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Abstract

The process by which cerebral blood flow (CBF) remains approximately constant in response to short-term variations in
arterial blood pressure (ABP) is known as cerebral autoregulation. This classic view, that it remains constant over a wide
range of ABP, has however been challenged by a growing number of studies. To provide an updated understanding of the
static cerebral pressure-flow relationship and to characterise the autoregulation curve more rigorously, we conducted a
comprehensive literature research. Results were based on 143 studies in healthy individuals aged 18 to 65years. The
mean sensitivities of CBF to changes in ABP were found to be 1.47 £ 0.71%/% for decreased ABP and 0.37 4- 0.38%/% for
increased ABP. The significant difference in CBF directional sensitivity suggests that cerebral autoregulation appears to
be more effective in buffering increases in ABP than decreases in ABP. Regression analysis of absolute CBF and ABP
identified an autoregulatory plateau of approximately 20 mmHg (ABP between 80 and 100 mmHg), which is much
smaller than the widely accepted classical view. Age and sex were found to have no effect on autoregulation strength.
This data-driven approach provides a quantitative method of analysing static autoregulation that can be easily updated as

more experimental data become available.
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Introduction

The brain is one of the most tightly regulated organs in
the human body. Healthy cerebral blood flow (CBF)
and metabolism are essential for the proper functioning
of the human brain. CBF regulation is closely related
to changes in arterial blood pressure. As early as the
1930s, studies demonstrated in animal models that
cerebral blood vessels dilate or constrict in response
to reduced or enhanced arterial blood pressure.! In
1959, Niels Lassen first constructed the relationship
between mean arterial blood pressure (MAP) and
CBF using data taken from 11 studies.” Based on this
analysis, it was proposed that there is a plateau region
above the lower limit of autoregulation (LLA), where
CBF remains essentially constant across a relatively
wide range of MAP (approximately 60—150 mmHg,
Figure 1(a)). Due to the fact that Lassen’s original pub-
lication did not include data at higher blood pressure
values, the concept of the upper limit of autoregulation
(ULA) was later proposed and validated.*” This
physiological relationship was termed static cerebral
autoregulation (CA). Subsequent studies in animals,
non-human primates and humans have replicated

Lassen’s curve and confirmed the substantial autoregu-
latory capacity of the cerebral circulation.”® Prior to
this, CBF was assumed to vary passively with perfusion
pressure.

Despite the fact that Lassen’s autoregulation curve
continues to be cited and described in numerous publi-
cations and textbooks, increasing evidence has
challenged the existence of this wide cerebral autoregu-
lation plateau.’ ' In 1983, Heistad and Kontos pointed
out that the original study® had incorrectly plotted sev-
eral points in the figure and that some of the experimen-
tal data were invalid due to incorrect experimental
design.'”> When these erroneous experimental data
were corrected, the autoregulation plateau disappeared.
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Figure 1. (a) Classical view of autoregulation, first proposed by Lassen.” It should be noted that the ULA was only demonstrated
later in hypercapnic dogs in 1971.3 (b) A typical contemporary view of autoregulation showing a small plateau region and the

directional sensitivity of cerebral autoregulation.

Additionally, recent evidence suggests that in healthy
humans, the range of MAP within which CBF is main-
tained constant is much smaller than originally pro-
posed (only +10% AMAP).” Furthermore, due to
differences in baseline blood pressure, the upper and
lower limits of autoregulation, as well as the plateau
region, also vary significantly among individuals. One
study captured MAP/CBF relationships individually
from 10 hypertensive patients and found that the
extent of autoregulatory range varied between patients.’
Therefore, it remains unknown whether the group-
averaged autoregulatory curve would apply to all
individuals."*

Assessment of CA requires simultaneous measure-
ments of CBF and blood pressure (BP). Over the past
20 years, there has been significant development in the
study of the human cerebral pressure-flow relationship,
with the introduction of CBF quantification techniques
that provide high temporal resolution. The use of non-
invasive techniques such as transcranial Doppler ultra-
sound (TCD) and digital arterial volume clamp (such
as Finapres) to continuously measure CBF velocity
(CBFv) and MAP allowed the dynamic relationship
between these two variables to be quantified. CA mea-
surement methods are thus generally divided into two
categories: static and dynamic CA."° Static CA (sCA) is
the autoregulatory response to steady-state changes in
ABP or ICP (when mean blood pressure changes to a
new level and remains stable for several minutes or
hours), providing information on the CPP range in
which CA is active.! The dynamic cerebral autoregula-
tion (dCA) refers to the instantaneous change in CBF
in response to rapid changes in MAP (in a time scale of
seconds). Although sCA and dCA operate on different
time scales, the CBF regulatory mechanisms involved

in these two types of CA may be the same or have some
common basis. The differences and similarities between
them have been reported in many studies.'®!”

However, few attempts have been made to charac-
terise the cerebral pressure-flow relationship over a
wide range of MAP due to the lack of methods to
alter blood pressure effectively. In the most compre-
hensive study to date, Numan et al.'® reviewed
459 studies on static autoregulation through PubMed
and Scopus searches. After an exclusion procedure,
49 experiments were included and divided into groups
of decreasing MAP (n=23) and increasing MAP
(n=26). The mean sensitivities to changes in MAP
were found to be 0.824+0.77%/% for decreased
MAP and 0.21 £0.47%/% for increased MAP, which
were altered to 0.64+1.16%/% and 0.39 £0.30%/%
respectively when changes in PaCO, were corrected for.
Their findings suggested that the efficacy of regulating
CBF seemed to differ depending on the direction of
blood pressure changes, with a more effective capacity
to maintain stable CBF during acute (transient) periods
of hypertension compared to hypotension. This direc-
tional sensitivity of CBF response to MAP will cause
the slope of the autoregulation curve to be greater
below the LLA than above the ULA, as shown in
Figure 1(b). However, the mechanisms governing this
are not entirely understood.

It is worth noting that most of the convincing
evidence for this asymmetry is based on studies of
dCA." 2 While Numan et al.'® also observed direc-
tional sensitivity in sCA, several studies included in
the review used blood pressure manipulation drugs
(such as Dexmedetomidine and Sevoflurane), as well
as included some dCA experiments (such as supine-
to-stand and cold pressor test), leading to potential
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confounding factors such as medication effects,
autonomic activation, and differences in PaCO,.
Thus, the presence of autoregulatory asymmetry in
SCA needs to be reconsidered. In addition, in this
study, they only considered linear changes in CBF,
and did not consider the range of the autoregulatory
plateau. They also did not consider the effects of sex or
age on the results, largely due to the size of the dataset.
With more sCA experimental datasets becoming avail-
able, a more detailed analysis can be performed to
better understand the directional sensitivity, which
may provide better guidance for clinical arterial pres-
sure management.

Therefore, to provide an updated understanding of
the static relationship between MAP and CBF, and to
characterise the autoregulation curve more rigorously,
we conducted a comprehensive literature review and
data-driven analysis of static cerebral autoregulation.
Firstly, we re-examined the experiments on sCA in
Numan et al.'® and excluded experiments that might
involve dCA, and updated more experiments from
2013 to 2023, to explore the relative changes in cerebral
pressure-flow response in healthy humans more rigor-
ously. Based on these results, we will investigate the
directional sensitivity of sCA and whether this asym-
metry persists after CO, correction, by exploring the
CBF response to MAP increases and decreases separate-
ly. Secondly, we developed an autoregulation curve in
humans using regression analysis in absolute CBF units
to quantitatively determine the LLA, ULA and CA pla-
teau. Finally, the effects of sex and age on the cerebral
pressure-flow relationship are also investigated.

Methods

In the original analysis by Numan et al.,'® a total of 459
studies published before 2012 were obtained through a
PubMed search. 40 studies (49 experiments) were
included after exclusion criteria, with 23 experiments
lowering MAP and 26 experiments raising MAP. In
this updated and expanded review, we re-examined
the 459 studies published before 2012. Additionally,
we used PubMed, Scopus, and Springer to search for
studies with ‘arterial pressure’, ‘cerebral blood flow’
and ‘healthy subjects’ published between January
2013 and September 2022. Non-human studies and
non-English studies were excluded, and the selected
population was limited to healthy subjects aged 18 to
65. The updated search resulted in the review of an
additional 946 studies. As we were also interested in
the relationship between absolute CBF and MAP,
studies reporting baseline MAP and CBF values in
healthy subjects were included in our analysis. Due to
the fact that Numan et al.’s'® study included some dCA
experiments, we applied more stringent controls and

updates to the exclusion criteria. Based on this, we
re-examined the 40 studies already selected by
Numan et al.'"® and screened the additional 946 studies
to ensure that all experiments included in this analysis
strictly followed the SCA assessment.

Exclusion criteria

Parallel changes in other critical variables such as
carbon dioxide (CO,), brain activation and sympathet-
ic tone may also be present when manipulating blood
pressure. Exclusion procedures were tightly controlled
to attenuate and eliminate the adverse effects of these
variables on CBF and thereby more accurately deter-
mine the cerebral pressure-flow relationship. Multiple
experiments have shown that hypocapnia or hypercap-
nia can affect the range of autoregulation as well as the
LLA and ULA.* Studies have also shown that middle
cerebral artery diameter can be altered in severe hyper-
capnia (+15mmHg) resulting in non-negligible errors
in CBF measurements, but not in mild hypercapnia
(+7.5mmHg).*** Therefore, experimental procedures
known to affect the partial pressure of arterial carbon
dioxide (PaCO,) levels (e.g. hyperventilation, exercise,
altitude and heat stress) and/or experiments with
changes in PaCO, of more than 7.5mmHg were
excluded. In addition, experiments involving cognitive
and functional tasks were excluded because blood flow
to specific brain regions may be increased through neu-
rovascular coupling. Furthermore, studies that
involved dynamic changes in MAP and CBF (e.g.,
squat-stand manoeuvres, handgrip test or Valsalva
manoeuvre), and/or CBF and MAP recordings less
than 2 minutes after blood pressure (BP) manipulation
were excluded as they do not reflect a steady-state sce-
nario. Only stable steady-state levels of MAP and CBF
were included to evaluate the static CA.

Inclusion criteria

The methods for inducing BP changes can basically be
divided into pharmacological-induced and postural
manoeuvres-induced, but the optimal protocol for
studying sCA remains undetermined and the advan-
tages/disadvantages of different methods are still
under debate. Postural manoeuvres, mainly achieved
through tilting or changes in circulatory blood
volume in the study of sCA, have the advantages of
being non-invasive and more consistent with physiolog-
ical conditions, but have limitations such as limited
amplitude of BP changes and difficulty in controlling
the magnitude and stability of induced changes. Using
pharmacological agents to manipulate BP can better
control the stability and duration of BP changes.
Drugs such as phenylephrine for inducing hypertension
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or nitroprusside for inducing hypotension have been
widely used in experiments evaluating sCA. However,
pharmacological methods have limitations due to their
invasive nature, and many drugs can activate the auto-
nomic nervous system, potentially interfering with the
changes in CBF produced.

To exclude the influence of normal MAP fluctua-
tions on CBF and ensure a reasonable stimulus to acti-
vate autoregulation mechanisms, the minimum change
in MAP (AMAP) was set to £5% from baseline.
Studies should include baseline measurements of CBF
and MAP, as well as at least one stable step change in
MAP to calculate the relative change slope. Experiments
inducing BP changes by postural manoeuvres required
stable recording of MAP and CBF(CBFv) for at least
Sminutes to ensure that BP changes reached a stable
state. Pharmacological agents used to induce BP
changes have been confirmed not to have a direct
effect on cerebral vasculature. Detailed descriptions of

all blood pressure manipulation methods can be found
in Supplementary Table S1.

As shown in Figure 2, after exclusion criteria were
applied, a total of 143 studies were included. Multiple
experiments within a single study were considered sep-
arately, resulting in a total of 148 experiments. Of the
148 experiments, 104 only included baseline CBF and
MAP values to explore the relationship between abso-
lute CBF and MAP. 39 studies (44 experiments) with
MAP changes (27 experiments with MAP decrease and
17 experiments with MAP increase) were included
to investigate the relationship between relative CBF
and MAP.

Correction for CO,

Although studies with induced hypercapnia or hypo-
capnia have been excluded, the effect of uncontrolled
changes in PaCO, persisted in some of the included
studies. To eliminate the effect of CO,, CBF or CBFv

Search terms ‘arterial pressure’, ‘cerebral blood flow’ and ‘healthy subjects’

published between
2013 and 2022
n =946

Identification

Original dataset of
Numan et al. (2014)
n=40

No baseline values (n=17)

Cognitive tasks (n=9)
Model calculation (n=8)
Frequency results (n=20)

Screening

Review (n=140)
Other reasons (n=31)

No healthy subjects or Not between 18-85 years (n=96)
No CBF measurements (n=182)

No AMABP or AMABP <5% (n=212)
Hypo-/hyperoxia, Hypo-/hypercapnia (n=37)

<2mins constant BP levels (n=53)
Procedures influence PaCO; or Pa0O; (e.g., hyperventilation,
exercise, altitude, and heat stress) (n=33)

F Y

v

n = 143 Studies

Baseline valueva

n = 104 experiments

Included

Decreasing BP §

‘With BP changes

n = 44 experiments

v Increasing BP

n=27 n=17

Figure 2. Flow chart of excluding procedure.
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measured in the middle cerebral artery (MCAv) will be
recalculated for studies that report changes in PaCO,.
Considering the exclusion process, which limited the
variation in PaCO, within 7.5mmHg for the included
experiments, and the minor differences observed in
the baseline PaCO, of the subjects ranging from
38—42mmHg, a simple linear correction method is jus-
tified. The correction factor used for cerebrovascular
reactivity to PaCO, was 4% /mmHg in hypercapnia
and 3% /mmHg in hypocapnia.?® Following the calcu-
lation of CO,-corrected CBF, the CBF/MAP slope will
be recalculated.

Statistical analysis

All statistical analyses were performed using SPSS
(IBM SPSS Statistics Version 25.0) and presented as
mean =+ standard deviation (SD). For each experiment,
the relative changes in MAP and CBF from baseline
was calculated. The slopes were calculated with linear
regression between changes in %MAP and %CBF,
and mmHg (MAP) and %CBF. The derived ‘average
slope line” was weighted to the number of subjects in
each study. Specifically, each study slope line was mul-
tiplied by the sample size. These values were then
summed and divided by the pooled sample size (total
number of pooled subjects). The Shapiro-Wilk test was
applied to verify the normal distribution for each var-
iable. Differences between the slopes during increased
or decreased MAP were evaluated using a Mann-—
Whitney U-test. We used p-values to determine if
there was a statistically significant difference between
the means of two groups, and used Cohen’s d to mea-
sure the effect size and indicate how meaningful the
relationship between variables or the difference
between groups is. All p-values of <0.05 were consid-
ered statistically significant. Pearson’s product-moment
correlation coefficients were used to determine the cor-
relation between the different variables. Based on our
physiological understanding of autoregulation charac-
teristics, we chose linear regression and a third-order
polynomial function to fit the relationship between the
absolute CBF and MAP to maximise goodness of fit.
The Curve Fitting Toolbox in MATLAB was used for
conducting regression analysis, while the fitting tool in
SPSS was used for secondary validation.

Results

From all the articles reviewed, 143 studies were includ-
ed in this study. Experiments with changes in MAP
(n=44) were divided into decreasing MAP (n=27)
and increasing MAP (n=17) to investigate the direc-
tional sensitivity of CA. All experimental data were
used to fit the autoregulation curve.

Methods for continuous arterial pressure measure-
ment can vary among studies. Most studies recorded
blood pressure non-invasively using photoplethysmog-
raphy (Finapres). The Finapres device uses a finger cuff
and provides an estimation of the continuous ABP
waveform based on the principle of arterial volume
clamping.?’ Other methods included auto-inflatable
cuff (non-invasive) or intravascular catheters
(invasive). Although there are various techniques for
measuring CBF, over 90% studies used TCD to
explore the cerebral pressure-flow response. Other
methods included positron emission tomography
(PET) and Kety Schmidt technique. The combination
of TCD and photoplethysmography (Finapres) meas-
urements was the primary choice for examining
changes in CBF caused by BP alterations. In all includ-
ed experiments, blood pressure was altered within a
relatively limited extent (see Table 1 for details), vary-
ing only between 54 and 138 mmHg. Note that this
range did not reach the upper limit of the classical
autoregulation curve.*

Relative CBF

For each experiment, the percent change from baseline
was calculated for MAP and CBF. The slopes were
calculated with linear regression between changes
in %MAP and %CBF, and mmHg (MAP) and
%CBF.'® In the studies where MAP decreased, the cal-
culated slopes were found to lie between 0.19 and 3.24%
CBF/%MAP. The average slope for decreased MAP
was 1.47+0.71%CBF/%MAP (or 1.61 £0.73%CBF/
mmHg MAP). In the studies where MAP was increased,
the slopes ranged between —0.33 and 1.39%CBF/
%MAP with an average slope of 0.37+0.38%CBF/
%MAP (or 0.45+0.45%CBF/mmHg MAP).

A significant difference in CBF/MAP slope was
observed between increasing and decreasing MAP in
both relative and absolute measures, as shown in
Figure 3 (both p<0.001; d=1.93 for %CBF/%MAP
comparison, and d=1.91 for %CBF/mmHg MAP
comparison), which is plotted in the same form as
Numan et al.'® for ease of comparison. 8 experiments
in which MAP was decreased and 9 experiments in
which MAP was increased had changes in MAP from
baseline greater than 20%. 10 experiments in which
MAP was decreased had changes in MAP between 5
and 10%, whereas 3 experiments that had increases in
MAP showed a similar level of change. The remaining
9 included experiments in the decreasing MAP group
and 5 remaining experiments in the increasing MAP
group showed a percentage change in MAP between
10 and 20%.
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Continued.

Table I.

Baseline
BP

Method

Correct Number of Mean age Slopes Slopes

CBF

APaCO,
CBF (mmHg)

End

Baseline End

Method to

measure
CBF(v)

BP

(/%) (mmHg/%) Ref.

subjects

subjects

BP

(mmHg) CBF

Method measure BP change BP

direction

Year

First Author

057 072 80
8l

1.39
0.75

22-52
36

8

101.0 689

99.0 632

59.9
55.5

Phenylephrine 80.0

HDT

Radial artery

increase TCD

2000
1993
1975

McCulloch
Kawai

1.54
0.85

90.0
8

Sphygmomanometer
Radial artery

increase TCD

82

49.5

1200 495 0.0

389

8.0

Phenylephrine

Kr-uptake

increase

Jobes

technique

Mean age is averaged value or range. Slopes presented in % MAP/% CBF and mmHg MAP/% CBF. TCD: transcranial Doppler ultrasound; PET: positron emission tomography; HUT: head-up tilt; LBNP: lower

body negative pressure; LBPP: lower body positive pressure; SNP: sodium nitroprusside; ATP: adenosine triphosphate.

CO, correction

18 experiments with decreasing MAP and 11 experi-
ments with increasing MAP reported values for
PaCO, (or partial pressure of end-tidal CO,), which
allowed for a post-hoc PaCO, correction for changes
in CBF. After calculating the CO,-corrected CBF, the
CBF/MAP slopes were recalculated as described
above. To quantify the influence of the CO, correction
factor, the CBF/MAP slopes in these selected studies
were also calculated prior to correction. Following cor-
rection, the slopes for the decreasing MAP range varied
between —0.96 and 2.58%CBF/%MAP (mean 1.11 +
0.78%CBF/%MAP, 1.21 £0.65%CBF/mmHg MAP).
The slopes in the increasing MAP range post correction
varied between —0.41 and 1.39%CBF/%MAP (mean
0.24 £0.60%CBF/%MAP, 0.29+0.50%CBF/mmHg
MAP). Consistent with the uncorrected slope results,
the corrected slopes also showed significant differences
in the range of increasing and decreasing MAP
(p=0.003; d=1.25), as shown by the dashed lines in
Figure 3. In addition, the CO, correction had a signif-
icantly greater effect on experiments with decreasing
MAP than on experiments with increasing MAP due
to the different sensitivity to CO, in each direction.

Manipulation and measurement methods

The CBF measurement methods used in different stud-
ies were varied. Of the 44 experiments included in this
analysis with MAP changes, 42 used TCD. The slope
produced by measuring CBF with methods other than
TCD was 0.55%CBF/%MAP (MAP decreased) and
0.75%CBF/%MAP (MAP increased), while the aver-
age slope measured using TCD was 1.49 +0.71%CBF/
%MAP (MAP decreased) and 0.35+0.38%CBF/
%MAP (MAP increased). Since only 2 experiments
used non-TCD methods to study CA, it is not yet
known whether different CBF measurement methods
lead to differences in slopes.

Of the 17 experiments that increased MAP, the most
frequently used experimental method to manipulate
blood pressure was phenylephrine (pharmacological).
5 experiments using non-pharmacological BP manipu-
lation methods yielded mean slopes of 0.21 £0.58%
CBF/%MAP, while 12 experiments using pharmaco-
logical BP manipulation methods yielded mean slopes
of 0.45+0.20%CBF/%MAP. Significant differences
were found with % CBF/%MAP between the different
BP increasing manipulation methods (p<0.001;
d=10.55). Of the 27 experiments that decreased MAP,
the most frequently used experimental method to
manipulate blood pressure was lower body negative
pressure (LBNP, non-pharmacological). 19 experi-
ments using non-pharmacological BP manipulation
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Figure 3. Relationship between %MAP and %CBF in the increased MAP and decreased MAP ranges. All individual lines represent
individual experiments (not corrected for CO,); the length of the line indicates the range of MAP of that experiment. Before CO,
correction, average slope (solid line) was 1.47%MAP/%CBF for the decreased MAP (n =27), and 0.35%MAP/%CBF for increased MAP
(n=17). After CO, correction, the average slope (dashed line) was |.I 1%MAP/%CBF for decreasing MAP (n= 18) and 0.24%MAP/

%CBF for increasing MAP (n=11).

methods yielded mean slopes of 1.63+0.65%CBF/
%MAP, while mean slopes with pharmacological BP
manipulation  methods were 0.63+0.32%CBF/
%MAP. Significant differences were found with
%CBF/%MAP between the different BP decreasing
manipulation methods (p <0.001; d=1.95).

The statistical differences observed between phar-
macological and non-pharmacological BP manipula-
tion methods indicated that different methods have
different levels of reproducibility and stability.
Regardless of whether the experiment induced an
increase or decrease in MAP, a tighter slope distribu-
tion was observed for pharmacological manipulation
methods, indicating higher reproducibility as shown
in Figure 4. However, studies of dCA have also
shown that manoeuvres such as the sit-to-stand are
biologically acceptable and reproducible for creating
oscillations in blood pressure, and are thus most rep-
resentative when compared to other techniques.”®?
This suggested that using drugs to induce BP changes
has an advantage in longer time-scale sCA studies,
whereas postural changes to induce BP changes are
more advantageous in shorter time-scale dCA studies.
It should also be noted that any pharmacological
approach has the inherent limitation that the drugs
may have multiple unknown effects on the cerebral
vasculature. Therefore, when choosing a BP manipula-
tion method, it is important to evaluate and choose
based on the specific research design and purpose.

Absolute CBF

Although direct comparison of absolute CBF (or veloc-
ity) changes between measurement techniques is not

possible, over 90% of all experiments included in this
study used CBFv (MCAV) as an indicator of CBF mea-
sured by TCD. To obtain sufficient experimental data
to fit the absolute cerebral pressure-flow relationship,
we hypothesised that CBFv (MCAV) could be used as a
surrogate  CBF measure. The limitations of this
assumption will be discussed later.

A significant positive correlation was observed
between MAP and absolute CBFv (r=0.363;
p<0.001), as shown in Figure 5. MAP varied between
53 and 138 mmHg but did not reach the upper limit of
autoregulation proposed by Lassen.

Compared to the first-order linear model, the fit
quality of the third-order polynomial function was
improved (first order: R*=0.1320 vs. third order:
R?=0.1341), although this would be expected given
the additional degrees of freedom. A relatively flat
‘autoregulatory plateau” was observed from the third-
order polynomial model, as shown in Figure 6. After
differentiation of the function, we found that CBF
remained essentially stable when MAP varied between
80 and 100 mmHg. To further quantify this behaviour,
the correlations between MAP and CBF were recalcu-
lated over different blood pressure ranges, as indicated
in Supplemental Figure S4. If the relationship between
pressure and flow is purely passive, the correlation coef-
ficients should increase monotonically or remain essen-
tially constant. However, the correlation between blood
pressure and flow was first found to increase, then to
decrease and then to increase again, with the two turning
points being observed at 80 and 100 mmHg, as shown by
the shaded area in Supplemental Figure S4. This indi-
cates that this range of MAP appears to act as the
‘plateau’ region for static cerebral autoregulation,
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95% confidence level. The blue shading between 80~ 100 mmHg reflects the autoregulatory plateau.

pressure range. In the MAP range of 80 to 100 mmHg,
the correlation coefficient between MAP and CBF was
only 0.003 (p=0.952), indicating that the CBF was
largely unaffected by MAP and showed significant
autoregulatory characteristics. However, it is worth
noting that within this range, the linear regression anal-
ysis between MAP and CBEF still demonstrated a small
slope instead of a horizontal line with zero slope. For
experimental data in the MAP range below 80 mmHg
or above 100mmHg, the correlation coefficients
between MAP and CBF were found to be 0.359 and
0.332, respectively (p=0.001, p=0.068). This suggests
that when MAP exceeds 100mmHg or is lower than
80 mmHg, autoregulation mechanisms are no longer able
to maintain CBF stability, and CBF will increase with
increasing blood pressure. The slope of the linear regres-
sion analysis for the different blood pressure ranges
showed that CBF was more sensitive to BP decrease
than BP increase (0.515 for BP range below 80 mmHg;
0.301 for BP range above 100 mmHg;), which was consis-
tent with the results of the relative analysis.

The influence of age

Age and biological sex remain important modifiers of
cerebrovascular function in health and disease, but
their impact on cerebral blood pressure and flow
remains unclear. In this review, 91 experiments

reported mean age for subjects and 67 experiments
reported haemodynamic related data by sex, which
allowed us to explore the effect of sex and age on cere-
brovascular and autoregulation.

There were significant differences in baseline vascular
measures between young (18-40years old; number of
subjects = 2854; mean age =28) and older (40—65 years
old; number of subjects = 1341; mean age = 50) partici-
pants. At baseline, MAP was significantly higher
in older participants (young: 88.08 4+ 6.72mmHg vs.
older: 90.96 + 3.72mmHg). MCAv was 10.2% lower in
older participants (young: 63.20+ 7.45cm/s vs. older:
56.78 £ 6.14cm/s).

To further explore the correlation between age and
baseline blood pressure, a regression analysis was per-
formed (see Supplemental Figure S4). The results
showed that there was a statistically significant positive
correlation between age and baseline MAP, i.c., as age
increased, baseline MAP also increased (r=0.198). The
linear relationship established between the independent
variable age and the dependent variable MAP at baseline
was extremely statistically significant, but the goodness of
the regression was poor (R?=0.038; p=0.009). A statis-
tically significant negative linear correlation was also
found between baseline CBF and age (see Supplemental
Figure S5), whereby baseline CBF decreased with increas-
ing age (r=—0.101; p < 0.001). However, the goodness of
the regression was poor (R?=0.131).
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Both the Pearson correlation coefficient and regres-
sion analysis outputs showed there was no relationship
between age and absolute and relative slopes
(r=0.009). No age differences were observed in the
cerebral haemodynamic response to changes in pres-
sure suggesting that aging itself did not alter cerebral
autoregulation, in good agreement with the substantial
literature on the effect of aging on dynamic CA.'*3-3!

The influence of sex

17 experiments included only male subjects and 3
experiments included only female subjects, which allowed
us to examine sex differences in CBF autoregulation.
There were no significant differences in the demographic
and haemodynamic characteristics of study participants
at baseline between biological sex categories. No sex dif-
ferences were found for age (male: 26 + 4 years vs. female:
274+ Syears; p=0.776; d=0.22). Although the results
were consistent with previous studies in that female sub-
jects had a lower mean BP and a higher CBF than
males,? no statistically significant gender differences
were found (MAP: male=8848+6.74mmHg vs.
female =87.77+ 6.19 mmHg; p=0.583; d=0.11. CBF:
male =60.11+7.58 cm/s vs. female =63.34 + 11.14cm/s;
p=0.070; d=0.34). Pearson correlation coefficients also
confirmed that sex was not associated with baseline MAP
or CBF (r=0.045; r=—0.056, respectively).

Since there were no experiments conducted solely on
female participants to induce an increase in MAP, it is
unclear whether the slope of increased BP is influenced
by gender. In experiments inducing a decrease in MAP,
17 studies included only male participants while 3 stud-
ies included only female participants. In the male group,
the slopes for the decreasing MAP ranged from 0.15 to
2.04%CBF/%MAP (mean 1.2940.69%CBF/%MAP,
1.42+0.71%CBF/mmHg MAP). In the female group,
the slopes for the decreasing MAP ranged from 0.85 to
1.69%CBF/%MAP (mean 1.58+0.26%CBF/%MAP,
1.754+0.26%CBF/mmHg MAP). No significant differ-
ence in CBF/MAP slope was observed between female
and male in both relative and absolute measures
(p=0.382 for %CBF/%MAP comparison, p=0.371
for %CBF/mmHg MAP comparison). Therefore, the
study results indicated that the cerebrovascular response
to decrease in BP has no sex differences, although given
the small number of studies performed in women this
finding should be treated with caution at this stage.

Discussion

Directional sensitivity of cerebral autoregulation

A stronger autoregulatory response was observed
during the increase in blood pressure compared to the

decrease in sCA, consistent with former studies and
findings in dCA.>'®!%21-2233 However, our findings
differ from those of Numan et al.'® in that this asym-
metry in autoregulation did not disappear after CO,
correction. Compared to 2014, we have employed
stricter exclusion criteria to eliminate interference
from some dCA study results, thus confirming the pres-
ence of directional sensitivity in static CA. Although
CBF remained more sensitive to blood pressure reduc-
tion after CO, correction, the CO, correction eliminat-
ed the significant difference in CBF response to
increased and decreased MAP (the CBF to changes in
ABP were found to be 1.474+0.71%/% for decreased
ABP and 0.37+0.38%/% for increased ABP, which
were altered to 1.11+0.78%/% and 0.24 +0.60% /%
after CO, correction). The greater effect of CO, cor-
rection on CBF regulation for reduced MAP may be
related to the activation of metabolic pathways during
hypoperfusion. It should be noted that a positive cor-
relation between changes in blood gas levels and the
capacity of autoregulation was observed both before
and after CO, correction. A larger magnitude of
PaCO, variations was associated with an increased
slope of % CBF/%MAP. This finding suggests that dif-
ferent CBF regulatory mechanisms do not operate in
isolation, as metabolic pathways can influence autore-
gulation. The interdependence of CBF regulation high-
lights the robustness of the cerebrovascular system in
ensuring precise control of CBF, while also emphasiz-
ing the challenges in isolating and studying specific
CBF regulatory mechanisms.

Several potential mechanisms have been proposed to
explain the directional sensitivity of CA, including
selective cerebral vasoconstriction secondary to activa-
tion of the perivascular cerebral sympathetic nerves, as
well as intrinsic differences in myogenic responses to
falling and rising MAP.?*> Another possible explanation
might be that compensatory vasodilatation during
MAP decrease may increase intracranial pressure,
aggravating MAP decrease and reducing the benefit
of lowered blood flow resistance.** Previous studies
have shown that a substantial MAP change of approx-
imately 50% from baseline is required to trigger sym-
pathetic nervous system activation.”> However, our
research findings suggest that directional sensitivity of
CA is independent of the magnitude of MAP changes,
consistent with the findings of Panerai et al.*® regarding
dynamic CA. The activation of cerebral sympathetic
nerve activity alone is therefore insufficient to explain
this phenomenon. Directional sensitivity is more likely
determined by the intrinsic properties of vascular
smooth muscle cells, which serves to protect the brain
from the risk of hyperperfusion during MAP increases
and subsequently prevent oedema and capillary
damage.
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Although the physiological mechanisms of autore-
gulatory asymmetry remain unclear and part of the
explanation is based on evidence from animal studies,
the finding of autoregulatory asymmetry has clinical
implications. The differential CA response between
increasing and decreasing MAP in humans was initially
reported in patients with traumatic brain injury,** sug-
gesting that directional sensitivity may be enhanced in
pathological conditions. This indicates the potential for
quantifying CA directional sensitivity as a clinical indi-
cator for predicting cerebral diseases. Given the brain
heterogeneity and the significant individual variability
in autoregulation, further research and clinical
trials are needed to make CA assessment a reliable clin-
ical tool.

Limitations

Potential limitations of this study should be considered.
We used the linear regression slope between MAP and
CBF (MCAVv) to compare the effectiveness of autore-
gulation for falling and rising blood pressure, which
assumed a linear response of cerebral circulation to
blood pressure perturbations. This simple approach is
a compromise to the limited studies describing the rela-
tionship between MAP and CBF. The lack of experi-
mental data is mainly due to the technical limitations in
manipulating blood pressure and recording CBF.

Difficulties in blood pressure manipulation

It is challenging to manipulate MAP over a sufficiently
wide range in human subjects. The experimental meth-
ods of manipulating blood pressure included in this
study can be basically divided into physical and phar-
macological methods. These experimental methods can
produce fluctuations in mean arterial pressure of about
5 to 30mmHg, which are largely buffered via cerebral
autoregulation. Normal baroreflex function limits the
effective range within which MAP can be altered nor-
mally. Therefore, we could only analyse the cerebral
pressure-blood flow relationship based on experimental
data of MAP between 53 and 138 mmHg, which cannot
fully cover the autoregulatory plateau of 60 to
150 mmHg proposed by Lassen® and Paulson et al.*
Pharmacological methods can perturb blood pres-
sure by intravenous injection of vasodilator and/or
vasoconstrictor drugs, such as nitroprusside and phen-
ylephrine. The obvious advantage of the pharmacolog-
ical approaches is that the response of CBF to rising
and falling MAP can be studied simultaneously by
injecting different drugs. In addition, pharmacological
methods allow blood pressure to be altered over a rel-
atively long period of time, as opposed to physical
actions that tend to stimulate the cerebral circulation

abruptly, resulting in more stable and accurate meas-
urements of MAP and CBF. However, many studies
have pharmacologically manipulated CBF with anaes-
thetics, angiotensin and a-adrenergic receptor agonists
and/or nitric oxide donors,'%'?373 and their effects on
cerebrovascular tone are controversial; for example,
the drugs used to manipulate MAP may have as yet
unknown effects on the autoregulation response by
directly altering cerebrovascular resistance downstream
from the middle cerebral arteries.

Physical methods of blood pressure manipulation
include tilt (head-up tilt), LBNP, etc. Of these, tilt
tests can induce the greatest fluctuations in MAP, up
to 43% change in MAP. Physical methods can only
induce unidirectional hypotension or hypertension,
and therefore cannot reliably explore autoregulatory
asymmetry. In addition, the stability and reproducibil-
ity of blood pressure changes induced by physical
methods are poor. However, physical methods are
still widely used in dCA studies as they can noninva-
sively and quickly change blood pressure, and have
minimal direct effects on vascular tone or indirect
effect on arterial CO, or cerebral metabolism, indepen-
dently from cerebral autoregulation. Although accu-
rate measurement of MAP and CBF is crucial for
clinical purposes, so far there is no “gold standard”
for autoregulation assessment. There is also no evi-
dence to suggest significant differences in conclusions
obtained from different assessment methods.

Accuracy of CBF measurements

CBF measurement techniques commonly used for
static autoregulation studies in humans include TCD,
Kety Schmidt technique, '**Xenon clearance or other
indicator methods, arterio-venous O, difference, near-
infrared spectroscopy and X-ray imaging.'®* Notably,
the experiments reviewed in this study primarily used
TCD to measure CBF. Using MCAv as an index of
CBF, requires the assumption that the diameter of
the artery remains constant. Multiple studies in
humans have shown that the diameters of the middle
cerebral artery and other large cerebral vessels remain
relatively constant despite changes in ABP and blood
gases.*” *? Furthermore, changes in MCAv were highly
correlated with CBF changes measured by two MRI
techniques using the tracer gadolinium and arterial
spin labelling, again validating TCD as a representative
assessment of CBF.** Given the strict exclusion criteria
employed in this study to limit the influence of factors
such as blood gases changes on cerebrovascular, it can
be assumed that the diameter of cerebral arteries
remains relatively constant. Therefore, in the present
study, we suggest that the cerebral blood flow velocity
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measured by TCD may accurately reflect the response
to CBF.

Another limitation of TCD is that it measures
regional changes in blood flow velocity rather than
global CBF.* Given the complex physiological mech-
anisms of autoregulation, it is not yet known whether
monitoring CA based on flow measurements in a large
artery is reflective of the autoregulation behaviour in
the entire brain (including regions perfused by other
large arteries) as well as at the microcirculation level.
In addition to the physiological variables directly
affecting CBF, such as PaCO, and brain activation,
there are many other factors that can influence CBF
through metabolic coupling (such as haematocrit, tem-
perature), making it challenging to find appropriate
methods to assess cerebral autoregulation.

This also leads to few studies attempting to repro-
duce the entire autoregulation curve. In most cases,
researchers induce changes in MAP to determine the
lower or upper limits of autoregulation or assess
whether specific patients retain intact autoregulatory
capacity. Patients with impaired or absent autoregula-
tion (such as severe head injury or subarachnoid hae-
morrhage) are at a significantly higher risk of cerebral
ischemia or secondary brain damage caused by hyper-
perfusion. Cerebral autoregulation assessment is cru-
cial in the clinical management of such patients.
Therefore, more efforts are needed to improve the
reproducibility and stability of autoregulation assess-
ment to facilitate its clinical application.

Other limitations

In addition to the difficulties of manipulation and mea-
surement, another major limitation of this review is the
direct comparison of experimental results using differ-
ent BP manipulation methods and different CBF mea-
surement methods. Although no significant differences
in slopes were found for experimental data using dif-
ferent manipulation and measurement methods, only a
very small number of experiments induced both an
increase and a decrease in MAP. It remains unclear
whether the asymmetry in autoregulation may be par-
tially caused by using different BP manipulation meth-
ods and CA assessment methods. Furthermore, not all
studies reported end-tidal or arterial partial pressure of
carbon dioxide, so we could only correct the effect of
CO, on CBF based on PaCO, values from 29 experi-
ments. A fixed correction coefficient was employed to
eliminate the confounding effect of CO», but due to the
considerable variability in cerebrovascular reactivity at
different CO, concentrations, this approach may have
limitations of under- or over-corrections. To address
these limitations, future research should aim to
standardize BP manipulation methods and CBF

measurement techniques across studies to improve
comparability and enhance the robustness of meta-
analyses.

Accurately defining the range of autoregulation is
currently challenging from the limited available studies,
as many studies focus only on one end of the autore-
gulatory curve or a limited range of blood pressure
variations. It is also important to note that the exact
lower and upper limits of cerebral autoregulation vary
considerably between individuals and can be influenced
by factors such as age, resting blood pressure, antihy-
pertensive/hypotensive treatments, and potential cere-
bral diseases. Even with future research that may help
us quantify and understand the autoregulatory curve
better, a group-averaged range is unlikely to be appli-
cable to all individuals.'* Therefore, although cerebral
autoregulation can provide important information in
the management of brain injury, stroke, and other con-
ditions affecting brain function, it should be measured
and used with caution in clinical applications.

Future research on static cerebral autoregulation
assessment

The availability of measurement techniques that allow
high temporal resolution for continuous recording of
CBF changes has made dynamic CA the focus of most
current research and clinical assessment. It is worth
emphasizing that our findings are highly consistent
with other studies on dCA. This strong consistency
suggests a close relationship between these two phe-
nomena. While dynamic testing overcomes some limi-
tations of static methods, it is important to note that
the interchangeability of the two approaches is still
unclear. Previous studies have produced conflicting
results regarding the association between dynamic
and static autoregulation: de Jong et al.'” found no
correlation, whereas Tiecks et al.'® found a strong
linear relationship between them. Several factors may
explain the opposite findings, including methodological
differences, heterogeneity of study subjects, and varia-
tions in data processing and analysis methods.
Additionally, the time frame over which changes in
BP occur also influences the effectiveness and stabili-
zation of CBF by autoregulation.*

For clinical applications, it is conceivable that
patients with impaired autoregulation may exhibit
slowed adaptation to rapid blood pressure changes
(i.e., impaired dynamic autoregulation), while their
adaptation to slow blood pressure changes remains
intact (i.e., normal static autoregulation).'**® Further
research is needed to determine the consistency and
complementarity between dynamic and static autoregu-
lation. The combination of these two approaches may
provide a more comprehensive assessment of cerebral
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Figure 7. Classical view and updated view of the cerebral autoregulation curve. The blue line and shaded area represent the
autoregulation curve and plateau proposed by Lassen® and Paulson et al.* The red line and shaded area represent the new autor-
egulation curve and plateau proposed in this study, based on the dataset from Numan et al.'® and studies from 2013 to 2022. It should
be noted that the new curve is asymmetric (with a lower slope for MAP > 100 mmHg than for MAP < 80 mmHpg) and has a slight slope

between the “autoregulation plateau” of MAP and CBF.

autoregulation in different physiological and clinical
contexts.

Considering the diversity of experimental designs
and clinical practices, proposing a “gold standard”
for cerebral autoregulation testing is challenging.
However, the following guidelines can be recom-
mended: a minimum change of 10% from baseline in
MAP, a duration of each assessment of >5minutes,
minimizing autonomic nervous system stimulation,
controlling brain activation, measuring PaCO, simul-
taneously with ABP and CBF, and focusing on indi-
vidual data for each subject. These guidelines not only
contribute to improving the reproducibility and inter-
method agreement of autoregulation assessment but
also enhance the accuracy of different tests on
individuals. Despite some limitations, the present
study provides a further update on the static cerebral
pressure-flow relationship. With further research and
technological advancements, we can expect a better
understanding and application of dynamic and static
cerebral autoregulation assessment methods.

Conclusion

Although the concept of cerebral autoregulation has
been widely accepted after its proposal, increasing evi-
dence suggests that the classic view of autoregulation
may be incomplete or inaccurate. We performed a
reanalysis of the dataset originally published by
Numan et al.,'® adding papers published between
2013 and 2022, to provide new insights for updating

the classical cerebral autoregulation curve. A total of
143 experiments (including Numan’s original dataset)
were included in the analysis. The cerebral pressure-
flow relationship was comprehensively explored by
multiple analyses of absolute and relative CBF
values. The main findings of this paper are:

1. The cerebrovascular system in healthy subjects does
have autoregulatory ability, but CBF cannot main-
tain constant over the wide MAP range of 60 to 150
mmHg proposed by Lassen.” First-order linear
regression and third-order polynomial functions
were used to fit the relationship between absolute
CBF (MCAv) and MAP. An autoregulatory plateau
region of only approximately 20mmHg (MAP
between 80 and 100 mmHg) was found using a
data-driven approach, indicating a considerably nar-
rower autoregulation range than previously accept-
ed. Furthermore, within the autoregulatory plateau
region, the cerebral pressure-flow relationship is not
a straight line but with a slight positive slope.

2. The results of the relative CBF analysis showed
asymmetry in the autoregulatory curve: the slope
of %ACBF/%AMAP were found to be 1.47+0.71
for decreasing blood pressure and 0.37 +0.38 for
increasing blood pressure, which were altered to
1.11£0.78%/% and 0.24 +0.60%/% respectively
after CO, correction. The significant difference in
CBF directional sensitivity suggests that the cerebral
vasculature defends more effectively against MAP
increase than MAP decrease.
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Based on the above findings, we proposed a new
cerebral pressure-flow relationship, as shown in
Figure 7. It should be noted that this new curve is
based on the limited experimental data available so
far, with many assumptions. Despite some advances
in physiological measurement of cerebral blood flow
and perfusion pressure, the ability to quantify cerebral
autoregulation in health and disease remains limited.
The physiological mechanisms that regulate CBF, how
CBF changes when MAP is above 140 mmHg, and how
autoregulation is altered in pathological conditions
remain unclear, reminding us that more explicit assess-
ments of CBF are needed under a range of non-
pharmacological and pharmacological perturbations
of blood pressure while maintaining PaCO,. Only by
understanding these mechanisms can we clarify the role
of impaired autoregulation in numerous cerebrovascu-
lar diseases, such as hypertension, Alzheimer’s disease
and dementia,'%'*37-3* thus providing more insights for
clinical application.
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