing areas of the brain, with regional increases in cerebral

blood velocity primarily reflected in the PCA (Zaletel et al., 2004).

After a 1 min resting baseline with eyes closed, participants com-

pleted at least five alternating cycles of 20-s eyes closed and 40-s

eyes open to the visual stimulus (Burma et al., 2022). The Where's

Wally books were positioned �60 cm from the participants whilst

they continuously searched for the characters. To account for any

potential task engagement differences between trials, e.g., after sleep

restriction, participants rated their level of engagement on a scale of

1–10, where 10 was ‘I couldn't be more engaged in the task’ and

1 was ‘I could not concentrate at all on the task at hand’ (Burma,

Wassmuth, et al., 2021).

The NVC response was also quantified during a battery of cogni-

tive function tests by considering the MCAv response. A 30-s resting

baseline was recorded prior to each of the tests. The international

shopping list test (Lim et al., 2009) was used as an assessment of

working memory with an initial test in the evening, and then a follow-

up test in the morning to measure overnight recall. The N-back test

(2-back) was also used as a measure of working memory (Owen

et al., 2005), and a 60 s modified version of the Stroop test (Bélanger

et al., 2010; Stroop, 1992) for the assessment of executive function

(Peterson et al., 1999). Participants also completed a 90 s go/no-go

visual reaction test as a measure of inhibitory control and visual pro-

cessing speed.

2.5.3 | Neurovascular coupling data handling

All cerebral blood velocity data were collected at 200 Hz using an

analogue to digital converter (PowerLab, ADInstruments) and stored

for offline analysis using commercially available software (LabChart 8).

Data were re-sampled at 1 Hz and exported to Microsoft Excel

(Version 2201) for subsequent handling.

All PCAv cycles were visually inspected for artefacts, time aligned

and averaged to create one response per time point, per condition,

per participant. In cases during data collection where suboptimal

PCAv signals were recorded throughout single eyes-closed and eyes-

open cycles resulting in subsequent adjustment of the probe to

acquire a better signal, these specific cycles were excluded from ana-

lyses (Smirl et al., 2016). This resulted in a total of 29/182 cycles

removed. The final 5 s of eyes-closed was averaged to create a ‘base-
line’ value. Peak PCAv was identified as the highest PCAv value dur-

ing eyes-open, and time until peak PCAv from eyes-open onset was

reported. The percentage change from baseline to peak PCAv

was also calculated (%ΔPCAv-peak). Total and incremental area under

the curve (tAUC and iAUC, respectively) were calculated using the tra-

pezium rule in Prism (GraphPad Software, San Diego, CA, USA, Ver-

sion 9.1.2) as an index of total activation, and the iAUC was

determined as the hyperaemic curve versus time above baseline

PCAv. Calculating the iAUC in this way minimises the effects of any

trial-to-trial baseline variation.

For MCAv data during cognitive function tests, a baseline was cal-

culated by averaging MCAv across the 30-s baseline period. Each test

was analysed in isolation and any obvious errant data points (caused by

i.e., sudden probe movement) were removed before analysis. The MCAv

was averaged across the test duration, and baseline MCAv was sub-

tracted from the test average to calculate a percentage change score.

2.6 | Statistical analyses

Data are presented as means (± SD). All data were analysed using

the Statistical Package for the Social Sciences (SPSS®), version

28.0.1.11 (IBM Corp., Armonk, NY, USA). Assumptions of sphericity

and normality were checked using Mauchly's and the Shapiro–Wilk
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tests, respectively. Differences in sleep outcomes were explored using

a series of separate one-way analysis of variance (ANOVA) tests. Dif-

ferences in cerebrovascular and cognitive responses during each of the

experimental trials were explored using a mixed model ANOVA, with

condition (Norm_Pl, Norm_Caf, PSR_Caf) and time (evening, baseline

morning, morning 1 h after caffeine) as the independent variables. The

relationship between %ΔPCAv-peak and the MAP at PCAv-peak was

assessed using Pearson's correlation. Fisher's least significant difference

test was used for post hoc pairwise comparisons. The confounding

effect of sex was considered in the original ANOVA model. Sex never

altered the time by trial interaction (p ≥ 0.07, partial eta squared (η2p )

≤0.132) therefore data for males and females were pooled. Statistical

significance was accepted when p<0.05, and effect sizes were calcu-

lated to determine the magnitude of any differences. Effect sizes (η2p )

were interpreted as small (<0.06), moderate (0.06–0.14) and large

(>0.14) for ANOVA analyses and as small (≥0.2 – <0.5), moderate

(≥0.5 – <0.8) and large (≥0.8) for pairwise comparisons (Cohen, 1988).

Data are presented as mean differences (MDs) and 95% confidence

intervals (CI) unless otherwise stated.

3 | RESULTS

3.1 | Sleep outcomes

The sleep interventions were adhered to, as confirmed verbally by

participants during the morning visit, and the sleep diary and Actiheart

data. Table 2 shows the sleep diary and Actiheart sleep data from

each of the experimental trials. By design, time of sleep onset was sig-

nificantly later in the PSR_Caf trial, as compared to the Norm_Pl and

Norm_Caf trials, whilst time of waking remained constant.

3.2 | Neurovascular coupling outcomes

Participant engagement during the visual search task displayed a

trial by time interaction (F = 4.712, P = 0.002, η2p ¼0:227), with

engagement significantly lower during the morning measure

after PSR_Caf as compared to NORM_PL (MD=�0.7 arbitrary units

(AU), 95% CI –1.3 to �0.1; p=0.016, d=0.60) and NORM_Caf

(MD=�0.7AU, 95% CI –1.2 to �0.2; p=0.012, d=0.58), with no

differences apparent after pill ingestion.

3.2.1 | The PCAv during visual search task

The %ΔPCAv-peak was not related to the percentage change in MAP

from baseline to the time at which PCAv peak occurred (r = 0.015,

p = 0.936), therefore PCAv outcomes were not normalised for MAP.

The PCAv outcomes were never altered by the sleep condition

(Figure 2). However, differences were observed after caffeine inges-

tion, irrespective of the sleep condition. From before to after pill

ingestion, PCAv baseline significantly decreased in both the Norm_Caf

(MD –4.7 cm/s, 95% CI –7.2 to �2.2; p < 0.001, d = 0.70) and

PSR_Caf (MD �4.1 cm/s, CI –6.0 to �2.2; p < 0.001, d = 0.67) condi-

tions, but was unchanged after placebo (MD +0.7 cm/s, 95% CI –1.1

to 2.4; p = 0.985, d = 0.10) (Figure 2a).

At 1 h after pill ingestion, the PCAv baseline was significantly

lower in Norm_Caf (MD �3.4 cm/s, 95% CI –6.3 to �0.5; p = 0.024,

d = 0.55) and PSR_Caf (MD �4.5 cm/s, 95% CI –7.0 to �1.9;

p = 0.002, d = 0.69) compared to Norm_Pl (Figure 2a).

The PCAv peak significantly decreased after caffeine in both the

Norm_Caf (MD –5.1 cm/s, 95% CI –8.3 to �2.0; p = 0.001, d = 0.71)

and PSR_Caf (MD –5.2 cm/s, 95% CI –9.4 to �1.1; p = 0.016,

d = 0.54) conditions, but was unchanged after placebo (MD +0.4 cm/

s, 95% CI –1.6 to 2.4; p = 0.660, d = 0.04) (Figure 2b).

At 1 h after pill ingestion, the PCAv peak was lower in Norm_Caf

(MD �4.6 cm/s, 95% CI –8.5 to �0.7; p = 0.023, d = 0.55) and

PSR_Caf (MD �6.7 cm/s, 95% CI –10.1 to �3.4; p < 0.001, d = 0.70)

compared to Norm_Pl (Figure 2b).

The tAUC significantly decreased after caffeine ingestion in both

the Norm_Caf (MD –124.0 cm/s/30 s, 95% CI –201.8 to �46.2;

p = 0.004, d = 0.63) and PSR_Caf (MD –117.4 cm/s/30 s, 95% CI

–222.5 to �12.2; p = 0.031, d = 0.48) conditions, but was unchanged

TABLE 2 Sleep outcomes across the
experimental trials.

Variable, mean (SD) Norm_Pl Norm_Caf PSR_Caf Trial p (η2p )

Estimated total sleep time, h:min 8:25 (0:40)a 8:08 (1:00)a 4:27 (1:10) <0.001

(0.806)

Estimated time in light sleep, h:min 3:24 (1:10)a 3:12 (1:01)a 1:44 (1:02) <0.001

(0.665)

Estimated time in deep sleep, h:min 2:17 (0:26)a 2:15 (0:18)a 1:07 (0:16) <0.001

(0.860)

Estimated time in REM sleep, h:min 2:23 (0:44)a 2:29 (0:41)a 1:11 (0:36) <0.001

(0.669)

Note: data are presented as mean (± standard deviation [SD]). Total number of participants 17 (nine

females) for estimated total sleep time based upon data from sleep diary. Total number of participants 12

(six females) for sleep staging Actiheart data, due to loss of Actiheart data.

Abbreviations: Norm_Pl, normal sleep plus placebo condition; Norm_Caf, normal sleep plus caffeine

condition; PSR_Caf, partial sleep restriction plus caffeine condition; REM, rapid eye movement.
aDenotes significant difference from PSR_Caf.

LESTER ET AL. 5 of 10

 13652869, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jsr.14145 by U

niversity O
f E

xeter, W
iley O

nline L
ibrary on [15/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



after placebo (MD +11.2 cm/s/30 s, 95% CI –39.7 to 62.0;

p = 0.648, d = 0.04) (Figure 2e).

At 1 h after pill ingestion, the tAUC was lower in PSR_Caf as com-

pared to Norm_Pl (MD �162.4 cm/s/30 s, 95% CI –260.4 to �64.5;

p = 0.003, d = 0.62), but this was not different between Norm_Caf

and Norm_Pl (MD �105.2 cm/s/30 s, 95% CI –212.8 to 2.4;

p = 0.055, d = 0.47).

There was no trial by time interaction effect for %ΔPCAv-peak,

time to peak, or iAUC (Figure 2c,d,f).

3.2.2 | The MCAv during cognitive function tests

Data are presented for 14 participants, due to an unattainable MCAv

signal at one timepoint for one participant, and cognitive function

software issues for two participants, where no alternative testing

platform was used. In the PSR_Caf condition, the MCAv baseline

was decreased at both the first measurement in the morning

(MD �4.6 cm/s, 95% CI –8.3 to �0.8; p = 0.02, d = 0.55)

and after caffeine ingestion (MD �8.8 cm/s, 95% CI 5.9 to �11.7

to �5.9; p < 0.001, d = 1.23) as compared to the evening mea-

sure. The decrease from before to after caffeine did not reach sig-

nificance (MD �4.2 cm/s, 95% CI –9.1 to �0.6; p = 0.083,

d = 0.47). Morning MCAv was also decreased after caffeine in

Norm_Caf (MD �6.1 cm/s, 95% CI –9.5 to �2.6; p = 0.002,

d = 0.60). The MCAv baseline was not different in the Norm_Pl

condition from evening to morning before pill ingestion (MD –

2.6 cm/s, 95% CI –5.8 to 0.7; p = 0.110, d = 0.29), or from morn-

ing before to after pill ingestion (MD 1.6 cm/s, 95% CI –1.1 to

4.2; p = 0.217, d = 0.15).

At 1 h after pill ingestion the MCAv baseline was significantly

lower in Norm_Caf (MD –6.8 cm/s, 95% CI 1.9 to 11.7; p = 0.011,

F IGURE 2 The PCAv
outcomes during the evening
measure, upon arrival at the
laboratory after experimental
sleep (morning), and 1 h after
placebo or caffeine pill ingestion
(post pill) (17 participants, nine
female). The dotted line indicates
the time of waking, i.e., <1 h

before the morning visit. Mean
and standard deviation are
presented, along with the analysis
of variance Trial � Time
interaction. For all measures
degrees of freedom = 4. iAUC,
incremental area under the curve;
Norm_Caf, normal sleep plus
caffeine condition; Norm_Pl,
normal sleep plus placebo
condition; PCAv, blood velocity
through the posterior cerebral
artery; PSR_Caf, partial sleep
restriction plus caffeine
condition; tAUC, total area under
the curve. *Significant difference
between Norm_Caf and Norm_Pl.
#Significant different between
PSR_Caf and Norm_Pl.
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d = 0.63) and PSR_Caf (MD –7.5 cm/s, 95% CI 2.8 to 12.2;

p = 0.004, d = 0.75) compared to Norm_Pl.

There were no significant trial by time interaction effects for %Δ

MCAv during the cognitive function tests (p ≥ 0.053, η2p ≤0:174)

(Table 3).

3.3 | Cognitive function

Cognitive function scores, for any test, showed no difference between

conditions or timepoints (time by trial interaction effect p ≥ 0.373,

η2p ≤0:083 for all).

4 | DISCUSSION

This study investigated the effects of partial sleep restriction and sub-

sequent caffeine ingestion on NVC in healthy adults. Our primary

finding was that NVC was unchanged in the morning after 50% sleep

loss. We also observed that morning caffeine consumption consis-

tently reduced baseline cerebral blood velocity, regardless of how a

participant slept. However, the relative ability to increase PCAv and

MCAv in response to a visual or cognitive challenge respectively, was

unaltered by caffeine. Taken together, it appears that NVC remains

intact after a 1 night of partial sleep restriction and is unchanged by

morning caffeine consumption.

Our finding that NVC was unaltered after sleep restriction is in

contrast to the only other experimental data in this field. Csipo et al.

(2021) found that 1 night of total sleep deprivation attenuated the

NVC response in multiple cortical areas measured with functional near

infrared spectroscopy (fNIRS) during a finger tapping task in young

healthy adults. Of note, Csipo et al. (2021) utilised total sleep depriva-

tion whilst our study involved 50% sleep restriction, with sleep occur-

ring in the second half of the night. Whether a threshold effect exists

between sleep duration and NVC remains to be studied. However,

differences between NVC methodologies also cloud our comparisons.

fNIRS can determine changes in oxygenation patterns across the cere-

bral cortex, as opposed to TCD, which provided insight regarding

TABLE 3 Baseline and percentage change in the velocity through the middle cerebral artery during cognitive function tests.

Norm_Pl, mean (SD) Norm_Caf, mean (SD) PSR_Caf, mean (SD)

Trial � Time

p

(η2p )

F value

Baseline MCAv, cm/s

Evening 67.0 (9.1) 69.8 (11.5) 69.3 (6.2) 0.002

(0.281)

5.069
Morning 69.6 (8.5) 67.3 (10.4) 64.7 (10.0)#

After pill ingestion 68.0 (11.7) 61.2 (10.4)* 60.5 (8.0)#

During cognitive tests %ΔMCAv

SL, listening Evening 3.9 (5.1) 0.5 (5.5) 3.5 (5.0) 0.344

(0.079)

1.112
Morning 3.1 (5.5) 3.0 (4.9) 5.7 (7.6)

SL, recall Evening 5.6 (7.5) 0.3 (6.8) 4.0 (5.5) 0.271

(0.096)

1.373
Morning 2.1 (7.2) 1.2 (6.0) 3.7 (5.5)

N-back Evening 7.9 (7.8) 4.8 (5.8) 3.9 (4.6) 0.480

(0.064)

0.884
Morning 7.6 (5.3) 8.6 (7.5) 7.0 (7.4)

After pill ingestion 4.7 (6.1) 3.1 (5.1) 4.1 (5.5)

Stroop Evening 4.6 (6.6) 5.9 (9.3) 7.1 (6.0) 0.053

(0.174)

2.523
Morning 9.4 (10.1) 5.9 (8.0) 5.4 (8.5)

After pill ingestion 4.7 (5.1) 2.9 (6.9) 6.6 (8.6)

Go/no-go Evening 7.0 (8.3) 5.0 (7.8) 6.5 (7.0) 0.580

(0.049)

0.624
Morning 7.9 (10.7) 5.7 (9.4) 5.0 (8.6)

After pill ingestion 7.3 (7.7) 5.7 (6.0) 2.8 (4.9)

Note: Data are presented as mean (± standard deviation [SD]). Total number of participants 14 (eight females).

Abbreviations: MCAv, blood velocity through the middle cerebral artery; Norm_Pl, normal sleep plus placebo condition; Norm_Caf, normal sleep plus

caffeine condition; PSR_Caf, partial sleep restriction plus caffeine condition; SL, shopping list test. Δ% refers to the percentage change from baseline

MCAv to average MCAv during the cognitive function test.

*Significant difference between Norm_Caf and Norm_Pl.
#Significantly different between PSR_Caf and Norm_Pl. For all measures degrees of freedom = 4.

LESTER ET AL. 7 of 10

 13652869, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jsr.14145 by U

niversity O
f E

xeter, W
iley O

nline L
ibrary on [15/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



changes in PCAv and MCAv in the present study. Csipo et al. (2021)

also did not observe changes in baseline resting MCAv after sleep

deprivation but reported a 4 cm/s decrease in absolute MCAv during

n-back cognitive stimulation. Again, this disparate finding could be

due to the greater extent of sleep deprivation used in the former

study.

The unaltered NVC following sleep restriction in the present

study is also contrary to the blunted cerebrovascular function, specifi-

cally baseline cerebral blood velocity, cerebral autoregulation, and

cerebrovascular reactivity to hypoxia and hypercapnia, observed in

patients with OSA (Durgan & Bryan Jr, 2012, Fischer et al., 1987;

Urbano et al., 2008). However, the NVC response is likely to be mech-

anistically different to other measures of cerebrovascular function,

given that it targets metabolism rather than the regulatory roles of

CO2 or blood pressure.

The present study also found that the magnitude of the NVC

response remained unchanged 1 h after caffeine ingestion, compared

to placebo, irrespective of prior sleep. However, baseline MCAv and

PCAv, and peak PCAv during the visual search task were �8–13%

lower after caffeine as compared to placebo in both rested and sleep

restricted states. This reduction is in line with prior caffeine and cere-

bral blood flow research in the rested state (Addicott et al., 2009;

Chen & Parrish, 2009; Field et al., 2003; Vidyasagar et al., 2013; Xu

et al., 2015). As caffeine decreases baseline cerebral blood flow, the

oxygen extraction fraction is expected to increase in order to meet

the metabolic demands of the brain (Chen & Parrish, 2009). Indeed,

Xu et al. (2015) found ingestion of 200 mg of caffeine resulted in

decreased cerebral blood flow, no change in cerebral metabolic rate

but an increased oxygen extraction fraction. Additionally, fNIRS data

are available that indicate alterations in prefrontal oxygenation during

cognitive challenges after partial sleep restriction (Pan et al., 2019). It

is therefore plausible that in the present study, whilst both absolute

MCAv and PCAv after caffeine ingestion were not significantly differ-

ent between the rested and the sleep-restricted state, the oxygen

extraction fraction may have differed.

Acute sleep restriction is also associated with impaired cognitive

function (Lowe et al., 2017). However, the present study did not find

any sleep restriction induced changes in cognitive function. This is in

line with the findings of Schaedler et al. (2018) who evaluated the

effects of partial morning, partial evening, and normal sleep on execu-

tive functioning in healthy young adults. Whilst other studies utilising

a longer sleep deprivation protocol have reported cognitive deficits

(Cain et al., 2011; Chuah et al., 2006; Drummond et al., 2006), studies

with similar sleep restriction protocol typically report that cognitive

function is unchanged (Rossa et al., 2014; Schaedler et al., 2018). It

therefore appears that, alongside NVC, cognitive function is resilient

to 1 night of partial sleep restriction in this population.

This study provides novel insight into the effects of partial sleep

restriction and subsequent caffeine ingestion on NVC. The implemen-

tation of an ecologically valid sleep-restriction protocol that may

reflect intentional sleep loss due to socialising, work demands, caring

duties etc., or an unplanned poor night of sleep, is a strength of the

present study. Furthermore, the amount of deep sleep accrued in

1 night decreases with age (Li et al., 2018) and is further decreased

in patients with Alzheimer's disease (Avidan, 2006). Therefore, to

mimic the changes in sleep architecture that occur with ageing and

disease, this study required participants to stay awake during the first

half of the night in an attempt to deprive them specifically of deep,

slow-wave sleep (Dijk, 2009; Léger et al., 2018). Based on Actiheart

device recordings, the intervention more than halved participants’
total deep sleep, although future studies should consider utilisation of

polysomnography, the ‘gold standard’ method of sleep staging.

Despite the novelty of our study, we acknowledge that we are

unable to extrapolate our findings beyond a single night of sleep loss

in healthy adults. It remains to be seen if NVC is similarly intact after

similar sleep loss in older adults, or in those with cerebrovascular dis-

ease risk factors, or habitual ‘poor sleepers’. The acute vascular

response to a challenge can also be influenced by behavioural cardio-

vascular risk factors (Karatzi et al., 2007). Whether NVC is acutely

altered after a single night of partial sleep loss in those who have dis-

rupted sleep or sleep patterns (i.e., shift workers), remains an interest-

ing research question. The health of the participants in the present

study was not verified by physical examination, nor was their sleep

assessed using polysomnography, thus we cannot guarantee the

absence of any underlying, undiagnosed, sleep or health conditions

that may interact with our main outcomes.

It is also important to consider the present work in light of a num-

ber of other methodological considerations. Firstly, habitual caffeine

consumption was relatively heterogenous within our sample, and the

abstinence period was only �24 h. Given that withdrawal in habitual

caffeine users can alter cerebral blood flow differentially to non-

habitual users, this limitation may explain some of the inter-individual

differences in vascular responses (Field et al., 2003). In addition to

this, NVC was measured using TCD. As the diameter of the insonated

vessel is unknown, TCD measures cerebral blood velocity, not abso-

lute volumetric flow, and in turn can only be used as a surrogate of

cerebral blood flow if the diameter of the insonated vessel remains

constant (Willie et al., 2011). Furthermore, although cerebral circula-

tion is known to be at least partly regulated by the partial pressure of

arterial CO2 (PaCO2), we did not measure expired gases as an indica-

tor of PaCO2 in the present study. However, previous NVC studies

using TCD have shown expired end tidal CO2 remains within

±5 mmHg of eucapnia during such tasks (Smirl et al., 2016; Zaletel

et al., 2004). Therefore, minimal changes in PCA diameter are antici-

pated. A further limitation of our NVC measurement tool is the sole

focus on cerebral blood velocity without a measure of metabolism or

oxygen extraction fraction. Future NVC and sleep-restriction studies

should consider the addition of NIRS to complement the TCD data in

this manner, or if available, calibrated blood oxygenation level depen-

dent measures.

In conclusion, this study provides insight into the effects of partial

sleep restriction and subsequent caffeine ingestion on NVC. We

found that NVC was unaltered after 50% sleep loss, and caffeine did

not modify the magnitude of the NVC response in either the rested or

the sleep-deprived state. These novel findings highlight the necessity

for further research into the relationship between sleep and the
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cerebrovasculature, specifically whether habitual sleep quantity and

quality affects different measures of cerebrovascular function.
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Balasubramanian, P., Nyúl-T�oth, Á., Yabluchanska, V., Sorond, F. A.,

Kellawan, J. M., Purebl, G., Sonntag, W. E., Csiszar, A., Ungvari, Z., &

Yabluchanskiy, A. (2021). Sleep deprivation impairs cognitive perfor-

mance, alters task-associated cerebral blood flow and decreases corti-

cal neurovascular coupling-related hemodynamic responses. Scientific

Reports, 11(1), 1–13.
Dijk, D.-J. (2009). Regulation and functional correlates of slow wave sleep.

Journal of Clinical Sleep Medicine, 5(2 suppl), S6–S15.
Drummond, S. P., Paulus, M. P., & Tapert, S. F. (2006). Effects of two

nights sleep deprivation and two nights recovery sleep on response

inhibition. Journal of Sleep Research, 15(3), 261–265.
Durgan, D. J., & Bryan, R. M., Jr. (2012). Cerebrovascular consequences of

obstructive sleep apnea. Journal of the American Heart Association.,

1(4), e000091.

Field, A. S., Laurienti, P. J., Yen, Y.-F., Burdette, J. H., & Moody, D. M.

(2003). Dietary caffeine consumption and withdrawal: Confounding

variables in quantitative cerebral perfusion studies? Radiology, 227(1),

129–135.
Fischer, A. Q., Chaudhary, B. A., Taormina, M. A., & Akhtar, B. (1992).

Intracranial hemodynamics in sleep apnea. Chest, 102(5), 1402–1406.
Girouard, H., & Iadecola, C. (2006). Neurovascular coupling in the normal

brain and in hypertension, stroke, and Alzheimer disease. Journal of

Applied Physiology, 100(1), 328–335.
Kapadia, A., Mirrahimi, A., & Dmytriw, A. A. (2020). Intersection between

sleep and neurovascular coupling as the driving pathophysiology of

Alzheimer's disease. Medical Hypotheses., 144, 110283.

Karatzi, K., Papamichael, C., Karatzis, E., Papaioannou, T. G.,

Stamatelopoulos, K., Zakopoulos, N. A., Zampelas, A., & Lekakis, J.

(2007). Acute smoke-induced endothelial dysfunction is more pro-

longed in smokers than in non-smokers. International Journal of Cardiol-

ogy, 120(3), 404–406.
Kocevska, D., Lysen, T. S., Dotinga, A., Koopman-Verhoeff, M. E.,

Luijk, M. P., Antypa, N., Biermasz, N. R., Blokstra, A., Brug, J.,

Burk, W. J., Comijs, H. C., Corpeleijn, E., Dashti, H. S., de Bruin, E. J.,

de Graaf, R., Derks, I. P. M., Dewald-Kaufmann, J. F., Elders, P. J. M.,

Gemke, R. J. B. J., … Tiemeier, H. (2021). Sleep characteristics across

the lifespan in 1.1 million people from The Netherlands,

United Kingdom and United States: A systematic review and meta-

analysis. Nature Human Behaviour, 5(1), 113–122.
Léger, D., Debellemaniere, E., Rabat, A., Bayon, V., Benchenane, K., &

Chennaoui, M. (2018). Slow-wave sleep: From the cell to the clinic.

Sleep Medicine Reviews., 41, 113–132.
Li, J., Vitiello, M. V., & Gooneratne, N. S. (2018). Sleep in normal aging.

Sleep Medicine Clinics, 13(1), 1–11.
Lim, Y. Y., Prang, K. H., Cysique, L., Pietrzak, R. H., Snyder, P. J., &

Maruff, P. (2009). A method for cross-cultural adaptation of a verbal

memory assessment. Behavior Research Methods., 41(4), 1190–1200.
Lowe, C. J., Safati, A., & Hall, P. A. (2017). The neurocognitive conse-

quences of sleep restriction: A meta-analytic review. Neuroscience &

Biobehavioral Reviews, 80, 586–604.

LESTER ET AL. 9 of 10

 13652869, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jsr.14145 by U

niversity O
f E

xeter, W
iley O

nline L
ibrary on [15/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-0091-7321
https://orcid.org/0000-0003-0091-7321


Maeda, H., Matsumoto, M., Handa, N., Hougaku, H., Ogawa, S., Itoh, T.,

Tsukamoto, Y., & Kamada, T. (1993). Reactivity of cerebral blood flow

to carbon dioxide in various types of ischemic cerebrovascular disease:

Evaluation by the transcranial doppler method. Stroke, 24(5), 670–675.
McLellan, T. M., Caldwell, J. A., & Lieberman, H. R. (2016). A review of caf-

feine's effects on cognitive, physical and occupational performance.

Neuroscience and Biobehavioral Reviews, 71, 294–312.
Nurminen, M.-L., Niittynen, L., Korpela, R., & Vapaatalo, H. (1999). Coffee,

caffeine and blood pressure: A critical review. European Journal of Clini-

cal Nutrition., 53(11), 831–839.
Owen, A. M., McMillan, K. M., Laird, A. R., & Bullmore, E. (2005). N-back

working memory paradigm: A meta-analysis of normative functional

neuroimaging studies. Human Brain Mapping., 25(1), 46–59.
Pan, Y., Borragán, G., & Peigneux, P. (2019). Applications of functional

near-infrared spectroscopy in fatigue, sleep deprivation, and social

cognition. Brain Topography, 32(6), 998–1012.
Peterson, B. S., Skudlarski, P., Gatenby, J. C., Zhang, H., Anderson,

A. W., & Gore, J. C. (1999). An fMRI study of Stroop word-color

interference: Evidence for cingulate subregions subserving multiple

distributed attentional systems. Biological Psychiatry, 45(10), 1237–
1258.

Poudel, G. R., Innes, C. R., & Jones, R. D. (2012). Cerebral perfusion differ-

ences between drowsy and nondrowsy individuals after acute sleep

restriction. Sleep, 35(8), 1085–1096.
Reichmuth, K. J., Dopp, J. M., Barczi, S. R., Skatrud, J. B., Wojdyla, P.,

Hayes, D., Jr., & Morgan, B. J. (2009). Impaired vascular regulation in

patients with obstructive sleep apnea: Effects of continuous positive

airway pressure treatment. American Journal of Respiratory and Critical

Care Medicine., 180(11), 1143–1150.
Rogers, P. J., Heatherley, S. V., Hayward, R. C., Seers, H. E., Hill, J., &

Kane, M. (2005). Effects of caffeine and caffeine withdrawal on mood

and cognitive performance degraded by sleep restriction. Psychophar-

macology, 179(4), 742–752.
Rossa, K. R., Smith, S. S., Allan, A. C., & Sullivan, K. A. (2014). The effects

of sleep restriction on executive inhibitory control and affect in young

adults. Journal of Adolescent Health, 55(2), 287–292.
Schaedler, T., Santos, J. S., Vincenzi, R. A., Pereira, S. I. R., & Louzada, F. M.

(2018). Executive functioning is preserved in healthy young adults

under acute sleep restriction. Sleep Science, 11(3), 152–159.
Shabir, O., Berwick, J., & Francis, S. E. (2018). Neurovascular dysfunction

in vascular dementia, Alzheimer's and atherosclerosis. BMC Neurosci-

ence, 19(1), 1–16.
Shariffi, B., Lloyd, I. N., Cessac, M. E., Harper, J. L., & Limberg, J. K. (2023).

Reproducibility and diurnal variation in middle cerebral artery blood

velocity in healthy humans. Experimental Physiology., 108, 692–705.
Shi, L., Chen, S.-J., Ma, M.-Y., Bao, Y.-P., Han, Y., Wang, Y.-M., Shi, J.,

Vitiello, M. V., & Lu, L. (2018). Sleep disturbances increase the risk of

dementia: A systematic review and meta-analysis. Sleep Medicine

Reviews., 40, 4–16.

Smirl, J. D., Wright, A. D., Bryk, K., & van Donkelaar, P. (2016). Where's

Waldo? The utility of a complicated visual search paradigm for tran-

scranial doppler-based assessments of neurovascular coupling. Journal

of Neuroscience Methods., 270, 92–101.
Squair, J. W., Lee, A. H., Sarafis, Z. K., Chan, F., Barak, O. F., Dujic, Z., &

Phillips, A. A. (2020). Network analysis identifies consensus physiologi-

cal measures of neurovascular coupling in humans. Journal of Cerebral

Blood Flow & Metabolism., 40(3), 656–666.
Sterniczuk, R., Theou, O., Rusak, B., & Rockwood, K. (2013). Sleep distur-

bance is associated with sincident dementia and mortality. Current Alz-

heimer Research., 10(7), 767–775.
Stroop, J. R. (1992). Studies of interference in serial verbal reactions. Jour-

nal of Experimental Psychology: General., 121(1), 15–23.
Urbano, F., Roux, F., Schindler, J., & Mohsenin, V. (2008). Impaired cerebral

autoregulation in obstructive sleep apnea. Journal of Applied Physiol-

ogy, 105(6), 1852–1857.
Vidyasagar, R., Greyling, A., Draijer, R., Corfield, D. R., & Parkes, L. M.

(2013). The effect of black tea and caffeine on regional cerebral blood

flow measured with arterial spin labeling. Journal of Cerebral

Blood Flow & Metabolism, 33(6), 963–968.
Willie, C., Colino, F., Bailey, D., Tzeng, Y., Binsted, G., Jones, L., &

Ainslie, P. N. (2011). Utility of transcranial doppler ultrasound for the

integrative assessment of cerebrovascular function. Journal of Neuro-

science Methods., 196(2), 221–237.
Wu, L., Sun, D., & He, Y. (2017). Coffee intake and the incident risk of cog-

nitive disorders: A dose–response meta-analysis of nine prospective

cohort studies. Clinical Nutrition., 36(3), 730–736.
Wu, L., Sun, D., & Tan, Y. (2018). A systematic review and dose-response

meta-analysis of sleep duration and the occurrence of cognitive disor-

ders. Sleep and Breathing., 22(3), 805–814.
Xu, F., Liu, P., Pekar, J. J., & Lu, H. (2015). Does acute caffeine ingestion

alter brain metabolism in young adults? NeuroImage, 110, 39–47.
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