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Abstract
Cerebral autoregulation ensures constant cerebral blood flow during periods of increased blood pressure by increasing
cerebrovascular resistance. However, whether this increase in resistance occurs at the level of major cerebral arteries as
well as at the level of smaller pial arterioles is still unknown in humans. Here, we measure cerebral arterial compliance, a
measure that is inversely related to cerebrovascular resistance, with our novel non-invasive magnetic resonance imagingbased measurement, which employs short inversion time pulsed arterial spin labelling to map arterial blood volume at
different phases of the cardiac cycle. We investigate the differential response of the cerebrovasculature during post
exercise ischemia (a stimulus which leads to increased cerebrovascular resistance because of increases in blood pressure
and sympathetic outflow). During post exercise ischemia in eight normotensive men (30.4  6.4 years), cerebral arterial
compliance decreased in the major cerebral arteries at the level of and below the Circle of Willis, while no changes were
measured in arteries above the Circle of Willis. The reduction in arterial compliance manifested as a reduction in the
arterial blood volume during systole. This study provides the first evidence that in humans the major cerebral arteries
may play an important role in increasing cerebrovascular resistance.
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Introduction
The brain is very sensitive to changes in cerebral blood
ﬂow (CBF), with both hypo- and hyperperfusion having
severe consequences such as ischemic stroke or cerebral
hyperperfusion syndrome. The eﬀect of changes in mean
arterial pressure (MAP), and therefore cerebral perfusion
pressure, is buﬀered well in the brain by cerebral autoregulation. Cerebral autoregulation is the process that
ensures that CBF remains within healthy limits in the
face of variations in arterial blood pressure (BP). It is
generally accepted that in order to maintain CBF, cerebrovascular resistance increases during periods of
increased BP. However, controversy exists where in the
cerebrovascular tree this increased resistance occurs; at
the level of the smaller pial arterioles, the major brain
feeding arteries or a combination of both.1
An important source of this controversy is the lack
of in vivo human data that assesses the response of the
arteries along the cerebral arterial tree to a change in

MAP. In the 1930s, Fog2 used cranial windows in
anaesthetised cats to measure decreases in pial arteriole
diameters during rises in MAP (and increases in diameter with decreased MAP) without measuring changes
in vascular resistance in the proximal cerebrovasculature. In the 1970s, McHedlishvili et al.3 then showed
that in dogs there is marked constriction of the internal
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Post exercise ischemia

carotid artery during increases in MAP. In contrast, a
decade later Faraci et al.4 showed that the vertebral
artery in cats does not respond to a change in MAP.
These results, therefore, highlight not only the controversy of the location of cerebrovascular resistance but
also the diﬃculty of translating results of such experiments between species. However, it is clear that it is an
increase in vascular smooth muscle cell (SMC) tone
that underlies the increased cerebrovascular resistance
during periods of elevated pressure.
It is important to note that, in addition to elevated
systemic pressure, increased sympathetic nerve activity
(SNA) can also lead to increased vascular SMC tone in
humans.5,6 Umeyama et al.6 performed a study in
which unilateral blockage of sympathetic innervation
of the human cerebrovasculature resulted in increased
CBF solely to the ipsilateral side, suggesting that blockage of sympathetic stimulation leads to decreased SMC
tone and a decrease in cerebrovascular resistance.
However, the role of the sympathetic nervous system
in cerebral autoregulation and its key vascular sites of
action are still incompletely understood.1,7
In the current study, we aim to investigate the
response of the major cerebral arteries to a physiological challenge that increases both systemic BP and
SNA and, therefore, raises cerebrovascular resistance.
For this purpose, we use isometric forearm contraction
(IFC) followed by post exercise ischemia (PEI) in
healthy volunteers because this intervention is well
known for increasing systemic BP and SNA.8,9 We
apply our recently introduced and non-invasive magnetic resonance imaging (MRI) method to measure
cerebral arterial compliance (AC), which assesses arterial blood volume (aBV) at diﬀerent phases of the cardiac cycle with short inversion time (TI) pulsed arterial
spin labelling (PASL).10 Because AC is inversely related
to vascular resistance,11 we hypothesised that we would
ﬁnd decreased cerebral AC during PEI. Secondary to
investigating the response of the major cerebral arteries,
we aimed to demonstrate that whole brain perfusion
remains similar during the intervention by including a
measurement of whole brain CBF with multi TI PASL.

The MRI scan session contained two measurements of
compliance: one resting scan series, in which participants
were instructed to look at a cross-hair for the duration of
the scan (10 min), and one series preceded by the IFC task
and scanned in the following 10 min of PEI. Image acquisition for the rest and PEI series was identical.
Each AC measurement was performed as described
previously:10 short TI pulsed ASL was used with seven
TIs: 250–850 ms (spacing of 100 ms). PICORE tagging
was applied with label thickness of 200 mm, a QUIPSS
II12 cut-oﬀ at 700 ms and 32 tag-control pairs were
acquired for each TI. The gap between the distal end
of the labelling slab and the most proximal slice was
1 cm. A gradient echo spiral read-out with a single
interleaf was used. Other acquisition parameters were
variable repetition time (TR), minimum TR ¼ 1 s,
TE ¼ 2.7 ms, voxel size ¼ 3.5  3.5  7 mm,3 12 slices,
slice gap 1 mm, slice delay 29 ms and whole brain coverage. A calibration image was acquired with the same
acquisition parameters, except for the repetition time
(TR ¼ 4s) and without applying a labelling pulse, in
order to obtain the equilibrium magnetisation of cerebrospinal ﬂuid (M0,CSF), which was needed for the
quantiﬁcation of aBV.

Methods

Physiological monitoring

Eight healthy males (average age: 30.4  6.4 years) were
recruited for this study. Imaging data were acquired on
a 3T whole body MRI system (GE Excite HDx,
Milwaukee, WI) using an eight-channel receive-only
head coil. Informed consent was obtained from all volunteers under ethical approval from the Cardiﬀ
University School of Psychology Ethics Committee,
and all experiments were performed in accordance
with the guidelines stated in the Cardiﬀ University
Research Framework (version 4.0, 2010).

BP was measured continuously with a ﬁnger cuﬀ on the
left thumb (BIOPAC Systems, Goleta, USA). MAP
was calculated as follows: MAP ¼ (1/3)  BPSys þ (2/
3)  BPDia and pulse pressure (PP) was calculated as
the diﬀerence between systolic and diastolic BP
(PP ¼ BPSys  BPDia). Average MAP and PP were calculated for the durations of the AC scans in rest and
PEI. Finger photoplethysmography was used to measure cardiac traces, a pneumatic belt just below the rib
cage was used to monitor respiratory rate and a nasal

The PEI protocol was similar to that previously
described by Sander et al.8 A pneumatic in-house
made and MRI-compatible handgrip device was used.
Participants were ﬁrst asked to use their dominant hand
(all were right handed) to perform their maximum
eﬀort handgrip twice, each time holding for 2 s.
During the task, each participant was instructed via
visual cues to do an IFC at 40% of his maximum
grip for 3 min. After 2 min of IFC, a brachial BP cuﬀ,
placed ipsilateral to the gripping hand, was inﬂated to
100 mmHg above resting systolic BP. The BP cuﬀ was
inﬂated for 10 min. Note that this meant that there was
1 min of overlap of IFC and cuﬀ inﬂation. The total
duration of this PEI protocol was 12 min.

AC measurements
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cannula to monitor end-tidal partial pressures of
carbon dioxide (PETCO2) and oxygen (PETO2).

Image analysis
PASL time series were motion corrected using
MCFLIRT13 within the FMRIB Software Library
v5.0 (FSL). Retrospective synchronisation was then
performed using in-house programmes written in
MATLAB R2012b (Mathworks, Natick, MA, USA).
A time shift of 225 ms was applied to the ﬁnger
plethysmograph trace to account for the delay between
the cerebral and ﬁnger pulse. This time period was
deduced from delay times found in the literature
between the R-peak in the electrocardiogram and the
left ﬁnger14 and the time delay between R-peak in the
ECG and the onset of the carotid pulse wave.15 Images
were further analysed on a slice-by-slice basis, taking
into account the slice time delay. The normalised cardiac phase (’c,norm) of each acquired slice was determined according to the following
’c,norm ¼

tacq  t1
t2  t1

ð1Þ

where tacq is the time of the slice acquisition, t1 the time
of the previous systolic peak in the shifted plethysmography trace and t2 the time of the following systolic
peak in the plethysmography trace. The cardiac cycle
was then divided into six bins, i.e. the ﬁrst bin containing slices acquired with 0  ’c,norm < 1/6, the second bin
containing slices acquired with 2/6  ’c,norm < 3/6 and
so on. Slices acquired in ‘early diastole’ corresponded
to those with 0/6  ’c,norm  1/6 and slices acquired in
‘early systole’ were those with 4/6  ’c,norm  5/6.
Average tag and control images were calculated and
subtracted to obtain maps of M per TI and per cardiac phase, e.g. for one participant during rest there are
7 M images (7 TI) in systole.

Calculation of compliance related parameter maps
We used equation (2) to estimate aBV in volume percentage of the voxel (%v), arterial arrival time (tart) in
ms, and bolus dispersion () in ms, on a voxelwise basis
for each of the six cardiac phases separately (leastsquare ﬁtting, lsqcurveﬁt in MATLAB)
MðtÞ
8
0
>
<
T1
¼ 2M0,a e 1a aBV½wðtÞ  ð, tÞ
>
:
0

0 5 tart
tart  t  tart þ 
tart þ  5 t

ð2Þ

The bolus duration () was ﬁxed at 700 ms by the
QUIPSS II cut-oﬀ, the w(t) was a square weighting
function (1 for t < , 0 elsewhere) and m(,t) a
Gaussian kernel with width  and centred on tart.
The equilibrium magnetisation of blood (M0,a) was calculated from M0,CSF,16 the labelling eﬃciency () was
set to 1 and the longitudinal relaxation time of arterial
blood (T1,a) was 1664 ms.17 Maps of aBVDia (calculated
from images acquired in ‘early diastole’) and aBVSys
(calculated from images acquired in ‘early systole’)
were used to calculate AC according to
AC ¼ 100 % 

aBVsys  aBVDia
aBVDia  ðBPsys  BPDia Þ

ð3Þ

Note that here AC is normalised for the aBV in diastole
and is, therefore, calculated as percentage change in
aBV per mmHg (%/mmHg).

Regions of interest
For each participant, regions of interest (ROI) were
determined based on an average aBV map: a map of
aBV resulting from ﬁtting equation (2) to an average
M image containing the tag-control data for all TIs
and all cardiac phases (no synchronisation with cardiac
phase). For instance, in the slice just superior to the
Circle of Willis these regions were drawn to encompass
the right middle, left middle, right posterior, left posterior and anterior cerebral arteries (RMCA, LMCA,
RPCA, LPCA, and ACA, respectively). These manually drawn ROIs were multiplied with the thresholded
average aBV map (aBV  0.5%v) to create individual
ROIs for each artery. Note that ROIs were created
for average aBV maps from both the Rest and PEI
AC time series. For each artery, the union of the
ROIs resulting from the Rest and PEI data was used
for the region-based analysis.
To investigate compliance changes along the cerebrovascular tree, slice-by-slice average AC was calculated by merging the ROIs within each slice. Proximal
to the Circle of Willis, these ROIs encompassed the
internal carotid and basilar arteries. At the level of
and distal to the Circle of Willis, the right and left
MCA were included.

Perfusion measurement and image analysis
After the compliance measurements, two perfusion
scans were acquired: one resting scan series and one
scanned during PEI. CBF was measured with multi
TI pulsed ASL, adapted for brainstem imaging.18
PICORE labelling with label thickness of 200 mm and
a QUIPSSII cut-oﬀ at 700 ms12 was used and 10 tagcontrol pairs were acquired for each of eight TIs

Warnert et al.
(250 ms, 400 ms, 550 ms, 700 ms, 1000 ms, 1300 ms,
1600 ms and 1900 ms). A gradient echo image acquisition was performed with two spiral interleaves, to minimise signal loss due to ﬁeld inhomogeneities and
physiological noise. Other acquisition parameters
were variable repetition time (TR), minimum TR ¼1 s,
TE ¼ 2.7 ms, voxel size ¼ 3.5  3.5  7 mm,3 12 slices
and slice gap 1 mm. Total acquisition time was approximately 10 min. A calibration image was acquired with
the same acquisition parameters, except for the repetition time (TR ¼ 4 s) and without applying a labelling
pulse, in order to obtain the equilibrium magnetisation
of cerebrospinal ﬂuid (M0,CSF), used in the quantiﬁcation of CBF. An image with minimal contrast was also
acquired to map the coil sensitivity proﬁle (same acquisition parameters except for TE ¼ 11 ms, TR ¼ 2 s and 8
interleaves). A high-resolution T1-weighted structural
image (3D fast spoiled gradient echo) was acquired
for registration purposes (TE ¼ 2.9 ms, TR ¼ 7.8 ms,
voxel size ¼ 1  1  1 mm3).
The PASL time series were motion corrected
(MCFLIRT,13 within FSL). Edge-preserving smoothing was applied to the minimal contrast image
(SUSAN,19 within FSL) and the result was used to correct the CBF time series for the coil sensitivity proﬁle,
i.e. the CBF time series was divided by the preprocessed minimal contrast image. Average diﬀerence
images (M) were obtained for each TI after tagcontrol subtraction of the CBF time series. Chappell’s
two-compartment model, containing both a macroand microvascular compartment,17 was then used to
obtain voxel-wise estimates of CBF. The reader is
referred to the work of Chappell et al.17 for a full
description of the model.
Masks of whole brain grey matter were used to calculate average grey matter CBF. These masks were created by segmentation of the T1-weighted structural scan
with FAST20 (within FSL). For each participant, the
grey matter mask was registered to the perfusion image
by a transformation matrix obtained by inverting the
transformation matrix resulting from linear registration
of the CSF image to the T1-weighted structural image
with FLIRT13 (within FSL). For this registration, trilinear interpolation was used. The resulting grey matter
mask in the subject’s functional space was thresholded
at 0.5, to reduce partial volume contributions from
white matter.

Statistics
In order to investigate the diﬀerences in aBV at the level
of the Circle of Willis, we performed a three-way repeated
measures ANOVA (RM-ANOVA) with three independent factors: physiological state (rest versus PEI), ROI
(RMCA, LMCA, ACA, RPCA and LPCA) and cardiac
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phase (six diﬀerent phases). To determine the diﬀerences
in compliance during PEI we performed a two-way RMANOVA with only two independent factors: physiological
state and ROI. To investigate changes in compliance
during PEI and along the cerebrovascular tree, a twoway RM-ANOVA was performed with two independent
factors: physiological state and slice. The dependent variable was the slice-by-slice calculated AC. A pairwise t-test
was used to investigate whether there was a signiﬁcant
diﬀerence in grey matter CBF during rest and PEI.
Unless stated otherwise, data are presented here as average  standard deviation.

Microneurography
To measure muscle SNA (MSNA), peroneal microneurography was performed by an experienced microneurographer. Tungsten microelectrodes were inserted
directly into the right peroneal nerve, where multiunit
discharges from eﬀerent sympathetic c-ﬁbres were measured.21 A muscle sympathetic fascicle was identiﬁed
when taps on the muscle belly or passive muscle stretch
evoked mechanoreceptive impulses.22 Contamination
from eﬀerent discharges in skin sympathetic ﬁbres
was ruled out when auditory stimuli evoked no skin
sympathetic discharges. MSNA was measured during
5 min of baseline, the IFC and PEI (12 min) and a
5-min recovery period. Physiological monitoring was
the same as during the MRI scan session, except no
respiratory belt to measure respiratory rate or nasal cannula to measure end-tidal gas concentrations was used.
MSNA was measured according to the methods
described previously:22,23 participants were in supine
position with a foam pad under their right thigh and
MSNA was recorded from the right peroneal nerve at
the ﬁbular head using insulated tungsten microelectrodes. A muscle sympathetic fascicle was identiﬁed
when taps on the muscle belly or passive muscle stretch
evoked mechanoreceptive impulses, and no aﬀerent
neural response was evoked by skin stimuli. The recorded
signal was ampliﬁed 80,000-fold, band-pass ﬁltered
(700 to 5000 Hz), rectiﬁed and integrated (resistancecapacitance integrator circuit time constant 0.1 s) by a
nerve traﬃc analyser (NeuroAmp EX and PowerLab
8/35, ADInstruments, Bella Vista, Australia). MSNA
data were recorded with LabChart 7 (ADInstruments,
Bella Vista, Australia) and analysed with in-house written scripts (Spike 2, Cambridge Electronic Design,
Cambridge, UK) to yield burst frequency (bursts/100
heartbeats).

Results
All the eight participants attended two study sessions;
one microneurography session to measure the MSNA
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and one MRI session to measure AC and CBF during
PEI. There was one participant for which the MSNA
measurement was unsuccessful and another participant
who did not complete the CBF measurement during PEI.
Figure 1 shows results of the main physiological parameters measured during the microneurography session
(N ¼ 7). BP increased during the IFC and remained

Figure 1. Group average data (N ¼ 7) resulting from the MSNA
sessions. In each of the sessions, there was a resting recording
(of at least 3 min), followed by a 3-min period of IFC at 40%
(middle grey) and a 10-min period of PEI (lightest grey). Note
that there was 1 min of overlap (dark grey) between the IFC
and occlusion with the brachial blood pressure cuff (PEI). In the
top graph, it can be seen that mean arterial pressure (MAP)
increases during IFC and remains elevated throughout PEI. In the
bottom graph, it can be seen that MSNA shows a steady increase
from baseline to a maximum at the end of PEI. Error bars indicate
SEM.

elevated throughout the PEI period, as illustrated by
the elevated MAP. MSNA, as measured by bursts/100
beats showed a steady increase during both the IFC
and PEI, peaking at the end of PEI period (group average increase in MSNA: 111.7%  68.5%, t ¼ 17 min
compared to t ¼ 5 min).
During the MRI session to measure AC, MAP was
signiﬁcantly elevated during PEI compared with rest
(96.9  11.3 mmHg vs. 87.7  8.9 mmHg, paired t-test,
p < 0.05), while there was no signiﬁcant diﬀerence in
PP (57.0  6.8 mmHg vs. 58.1  6.7 mmHg, p > 0.05).
Other relevant physiological measurements are summarised in Table 1.
Results of the three-way RM-ANOVA investigating differences in aBV at the level of the circle of Willis are stated
in Table 2. During PEI, there was a signiﬁcant interaction
between physiological state and cardiac phase
(F(5,35) ¼ 3.1, p < .05), indicating that aBV only decreases
in certain cardiac phases (as illustrated by Figure 2).
Further analysis revealed that, averaged over all arteries
at the circle of Willis, systolic aBV showed a stronger
decrease during PEI than diastolic aBV (aBVDia ¼
0.03  0.1%v and aBVSys ¼  0.29  0.1%v, paired ttest: p < 0.05). Peak MCA aBV values (in rest) ranged
from 6 to 10%v. In comparison, an MCA segment with
a diameter of 3 mm crossing a 3.5  3.5  7 mm3 axial
voxel would give an aBV of 14.4%v. The group average
values of aBV at the level of the Circle of Willis are on the
order of 1%v and hereby reﬂect that aBV is calculated
based on median ROI values.
At the level of the Circle of Willis, there was a signiﬁcant decrease in AC during PEI (RM-ANOVA,
F(1,7) ¼ 10.7, p < 0.02, see Figure 3). However, there
was no signiﬁcant diﬀerence in compliance between the
diﬀerent arteries (RM-ANOVA, F(4,28) ¼ 2.0, p ¼ 0.14).

Table 1. Relevant physiological parameters (average  standard deviation) for the rest and PEI periods during acquisition of the AC
and CBF measurements.
Arterial compliance
(N ¼ 8)

Cerebral blood
flow (N ¼ 7)

Microneurography
(N ¼ 7)

Rest

PEI

Rest

PEI

Rest

PEI

BPSys (mmHg)

126.4  9.5

134.9  11.0a

132.1  10.1

135.1  16.1

130.8  22.6

147.8  19.8

BPDia (mmHg)

68.3  9.3

77.9  12.1a

71.7  8.1

76.9  15.0

79.6  13.9

86.2  15.5

PP (mmHg)

58.1  6.7

57.0  6.8

60.4  7.1

58.2  9.0

51.4  11.7

61.3  10.4

MAP (mmHg)

87.7  8.9

96.9  11.3a

91.8  8.3

96.3  14.8

96.8  16.6

106.8  16.2

Heart rate (beats/min)

58.7  11.5

62.6  12.6

56.3  9.2

62.6  11.3a

53.3  8.7

Breathing rate (breaths/min)

16.4  4.3

16.1  5.6

16.6  3.0

15.0  5.6

–

–

PET,CO2 (mmHg)

38.1  5.3

35.6  5.6

35.5  5.1

31.9  4.8a

–

–

61.5  11.2a

Note that all average values stated here are calculated for a time period of approximately 10 min (for the duration of each scan). BPSys: systolic blood
pressure; BPDia: diastolic blood pressure; PP: pulse pressure; MAP: mean arterial pressure; PET,CO2: end-tidal CO2 partial pressure; PEI: post exercise
ischemia.
a
Significantly different (paired t-test, p < 0.05).
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Table 2. Summary of main effects and interactions of the two- and three-way repeated measures ANOVAs performed in this study.

Three-way RM-ANOVA investigating differences
in aBV at the level of the Circle of Willis

Two-way RM-ANOVA investigating differences
in AC at the level of the Circle of Willis
Two-way RM-ANOVA investigating
differences in AC over six different slices

Source

F statistic

p value

Physiological state
ROI
Cardiac phase
Physiological state  ROI
Physiological state  Cardiac phase
ROI  Cardiac phase
Physiological state  ROI  Cardiac phase
Physiological state
ROI
Physiological state  ROI
Physiological state
Slice
Physiological state  Slice

F(1,7) ¼ 2.1
F(4,28) ¼ 3.0
F(5,35) ¼ 5.9
F(4,28) ¼ 0.6
F(5, 35) ¼ 3.1
F(20, 140) ¼ 0.6
F(20, 140) ¼ 1.4
F(1,7) ¼ 10.7
F(4,28) ¼ 2.0
F(4,28) ¼ 2.6
F(1,7) ¼ 5.7
F(5,35) ¼ 4.7
F(5,35) ¼ 3.2

0.192
0.055
0.002a
0.675
0.028a
0.866
0.177
0.014a
0.139
0.082
0.048a
0.004a
0.017a

RM-ANOVA: repeated measures analysis of variance; aBV: arterial blood volume; ROI: region of interest; AC: arterial compliance.
a
Significant results (p < 0.05).

Figure 2. Fitted aBV (%v) per cardiac phase (’c). Group average values (N ¼ 8) are shown for the arteries in a single slice containing
the Circle of Willis, indicated by the inlay in the upper right corner. The angiogram in the centre illustrates the locations of the cerebral
arteries. During PEI, aBV was particularly lower during systole (’c ¼ 5), while there was no decrease in aBV during diastole (’c ¼ 1),
indicating that PEI is related to a decrease in AC by affecting the aBV at higher BP (note that BPSys > BPDia). Error bars indicate SEM.
aBV: arterial blood volume; BP: blood pressure; PEI: post exercise ischemia.
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Figure 3. Top row: Arterial compliance (AC) for the middle, posterior and anterior arteries at the level of the Circle of Willis in rest
and during PEI. Each dot represents data from one participant (N ¼ 8). Each graph contains a line that illustrates no change in AC
(ACRest ¼ ACPEI). It can be seen that during PEI AC decreases, as was also illustrated by repeated measures ANOVA, where there was
a significant main effect of PEI on AC (F(1,7) ¼ 10.7, p < 0.02). Bottom: an example of an angiogram indicating the location of the slice
at the level of the Circle of Willis (CoW). RMCA & LMCA: right and left middle cerebral arteries; ACA: anterior cerebral artery;
RPCA & LPCA: right and left posterior cerebral artery.

The latter suggests that there are no diﬀerences in compliance between the arteries branching from the Circle of
Willis. However, separate one-way ANOVAs for Rest
and PEI, with ROI as independent variable, revealed
that although there were no signiﬁcant diﬀerences in
compliance between ﬂow territories in Rest
(F(4,28) ¼ 0.749, p ¼ 0.53), the bilateral posterior cerebral arteries had signiﬁcantly lower compliance than
the anterior cerebral artery during PEI (p < 0.05, posthoc paired t-tests after signiﬁcant eﬀect of ROI;
F(4,28) ¼ 5.06, p < 0.01). Example AC maps at the
level of the Circle of Willis are plotted in Figure 4.
When averaging AC together for the ROI proximal
to the Circle of Willis, encompassing the internal carotid and basilar arteries, and the right and left MCA at
the level of and distal to the Circle of Willis, it can be
seen that during PEI on average the larger, proximal
arteries show a decrease in AC, while the arteries distal
to the Circle of Willis show little change in average
compliance (see Figure 5). The two-way RM-ANOVA
showed a signiﬁcant interaction between physiological
state and slice (F(5,35) ¼ 3.2, p < 0.02), with post-hoc
paired t-tests showing a signiﬁcant decrease in compliance at the level of the Circle of Willis (p < 0.05).
The main eﬀects and interactions of the RMANOVAs in this study are summarised in Table 2.
Whole brain grey matter CBF was not signiﬁcantly different during PEI (CBFRest ¼ 52.1  6.8 ml/100 g/min,
CBFPEI ¼ 57.8  19.1 ml/100 g/min, paired t-test p ¼ 0.450).

Discussion
We have shown for the ﬁrst time that, using our recently
introduced method of non-invasive measurement of

AC,10 the large arteries proximal to and at the level of
the Circle of Willis are important determinants of cerebrovascular resistance in humans. That is, increased cerebrovascular resistance during a manoeuvre that triggers
both an increase in BP and sympathetic nerve activity in
humans (PEI) is caused by decreased compliance of the
major arteries supplying the brain. Moreover, during PEI
there was no change in compliance in arteries distal to the
Circle of Willis. Finally, we also observed that there was
no change in CBF, during a period of increased BP and
SNA; consequently, these changes in compliance (or
resistance) of the cerebral larger arteries are likely to be
an important contributor to autoregulation.

Origin of increased cerebrovascular resistance
The compliance of the cerebral arteries at the level of
the Circle of Willis shows a signiﬁcant decrease during
PEI, as is illustrated by Figure 3. The decrease in compliance is likely to be caused by an increase in SMC
tone within the vessel walls. However, as can be seen in
Figures 2 and 5, it is mainly aBVSys that is aﬀected by
the increase in SMC tone and no change of aBVDia
occurs. This result may be explained by the fact that
mechanical properties of arterial walls are dependent
on three tissues: collagen, elastin and SMCs.24 During
arterial wall distension, collagen and elastin are the passive components and SMCs are the active or contractile
components. Bank et al.24,25 measured the contribution
of each of the individual components to the stiﬀness of
the human brachial artery at diﬀerent levels of intraarterial pressure and smooth muscle tone. Their results
showed that at lower transmural pressure (i.e.
70 mmHg), an increase in SMC tone does not change
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Figure 4. Example of T1-weighted structural image with AC maps overlaid in Rest and during PEI for a single subject. Note that
the AC maps are masked with the ROIs as defined by the average aBV images (see Methods section for details of ROI formation).
In addition, the maps are thresholded to show voxels with positive AC. It can be seen that AC decreases during PEI. A: anterior;
P: posterior.

Figure 5. Group average aBVDia, aBVSys and AC plotted against slice location from two slices below to three slices above the CoW.
On the right, an example of the slice locations is overlaid on an angiogram for a single subject. Note that the data are averaged over
the ROIs of the major brain feeding arteries below the Circle of Willis (internal carotid and basilar/vertebral arteries) and both RMCA
and LMCA above the CoW. Although none of the ROIs show a change in aBVDia, the larger and more proximal arteries show a
decrease in aBVSys during PEI. Note that this leads to the figure on the right, where it can be seen that the arteries below and at the
level of the CoW show a decrease in AC during PEI, while the MCAs more distal from the CoW show no decrease in AC during PEI.
Error bars indicate SEM. AC: Arterial compliance; PEI: Post exercise ischemia; CoW: Circle of Willis.

the mechanical properties of the arterial wall, but
changes the relative contributions of the three components to the wall stiﬀness. The contribution of SMC to
the stiﬀness of the arterial wall becomes larger and the
contribution of collagen decreases. However, at higher
transmural pressure (i.e. 100 mmHg), an increase in
SMC tone also increases arterial wall stiﬀness,25
which would explain why here we ﬁnd a signiﬁcantly
smaller change in average aBVDia than in aBVSys
during PEI.
Increased tone of SMCs in the cerebral arterial walls
can be caused by increased BP, as well as by increased
sympathetic nerve activity. The decrease in cerebral
compliance occurring in this study may be caused by
the signiﬁcant increases in BPSys and BPDia. From ex
vivo experiments, it is known that in the absence of

sympathetic stimulation, SMC also show a myogenic
response: The contraction mechanism of the muscle
cells is activated by stretch of the arterial walls induced
by elevated BP.26 However, elevated sympathetic activity in the periphery (Figure 1, bottom image) correlates
well with increased norepinephrine spill over measured
in the cerebral vasculature in humans.27 Although there
is an ongoing debate regarding the role of SNA in cerebral autoregulation in humans, the cerebral vasoconstriction found here may, therefore, also have been
caused by sympathetic activity directed to the cerebral
vasculature.28 The following paragraphs discuss
whether here it is the increase in BP or the increase in
sympathetic outﬂow that caused the decrease in compliance of the arteries proximal to and at the level of
Circle of Willis during PEI.
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It is diﬃcult to assess whether the change in BP is
causing the cerebrovascular vasoconstriction as found
in this study. On the one hand, the increase in MAP
during PEI was only þ 10 mmHg. Osol et al.29 showed
in vitro that when transmural pressure ranged from 60
to 140 mmHg in the absence of sympathetic stimulation
there were only minor changes in rat PCA diameter
(although wall tension did show a related increase).
Osol’s results suggest that the increase in BP in the
current experiment may not be suﬃcient to cause
marked vasoconstriction in the cerebral arteries. On
the other hand, the fact that the arteries distal to the
Circle of Willis do not constrict may suggest that cerebral autoregulation has taken place: As a response to
the PEI, proximal cerebral arteries increase their resistance to protect the distal cerebrovasculature1 and maintain CBF (no change in grey matter CBF is found here).
As a result, the BP in the arteries distal to the Circle of
Willis may not have changed and, therefore, there is no
vasoconstriction. Intracranial BP measurements are
necessary to investigate whether increased BP is contributing to the elevated SMC tone.
The fact that arteries distal to the Circle of Willis are
unaﬀected during PEI while there is a decrease in compliance in the larger proximal cerebral arteries may be
explained by the decrease in sympathetic perivascular
stimulation along the cerebrovascular tree. From ex
vivo and animal experiments, it is known that perivascular sympathetic nerves are surrounding the basal
cerebral arteries but their density decreases along the
cerebrovascular tree, such that parenchymal arterioles
are not innervated by the sympathetic nervous system
at all.7,30–33 Furthermore, Cipolla et al.31 demonstrated
in rats that the diﬀerence in sensitivity to sympathetic
stimulation lies in the presence of norepinephrine a1receptors on the surface of SMC; while these receptors
are abundant in SMC of the proximal MCA, SMC in
the walls of pial arteries branching from the MCA contain progressively less of these vasoconstriction-related
receptors. In addition, Baumbach et al.34 showed that
in rabbits and cats only basal cerebral arteries show a
marked vasoconstriction with an increase in sympathetic stimulation. In their experiment, Baumbach
et al. controlled for potential myogenic responses
from the SMC by directly stimulating sympathetic
nerves such that there was no change in systemic BP.
Although human equivalents of these animal experiments are diﬃcult to perform, the results of the
animal studies combined with the presence of sympathetic perivascular nerves in humans make it plausible
that in the current PEI experiment the elevated sympathetic outﬂow, at least in part, is causing the decrease in
AC in the larger cerebral arteries.
Only ﬁnding a signiﬁcant diﬀerence in compliance
between the bilateral PCA and ACA at the level of
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the Circle of Willis during PEI and not in rest (oneway RM-ANOVAs, Table 2) suggests that the PCAs
have a higher reactivity to PEI than the ACA. What
underlies this diﬀerence is unclear; it could reﬂect a
diﬀerence in how increased MAP is buﬀered by the
vertebral and basilar arteries, which have a major contribution to the blood supply of the PCA, compared
with the internal carotid arteries, which are the main
suppliers of the anterior circulation. Interestingly, the
origin of sympathetic innervation of these major brain
feeding arteries diﬀers: The perivascular sympathetic
nerves innervating the internal carotid arteries originate
from the superior cervical ganglion, while those innervating the vertebral and basilar arteries originate from
the stellate ganglion.7
Even in the absence of a conclusive explanation for
the elevated SMC tone, this experiment shows the ﬁrst
in vivo evidence of the diﬀerential response of the
human cerebrovasculature to increases in BP and sympathetic outﬂow. In order to separate the eﬀects of both
of these processes on the vasculature, a control experiment is necessary in which sympathetic outﬂow is
altered without an increase in BP or vice versa.

Additional impacts of the measurement
of cerebral AC
The majority of research into cerebral autoregulation in
humans uses CBF velocity measurements by transcranial
Doppler (TCD) ultrasound assessments of the MCA or
PCA.1,9 Our non-invasive measurement of cerebral AC is
able to give complementary information to the existing
body of research as it is able to address the major
assumption of constant MCA diameter in studies using
TCD ultrasound. As an example, Ainslie et al.9 used a
similar hand grip task as is used here to investigate
changes in blood ﬂow through the MCA with TCD
ultrasound and found that this task does not change
the peak ﬂow velocity within the MCA but does increase
cerebrovascular resistance (as assessed by dividing MAP
by peak ﬂow velocity). It is important to note that Ainslie
et al. assume that no vasoconstriction of the MCA has
taken place because of the diﬃculty of assessing this with
TCD ultrasound. Our results of decreased aBVSys, and
therefore decreased compliance, at the level of the M1
segment of the MCA suggest that there is in fact a change
in systolic MCA diameter. However, as Ainslie et al.,9 we
also ﬁnd an increase in cerebrovascular resistance
(decrease in compliance). An important aspect from
our experiment is that because of the inclusion of a volumetric measure (aBV), our data illustrate that it is an
increase in cerebrovascular tone of the MCA contributing to increased cerebrovascular resistance during PEI.
AC is also an important marker of cerebrovascular
health. Compliant arteries smooth out the pulsatile
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blood ﬂow originating from the heart to ensure almost
continuous blood ﬂow through the capillary bed of the
brain.35,36 Continuous blood ﬂow within the brain parenchyma ensures optimal exchange of oxygen, nutrients
and metabolites.35 With decreasing compliance, i.e.
increasing arterial stiﬀness, blood ﬂow within the cerebral microvasculature becomes increasingly pulsatile
which can have detrimental eﬀects. The increased pulsatile stress can lead to damage of small vessel walls
which in turn can underlie severe cerebrovascular
pathologies such as cerebral small vessel disease,37 vascular cognitive impairment (dementia and Alzheimer’s
Disease)38 and cerebral aneurysms.39 Our compliance
measurement may, therefore, be an important noninvasive imaging marker of cerebrovascular health.

Methodological considerations
Using peripheral BP as a surrogate for cerebral BP is not
optimal, in particular since it is known that in young
people PP in the common carotid is often lower than
brachial PP.40 Moreover, distal to the common carotid
artery PP decreases even further to ensure that there is
(almost) constant pressure and ﬂow in the capillary bed
of the brain.35,36 Note that, due to the inverse relationship between compliance and PP, overestimating the
latter by using brachial measurements leads to underestimation of local compliance of the cerebral arteries. In
particular, this may suggest that with the decrease in PP
along the cerebrovascular tree compliance of the arteries
above the Circle of Willis may not be lower than compliance of more proximal larger arteries, as we have
found here. However, the diﬀerential response of the
diﬀerent size arteries to PEI is still valid because there
was no signiﬁcant diﬀerence in PP between rest and PEI
during the compliance measurement, despite the increase
in MAP of approximately 10 mmHg. Note that we
assume that there is no change in the decrease of the
PP along the vascular tree with increasing MAP.
Although here we were able to assess compliance in
cerebral arteries, including those branching from the
Circle of Willis, the current set-up does not allow for reliable measurement of compliance within the smaller and
more distal arterioles. Contributing to this is the longer
transit time of the blood from the labelling location in the
neck to the arterioles distal to the Circle of Willis (>600
ms),18,41 with respect to our maximal TI (TI ¼ 850 ms).
From this data set we can, therefore, not comment on
the extent to which, in addition to the major cerebral
arteries proximal to the Circle of Willis, the more distal
arterioles play a role in maintaining cerebral perfusion.
Although IFC followed by PEI has shown to be an
appropriate stimulus to decrease AC of the large cerebral arteries and can be used to investigate cerebral
autoregulation, its use is limited because of the variable

1393
eﬀects on whole body physiology when repeated. This
variability is illustrated by the not signiﬁcant increase in
MAP and the decrease in end-tidal partial pressure of
carbon dioxide when the intervention was performed a
second time for the CBF measurement here. The former
suggests that young healthy men habituate to this
stimulus by performing two 40% handgrip tasks consecutively, which is strengthened by not ﬁnding a signiﬁcant diﬀerence in gripping strength between the ﬁrst
and second handgrip (paired t-test of average grip
strength, p ¼ 0.31, data not shown). In addition, participants may change their breathing during IFC followed
by PEI, which aﬀects the end-tidal partial pressures of
gases. Future experiments investigating cerebral autoregulation should include physiological challenges that
target MAP and SNA, while controlling other physiological variables.
To summarise, the work presented here has demonstrated the utility of our recently introduced method of
measuring cerebral AC to assess the diﬀerential
response of the human cerebrovasculature to PEI.
The major cerebral arteries show a signiﬁcant decrease
in AC, while there was no change in the smaller arteries
distal to the Circle of Willis. The decrease in compliance is caused by an increase in tone of SMCs within
the vessel walls, but further investigation is required to
clarify whether this was due to the increase in sympathetic outﬂow or BP, or a combination of both.
However, this study illustrates the application of our
non-invasive measurement of cerebral AC and demonstrates for the ﬁrst time in humans the importance of
the largest cerebral arteries in autoregulation.
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