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ORIGINAL RESEARCH

Differential Hemodynamic Response of Pial 
Arterioles Contributes to a Quadriphasic 
Cerebral Autoregulation Physiology
Samuel P. Klein , MD, PhD; Veerle De Sloovere, MD; Geert Meyfroidt, MD, PhD; Bart Depreitere , MD, PhD

BACKGROUND: Cerebrovascular autoregulation (CA) regulates cerebral vascular tone to maintain near- constant cerebral blood 
flow during fluctuations in cerebral perfusion pressure (CPP). Preclinical and clinical research has challenged the classic 
triphasic pressure- flow relationship, leaving the normal pressure- flow relationship unclear.

METHODS AND RESULTS: We used in vivo imaging of the hemodynamic response in pial arterioles to study CA in a porcine 
closed cranial window model during nonpharmacological blood pressure manipulation. Red blood cell flux was determined 
in 52 pial arterioles during 10 hypotension and 10 hypertension experiments to describe the pressure- flow relationship. We 
found a quadriphasic pressure- flow relationship with 4 distinct physiological phases. Smaller arterioles demonstrated greater 
vasodilation during low CPP when compared with large arterioles (P<0.01), whereas vasoconstrictive capacity during high 
CPP was not significantly different between arterioles (P>0.9). The upper limit of CA was defined by 2 breakpoints. Increases 
in CPP lead to a point of maximal vasoconstriction of the smallest pial arterioles (upper limit of autoregulation [ULA] 1). Beyond 
ULA1, only larger arterioles maintain a limited additional vasoconstrictive capacity, extending the buffer for high CPP. Beyond 
ULA2, vasoconstrictive capacity is exhausted, and all pial arterioles passively dilate. There was substantial intersubject vari-
ability, with ranges of 29.2, 47.3, and 50.9 mm Hg for the lower limit, ULA1, and ULA2, respectively.

CONCLUSIONS: We provide new insights into the quadriphasic physiology of CA, differentiating between truly active CA and an 
extended capacity to buffer increased CPP with progressive failure of CA. In this experimental model, the limits of CA widely 
varied between subjects.
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The structural and functional integrity of the brain 
is highly dependent on the homeostasis of cere-
bral blood flow (CBF).1 Cerebrovascular autoreg-

ulation (CA) protects the brain against fluctuations in 
cerebral perfusion pressure (CPP) by actively adjusting 
the cerebrovascular resistance (CVR) to ensure a near- 
constant CBF. The role and implications of impaired 
CA are increasingly being recognized in the patho-
physiology of acute brain injuries, such as stroke,2 
traumatic brain injury,3 subarachnoid hemorrhage,4 
and prematurity- related intracranial hemorrhage,5,6 
but also in chronic neurological conditions, such as 

vascular dementia and Alzheimer disease.7,8 The prin-
ciple site of CVR changes is believed to be small pial 
arteries and arterioles on the surface of the brain.9,10 
Larger arteries of the brain and neck also contribute to 
modulate CVR.11– 13 CVR is regulated by changes in lu-
minal diameter through vasodilation and vasoconstric-
tion, producing large changes in flow according to the 
Poiseuille law.9,14,15

In 1959, Lassen established the concept of static 
CA in humans in terms of a triphasic curve consisting 
of a plateau of steady CBF defined by the upper limit of 
autoregulation (ULA) and lower limit of autoregulation 
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(LLA) of CA. In Lassen’s review of 7 studies involving 
11 different patient groups, CBF appeared to be stable 
across a wide range of blood pressures, ranging from 
60 to 150 mm Hg.10 CBF was measured per individ-
ual at one single mean arterial pressure value and was 

not tested throughout a range in arterial pressures. 
Subjects had different pathological conditions and/or 
were receiving pharmaceutical agents. Lassen’s CA 
concept does not necessarily represent the pressure- 
flow relationship within an individual.16– 18 In healthy in-
dividuals, the study of CA is limited by the need for 
pharmacological blood pressure manipulations with 
associated confounding effects on cerebrovascular 
tone and/or indirect effects from alterations of arterial 
gasses.19 Only few studies have corrected for the ef-
fects of CO2.

20 The validity of transcranial Doppler ul-
trasonography as a noninvasive measurement method 
depends on the assumption of a constant diameter of 
the insonated vessel and remains questionable.19– 22 
Another limitation in human studies is the diversity in 
measurement protocols between studies.

In the face of these limitations, available data sug-
gest that Lassen’s curve might not be the optimal 
representation of the pressure- flow relationship within 
an individual. Several studies in humans and large 
animal models have demonstrated autoregulatory 
capacity. However, important disagreements exist: 
plateau regions are either wide (>40 mm Hg) or nar-
row (10– 15 mm Hg) and efficacy of CA in maintaining 
CBF could depend on the direction of change of CPP 
above or below baseline.20,21,23– 26 In a meta- analysis of 
human studies, Numan et al pooled the within- subject 
responses across 40 studies and found little evidence 
of a plateau region.20 Interestingly, this meta- analysis 
supported the concept of CA asymmetry, with more 
efficient mechanisms to buffer increases in mean arte-
rial pressure, compared with decreases.27,28

A definitive within- subject assessment of CBF 
across a range of nonpharmacologically altered blood 
pressures with maintained CO2 has not been com-
pleted.19 The exact role of disturbed CA in pathological 
conditions and its therapeutic potential to steer hemo-
dynamic management can only be established by un-
raveling the mechanisms of normal CA first.

The purpose of this study was to investigate CBF 
regulation in response to CPP changes in pial arteri-
oles of different sizes and to characterize the normal 
cerebral pressure- flow relationship.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Animals and Anesthesia
The methods and validation of CA assessment by di-
rect visualization of pial arteriolar blood flow in the piglet 
brain have been described earlier.29 Twenty 6- week- old 
male piglets (domestic swine; Zootechnical Center, KU 

CLINICAL PERSPECTIVE

What Is New?
• Instead of the classic triphasic cerebrovascu-

lar autoregulation relationship between cer-
ebral perfusion pressure and cerebral blood 
flow (passive- active- passive autoregulation), 
we demonstrated a quadriphasic relationship 
(passive- active- active and passive- passive au-
toregulation) in a porcine model using in vivo 
imaging of the hemodynamic response in pial 
arterioles.

• The range of entirely active autoregulation is 
more restricted than classically assumed.

• Toward high cerebral perfusion pressures, the 
cerebral pial arterioles provide an extended ca-
pacity to buffer increased perfusion pressure 
with progressive failure of autoregulation; im-
portant intersubject variability in the active re-
gions of autoregulation was found.

What Are the Clinical Implications?
• Improved understanding of cerebrovascular au-

toregulation can lead to better clinical autoregu-
lation monitoring tools that have the potential 
to define individualized blood pressure targets 
for adequate cerebral perfusion pressure to 
improve patient outcomes during general anes-
thesia, and many cerebral and cardiovascular 
diseases.

• Given the potential large intersubject variability 
in the limits of autoregulation, the clinical use of 
fixed threshold numbers from grouped analy-
ses could easily overestimate or underestimate 
the true limits of autoregulation in individual pa-
tients, highlighting the need for individualized 
clinical autoregulation monitoring tools.

Nonstandard Abbreviations and Acronyms

ABP arterial blood pressure
CA cerebrovascular autoregulation
CBF cerebral blood flow
CPP cerebral perfusion pressure
CVR cerebrovascular resistance
LLA lower limit of autoregulation
ULA upper limit of autoregulation
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Leuven University) were anesthetized by continuous 
intravenous infusion of propofol (2– 4 mg/kg per hour), 
midazolam (B. Braun) (0.3– 0.7 mg/kg per hour), fen-
tanyl (2 µg/kg per hour, adjusted to response to pain-
ful stimuli up to 20 µg/kg per hour), and pancuronium 
(Inresa) (0.3 mg/kg per hour). Only male animals were 
studied to avoid the potential confounding role of sex- 
related differences.30 No inhalation anesthetics were 
used. Mechanical ventilation was adjusted to maintain 
an end- tidal CO2 tension of 40 mm Hg, verified by arte-
rial blood gas sampling.

Surgical Procedure
The femoral artery was cannulated for placement of 
a pressure and blood gas monitoring line. In the hy-
pertensive group, the contralateral femoral artery was 
cannulated for placement of a 5F balloon occlusion 
catheter (LeMaitre embolectomy catheter; 1601- 54; 
LeMaitre Vascular) into the thoracic aorta. In the hypo-
tensive group, a 5F balloon catheter was placed in the 
femoral vein and advanced to the inferior vena cava. 
Heparin intravenous infusion was started (50 IU/kg per 
hour). An intraparenchymal probe was placed in the 
right hemisphere for continuous measurement of in-
tracranial pressure and brain temperature (Neurovent- 
PTO; Raumedic AG, Muenchenberg, Germany). A 
3.5- mm diameter laser Doppler flow probe was placed 
in contact with the dura (Moor VMS- LDF1 with VP14- 
CBF probe; Moor Instruments, Devon, UK), hereby 
avoiding large dural or pial vessels (not used in the 
current analysis). A cranial window was placed an-
terior to the coronal suture using a high- speed drill, 
continuously cooled with cold saline, according to the 
technique described by Levasseur et al and Busija et 
al.31,32 The dura was elevated, cut, and removed under 
optical magnification to avoid damaging underlying 
structures. The cranial window consists of a stainless- 
steel ring with 3 injection ports and a central 15- mm 
diameter opening sealed with a coverslip glass. The 
space under window was filled with artificial cerebro-
spinal fluid (NaCl 132 mmol/L, KCl 3.0 mmol/L, MgCl2 
1.5 mmol/L, CaCl2 1.5 mmol/L, urea 6.6 mmol/L, glu-
cose 3.7 mmol/L, NaHCO3 24.6 mmol/L at 37°C and 
equilibrated with 6% O2 and 6% CO2 in N2 to a pH 
7.35– 7.45, partial pressure of CO2 40– 42 mm Hg, and 
partial pressure of O2 42– 50 mm Hg). Piglets were al-
lowed to recover for 2 hours.

Physiological Monitoring
Arterial blood pressure (ABP) and intracranial pres-
sure signals were continuously sampled at 250  Hz. 
Blood oxygen level was monitored using a pulse oxi-
meter and kept at 99% to 100%. Inspired and expired 
concentrations of CO2 and oxygen were monitored 
with a gas analyzer (Phillips M1026B; Philips Medical 

Systems, the Netherlands). Arterial blood Paco2 was 
sampled for verification of continuously monitored 
end- tidal CO2. pH was kept between 7.35 and 7.45, 
Pao2 at 200 mm Hg, and Paco2 at 38 mm Hg. Rectal 
temperature was maintained at 38 to 39°C by a warm-
ing mattress and blankets. Signals were stored using 
ICM+ software (Cambridge University, Cambridge, 
UK). CPP was calculated as the difference between 
ABP and intracranial pressure.

Functional CA Challenge
Two series of experiments were performed, a hyper-
tensive and a hypotensive group, with 10 animals per 
group. A sample size of 10 per group will yield sta-
tistically significant results at the P=0.05 level with a 
power of 0.9 (1- tailed paired t- test). Progressive hy-
pertension or hypotension was induced by gradual 
inflation of a balloon catheter in the aorta or inferior 
vena cava, respectively. The balloon catheter was 
gradually inflated over 2 to 3  hours. Total duration 
of the experimental procedures ranged from 7 to 
9 hours.

In Vivo Imaging
Red blood cells (RBCs) were labeled with carboxyfluores-
cein diacetate succinimidyl ester (Invitrogen/Molecular 
Probes), as described earlier.29 Carboxyfluorescein di-
acetate succinimidyl ester is a membrane- permeable 
esterified cytoplasmatic dye commonly used for stain-
ing of viable cells without compromising their functional 
properties.33 Pial vessels were observed using an epi-
fluorescence microscope (SMZ18; Nikon) with green 
fluorescent filter (GFP- B Filter Cube 470– 535  nm; 
Nikon), and captured with a high- speed digital CMOS 
camera (Orca Flash 4.0V2; Hamamatsu) controlled by 
NIS- Elements software (Nikon). Images were acquired 
at 170 to 200 frames per second. RBC velocity was 
determined by threshold pixel intensity detection of 
fluorescent RBCs to create a binary object. An indi-
vidual movement track was created, and the average 
path speed was calculated for each track. Per arteri-
ole, an overall average of RBC path speeds was cal-
culated for each time point. Diameter measurements 
were performed for each time point by pixel intensity 
thresholding between background and arteriole in the 
same region of interest per arteriole.

Under the assumption of steady- state laminar flow 
in a cylindrical vessel, RBC velocity and lumen diame-
ter measured from a single vessel can be used to de-
fine the average volumetric flux F –͕, by:

where V is velocity, A is the luminal cross- sectional 
area, r is the vessel radius, and D is the vessel di-
ameter.34,35 We randomly selected up to 3 arterioles 

F = V ∗ A = V ∗ � ∗ r2 = V ∗ � ∗ (D∕2)2
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per cranial window experiment, ranging from 20 to 
140 μm. Data from 52 arterioles (diameter range, 16– 
123  µm) were obtained in 10 hypotensive (26 arteri-
oles) and 10 hypertensive (26 arterioles) experiments. 
Arterioles were separated into 3 categories: small, 
<40 μm (n=20); medium, 40 to 70 μm (n=19); and large, 
>70 μm (n=13).

Ethical Considerations
All animal care and procedures were approved 
by the Independent Ethics Committee for Animal 
Experimentation at the KU Leuven University (P105- 
2015) in compliance with the Belgian Royal Decree 
(May 29, 2013) and European Directive 2010/63/EU 
on the protection of animals used for scientific pur-
poses. All animal procedures were conducted under 
veterinarian supervision, according to the guidelines 
imposed by the Ethical Committee, and reported in 
compliance with the Animal Research: Reporting of 
In Vivo Experiments guidelines.

Statistical Analysis
Analysis was performed using R statistical software 
(R Core Team 2016; URL: https://www.R- proje ct.org/) 
using following packages: ggplot2, mgcv, dplyr, and 
segmented. A generalized additive model smoothing 
function was used to visualize the global estimate of 
the physiological variables in response to changes in 
CPP. Segmental linear regression was used to de-
fine breakpoints in the relation between pial arteriolar 
lumen diameter, RBC velocity, and RBC flux measure-
ments and CPP. Breakpoints correspond to the LLA 
and ULA. Baseline was determined as the mean value 
during 60  minutes before the start of invasive blood 
pressure manipulation. Tests for normal distribution 
were performed using Shapiro- Wilk test at the level 
of significance 0.05. In case of a normal distribution, 
the mean and SD are given; otherwise, median and 
interquartile ranges (IQRs) are provided. Differences 
between 2 variables were evaluated using a Wilcoxon- 
Mann- Whitney ranks sum test. Comparisons between 
pial arteriolar diameter groups were performed with 1- 
way ANOVA. All P values of <0.05 were considered 
significant.

RESULTS
Pial Arteriolar Response to Changes in 
CPP
Briefly, a closed cranial window was placed over 
the right cerebral hemisphere in 20 piglets to evalu-
ate the pial arteriolar hemodynamic response during 
gradual manipulation of ABP by progressive inflation 
of a balloon catheter in the thoracic aorta (induced 

hypertension; n=10 experiments) or inferior vena cava 
(induced hypotension; n=10 experiments) over a pe-
riod of 2 to 3 hours. Figure 1 demonstrates the experi-
mental setup, cranial window, microscopic imaging of 
pial arterioles and fluorescent RBCs, and experimental 
timeline.29 Baseline measurements performed during 
1 hour before the start of invasive ABP manipulation 
are described in Table 1. Balloon inflation allowed for a 
median decrease in CPP of ≈84% in the hypotensive 
experiments and a median increase of ≈95% in the hy-
pertensive experiments (Table  2). End- tidal CO2 was 
kept relatively constant (Table 2). Experimental timeline 
per arteriole, demonstrating the changes over time of 
CPP, arteriolar diameter, RBC velocity, and RBC flux 
per arteriole (n=52), is shown in Figure S1. Intracranial 
pressure remained within normal limits (Figure S2).

Relative changes in pial arteriolar diameter, RBC ve-
locity, and RBC flux per arteriole as a function of CPP 
and stratified according to arteriolar size category to 
demonstrate the differential role of baseline arteriolar 
caliber are shown in Figure 2. A combined overview 
of net changes in pial arteriole diameter, RBC velocity, 
and RBC flux as a function of CPP during hypotension 
and hypertension experiments combined is visualized 
in Figure  3. Median changes in pial arteriolar lumen 
demonstrated ≈56% vasodilation from baseline in the 
hypotensive experiments versus ≈16% vasoconstric-
tion from baseline in the hypertensive experiments. 
Maximal RBC velocity and RBC flux changes are de-
scribed in Table  2. Differential size- based response 
in pial arteriolar diameter to changes in CPP is illus-
trated in Figure 4. Maximal vasodilation compared with 
baseline was median 77.8% (IQR, 20.7%) at CPP of 
30.4 mm Hg (IQR, 4.5 mm Hg), 52.5% (IQR, 33.5%) 
at CPP 36.7 mm Hg (IQR, 6.4 mm Hg), 35.6% (IQR, 
19.6%) at CPP 40.5  mm  Hg (IQR, 14.1 mm Hg), for 
small, medium, and large arterioles, respectively. Size- 
based differences in maximal vasodilation in response 
to low CPP were significant (Figure 4A). Maximal va-
soconstriction compared with baseline was median 
−16.5% (IQR, 11.3%) at CPP of 86.0 mm Hg (IQR, 35.8 
mm Hg), −18.8% (IQR, 12.0%) at CPP 87.3 mm Hg (IQR, 
11.8 mm Hg), −16.0% (IQR, 8.6%) at CPP 106.0 mm Hg 
(IQR, 27.2 mm Hg), for small, medium, and large arte-
rioles, respectively. Size- based differences in maximal 
vasoconstriction in response to high CPP were not sig-
nificant (Figure 4B). Relative differences compared with 
baseline in pial arteriolar RBC velocity and RBC flux to 
changes in CPP according to size category are shown 
in Figure S3.

Phases of CBF Regulation: Quadriphasic 
Curve
To examine the general physiological phases of CBF 
regulation, we used segmented regression analysis 

https://www.R-project.org/
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Figure 1. Illustration of the in vivo measurement of pial arteriolar red blood cell (RBC) flux.
A, Microscope positioned over the closed cranial window. Intraparenchymal intracranial pressure- probe 
(orange) and cortical laser Doppler flow probe (white; not used in current analysis) placed ipsilateral 
immediately behind the cranial window. B, Overview of cortical vessels as seen through the closed cranial 
window. C, Fluorescent- labeled RBCs moving through a pial arteriole at 200 frames per second. D, 
Baseline visualization of pial arterioles and individual RBC tracks. Individual RBC tracks are superimposed 
on the original image in different colors. E, Vasodilation of pial arterioles and individual RBC tracks during 
induced hypotension. Individual RBC tracks are superimposed on the original image in different colors. F, 
Experimental timeline: induction 1 h, surgery 2 to 3 h, recovery 2 h, gradual arterial blood pressure (ABP) 
manipulation 2 to 3 h. Adapted from Klein et al under CC BY 4.0.29
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of the CPP- RBC flux curve of the whole cohort. A 
quadriphasic curve with 3 breakpoints was demon-
strated (Figure 3B). The aggregated LLA based on 
the whole cohort breakpoint occurred at a CPP of 
38.9  mm  Hg (SE, 1.3  mmHg). For the aggregated 
ULA, 2 separate breakpoints could be observed: at 
70.9 mm Hg (SE, 3.8 mm Hg) and at 113.3 mm Hg 
(SE, 5.5 mm Hg), termed ULA1 and ULA2, respec-
tively. CA thus consisted of 4 phases: 2 active phases 
between LLA and ULA1 and ULA1 and ULA2, 
flanked by 2 passive phases defined by CPP below 
LLA or above ULA2. In the active phase between 
LLA and ULA1, vessel radius of the whole arteriolar 
bed can dilate or constrict to maintain quasi- steady 
CBF (Figure 3B green area). LLA is reached before 
the actual maximal vasodilatory capacity is reached 
(Figure 3A). A second active phase between ULA1 
and ULA2 consists of a differential capacity of dif-
ferent sizes of arterioles for further/maintained vaso-
constriction at increasing CPP (Figure 3B blue area). 
Failure to resist increasing CPP and associated 
gradual passive vasodilation occurs initially at the 
level of the smallest arterioles (Figure 2A: hyperten-
sion experiments, circular points). Smallest pial ar-
terioles reached maximal vasoconstriction at ULA1. 
CBF regulation beyond ULA1 depends on larger 
arterioles with additional capacity for vasoconstric-
tion at higher CPP than ULA1, until even they fail to 
resist increasing CPP at ULA2 (Figure 2A: hyperten-
sion experiments, circular points). Completely pas-
sive CA is seen at CPP below LLA and above ULA2 
(Figure 3B red areas).

Comparison With the Classic Triphasic 
Cerebrovascular Pressure- Flow Curve
To examine differences between our results and the 
classic concept of CA, we compared our segmented 
regression breakpoints and curve slopes to a theo-
retical classic triphasic CA curve (Figure 5). CA is clas-
sically visualized as a triphasic curve consisting of a 
wide plateau of steady CBF between a CPP of 50 to 
150  mm  Hg flanked by a passive CPP- CBF relation 
below and beyond these limits (Figure 5A). The physi-
ology of the plateau is explained by maximal changes 
in cerebrovascular resistance (CVR) between the LLA 
and ULA. The capacity to adjust CVR from baseline is 
thought to be equal toward both the LLA and ULA and 
finite at these limits. The slope of the theoretical pla-
teau is 0, and the slope of passive CA would be 2. We 
demonstrated a quadriphasic curve with a relatively 
narrow plateau between LLA and ULA1. Between LLA 
and ULA1, CVR demonstrates a large capacity for ad-
justments and can maintain a close to zero CPP- CBF 
slope of −0.3 (95% CI, −0.7 to 0.1). Below LLA, the 
slope of the curve is 4.0 (95% CI, 3.3– 4.6). From ULA1 
toward ULA2, capacity for CVR adaptation is relatively 
limited, resulting in an attenuated slope of 0.9 (95% 
CI, 0.6– 1.2) in the CPP- CBF curve. Beyond ULA2, the 
slope of the curve is 2.3 (95% CI, 1.3– 3.6).

Intersubject Variability in the Limits of CA
Our analysis has thus far focused on aggregated num-
bers from the total cohort to examine general physio-
logical mechanisms. To examine intersubject variability 

Table 1. Baseline Measurements of Pial Arteriolar Diameter, RBC Velocity, RBC Flux, CPP, and ETCO2 as Well as Number 
of Arterioles Studied

Variable
No. of 
arterioles

Diameter, median   
(minimum- maximum), µm

RBC velocity, median   
(minimum- maximum), 
mm/s

RBC flux, median  
(minimum- 
maximum), nL/s

CPP,   
median 
(IQR), mm Hg

ETCO2,   
median (IQR), 
mm Hg

Hypotensive 
experiments

26 42  
(18– 105)

6.7  
(4.9– 9.3)

10.3  
(1.4– 54.9)

63.7  
(5.7)*

39.9  
(1.1)

Hypertensive 
experiments

26 49  
(16– 123)

7.0  
(4.5– 13.6)

14.2  
(1.7– 71.9)

70.8  
(8.9)*

38.4  
(3.1)

Overall 52 46  
(16– 123)

6.8  
(4.5– 13.6)

13.1  
(1.4– 71.9)

68.2  
(6.3)

39.9  
(2.7)

CPP indicates cerebral perfusion pressure; ETCO2, end- tidal CO2; and RBC, red blood cell.
*P<0.05, significant differences determined by a Mann- Whitney U test comparing values from hypotension and hypertension experiments.

Table 2. Maximal Percentage Change From Baseline in CPP, Pial Arteriole Diameter, RBC Velocity, RBC Flux, and ETCO2 
During Arterial Blood Pressure Manipulations

Variable
CPP, median (IQR), 
% change

Diameter, % change, 
median (IQR)

RBC velocity, % change, 
median (IQR)

RBC flux, % change, 
median (IQR)

ETCO2, % change, 
median (IQR)

Hypotensive 
experiments

−84.6  
(13.6)

56.3  
(43.3)

−86.5  
(8.7)

−81.5  
(14.5)

−5.0  
(4.8)

Hypertensive 
experiments

95.3  
(19.3)

−16.4  
(13.6)

123.7  
(84.1)

130.7  
(14.2)

4.3  
(7.1)

CPP indicates cerebral perfusion pressure; ETCO2, end- tidal CO2; IQR, interquartile range; and RBC, red blood cell.
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in the limits of CA, we first determined breakpoints for 
each arteriole by segmented regression. For each arte-
riole, one breakpoint was estimated in the hypotensive 
experiments (LLA) and 2 breakpoints were estimated in 
the hypertensive experiments (ULA1 and ULA2), based 
on the quadriphasic curve described earlier. Breakpoint 
values of individual arterioles were then used to cal-
culate one overall breakpoint per experiment. Mean 
LLA was 43.1  mm  Hg (95% CI, 37.5– 48.7  mm  Hg) 
with an intersubject range of 29.2  mm  Hg (mini-
mum 27.9– maximum 57.1  mm  Hg). Mean ULA1 was 
95.4 mm Hg (95% CI, 86.1– 104.7 mm Hg) with an inter-
subject range of 47.3 mm Hg (minimum 65.3– maximum 
112.6 mm Hg). Mean ULA2 was 128.8 mm Hg (95% 
CI, 118.8– 138.8 mm Hg) with an intersubject range of 
50.9 mm Hg (minimum 97.2– maximum 148.1 mm Hg). 
Distribution of the intersubject limits of CA is visualized 
in Figure 6. Mean SD of the LLA, ULA1, and ULA2 per 
experiment was 1.7, 3.2, and 2.4 mm Hg, respectively, 
demonstrating that absolute differences in breakpoints 

between arterioles per experiment were relatively small. 
Mean baseline CPP is centered between LLA and 
ULA1, indicating that normal physiological CA operates 
between these limits.

DISCUSSION
To investigate the physiology of the cerebral pressure– 
flow relationship, we studied the CBF response to 
gradual changes in CPP in single- vessel pial arterioles 
by direct in vivo measurement of RBC flux in a porcine 
animal model. The data set led to new insights into the 
physiology of CA and can help to improve current un-
certainties about active CBF regulation and interindi-
vidual differences in CA.

Four major findings are highlighted: (1) A quadri-
phasic CPP- CBF relationship with 3 breakpoints was 
demonstrated instead of the classic triphasic curve 
with 2 breakpoints. The upper limit of CA is defined by 2 
breakpoints (ULA1 and ULA2), with distinct underlying 

Figure 2. Relative changes in pial arteriolar diameter, red blood cell (RBC) velocity, and RBC 
flux per arteriole compared with baseline (Δ%) as a function of cerebral perfusion pressure (CPP; 
mm Hg).
Individual data points are shown (triangle=hypotension experiment, and circle=hypertension experiment). 
Plots are stratified according to arteriolar size category to demonstrate the differential role of baseline 
arteriolar caliber. A generalized additive model smoothing function is applied separately on 2 sets of 
experiments (hypotension and hypertension) to visualize trends. A, Pial arteriolar diameter. B, RBC 
velocity. C, RBC flux.
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mechanisms. (2) A significantly more restricted entirely 
active range of CA was found between LLA and ULA1. 
(3) CA physiology is different depending on the direc-
tion of change in CPP. (4) Substantial intersubject vari-
ability in the active regions of CA exists.

Low and high intraluminal pressure led to distinct 
arteriolar responses, dependent on baseline arteriolar 
size. The maximal capacity of pial arterioles to dilate 
was a median of 3.4 times larger than the capacity 
to constrict. These findings are in line with earlier re-
ports by Fog and Kontos et al.11,14,36 The smallest pial 
arterioles demonstrated the largest capacity to dilate 
in response to hypotension. The greater increase in 
vessel radius of the smallest arterioles can lead to a 

proportionally equal increase of flow, whereas larger 
arterioles require a smaller relative increase in radius 
to achieve equal increases of flow (Hagen- Poiseuille 
law). Size- based differences in vasodilation appro-
priately compensated for low CPP maintaining equal 
flow across all arterioles, regardless of baseline diam-
eter. In contrast, the magnitude of maximal vasocon-
striction in response to increasing CPP did not differ 
between arterioles of different size categories. At the 
same time, we found differences in absolute CPP at 
which maximal vasoconstriction was reached. Larger 
arterioles demonstrated a greater capacity to maintain 
vasoconstriction in response to high CPP, probably 
explained by a thicker layer of smooth muscle cells. 

Figure 3. Grouped illustration of relative changes in pial arteriolar vasodynamics as a function 
of cerebral perfusion pressure (CPP) in hypotension and hypertension experiments combined.
A, Grouped analysis of changes from baseline (Δ%) in red blood cell (RBC) flux, pial arteriole diameter, 
and RBC velocity as a function of CPP (mm Hg) for 10 hypotensive and 10 hypertensive experiments 
combined using a generalized additive model smoothing function. Gray shading: SE. B, Segmented 
regression of data in A to illustrate 4 physiological phases. Active cerebrovascular autoregulation (CA) 
consists of 2 phases: “active contraction/relaxation” between the lower limit of autoregulation and upper 
limit of autoregulation (ULA) 1 (green area) and “maximally maintained vasoconstriction” between ULA1 
and ULA2 (blue area). Red areas represent passive CA.
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The capacity to increase CVR depends on smooth 
muscle strength and thickness of the vascular smooth 
muscle cell layer.37 Toward the LLA, vessels reached 
a point where vasodilation was no longer capable of 

maintaining quasi- steady CBF (LLA), and this occurred 
before maximal vasodilatation was reached. The lim-
iting factor in the LLA seems to be CPP, not the in-
trinsic capacity to decrease CVR. Once the LLA was 

Figure 4. Relative differences in pial arteriolar diameter adjustment to changes in cerebral 
perfusion pressure (CPP) according to size category.
A, Maximal vasodilation per arteriole (n=26) relative to baseline (Δ%) during hypotension. Median CPP 
when reaching maximal vasodilation was 30.4 mm Hg (interquartile range [IQR], 4.5 mm Hg), 36.7 mm Hg 
(IQR, 6.4 mm Hg), and 40.5 mm Hg (IQR, 14.1 mm Hg), for small, medium, and large arterioles, respectively. 
B, Maximal vasoconstriction per arteriole (n=26) relative to baseline (Δ%) during hypertension. Median 
CPP when reaching maximal vasoconstriction was 86.0 mm Hg (IQR, 35.8 mm Hg), 87.3 mm Hg (IQR, 
11.8 mm Hg), and 106.0 mm Hg (IQR, 27.2 mm Hg), for small, medium, and large arterioles, respectively. 
Bonferroni- adjusted significance levels for the Wilcoxon signed- rank test are shown above the box plots.

Figure 5. Quadriphasic curve compared with the classic triphasic cerebral perfusion pressure 
(CPP)– cerebral blood flow (CBF) curve.
A, Cerebrovascular autoregulation (CA) is classically visualized as a triphasic curve consisting of a wide 
plateau of steady CBF (red curve) between a CPP of 50 and 150 mm Hg (green area). Red areas indicate 
absent CA with a passive CPP- CBF relationship. Cerebrovascular resistance is represented by the 
purple dashed line. The underlying physiology is explained by maximal vasodilation at the lower limit of 
autoregulation (LLA) and maximal vasoconstriction at the upper limit of autoregulation (ULA). B, We have 
demonstrated a quadriphasic curve with a relatively narrow plateau between the LLA and ULA1 (green 
area). Between ULA1 and ULA2, there is progressive failure of CA starting at the level of the smallest 
arterioles and progressing toward larger arterioles (blue area) until all arterioles fail to resist increasing 
CPP and flow becomes completely pressure passive (right- sided red area). During maximally maintained 
vasoconstriction (blue area), the CPP- CBF relationship is sloped but attenuated.
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reached, CBF could not be maintained any longer by 
decreasing vascular resistance, leading to a clear in-
flection point in the CPP- CBF relationship. This differ-
ence between the LLA and maximal vasodilation has 
been previously reported by MacKenzie et al.38 Toward 
the upper limits of CA, 2 different vascular compen-
satory phases can be distinguished. Initially, CVR was 
increased by active global vasoconstriction until the 

smallest arterioles reached maximal vasoconstriction 
(ULA1). From the point of maximal vasoconstriction at 
the level of the small pial arterioles, and while further 
increasing CPP, a second phase with a relatively wide 
CPP range was seen. Larger arterioles continued to 
actively constrict while the smallest arterioles were 
forced to passively dilate. Once the maximum capacity 
of larger arterioles and arteries was exceeded, a third 

Figure 6. Intersubject variability in the limits of cerebrovascular autoregulation (CA).
A, Density plot demonstrating the distribution of intersubject limits of CA (cerebral perfusion pressure 
[CPP]; in mm Hg): lower limit of autoregulation (LLA), upper limit of autoregulation (ULA) 1, and ULA2. 
Mean baseline CPP of 68.2 mm Hg is indicated by a green dashed vertical line. B, Illustration of the 
CPP– cerebral blood flow (CBF) relationship (red curve), demonstrating intersubject variability in the limits 
of CA (CPP in mm Hg). Black dots and horizontal error bars indicate mean LLA of 43.1 mm Hg (95% CI, 
37.5– 48.7 mm Hg), ULA1 of 95.4 mm Hg (95% CI, 86.1– 104.7 mm Hg), and ULA2 of 128.8 mm Hg (95% 
CI, 118.8– 138.8 mm Hg).
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inflection point was encountered beyond which all ves-
sels passively dilated (ULA2). The limiting factor of the 
upper limits is the maximal capacity to increase CVR, 
which is dependent on arteriolar diameter.

Our experimental findings are in line with contem-
porary data from healthy humans that also indicated a 
more restricted plateau of active CA and an asymmetric 
response to changes in perfusion pressure.19,20,24,27,28 
Under the assumption of rightful extrapolation from the 
porcine model to the human physiology, we estimate a 
plateau region of 52.3 mm Hg with a 95% CI of 37.4 to 
67.2 mm Hg between mean values of LLA and ULA1. 
We emphasize that LLA and ULA were not tested in 
the same experiments, thereby possibly explaining the 
wide CI. Nevertheless, the range of active CA was more 
restricted than the range of 100 mm Hg between a CPP 
of 50 and 150 mm Hg, as often cited.16– 18 Baseline CPP 
was centered between the LLA and ULA1, indicating 
that normal physiological CA operates between these 
limits. From baseline CPP, the capacity of CA to buffer 
increased CPP is greater than the capacity to buffer de-
creased CPP. The extended capacity toward increased 
CPP is at the expense of an attenuated but slightly pas-
sive CPP- CBF relationship between ULA1 and ULA2. 
More important, our results also confirm a large inter-
subject variability on the limits of CA. Several authors 
have raised attention to the limitations of grouped anal-
ysis, such as the Lassen curve.19,21,39 Grouped analysis 
can provide general physiological insights, but can-
not be used on an individual level. We have demon-
strated important differences in CA limits between 
the grouped analysis and the individual intersubject 
analysis. Therefore, the clinical use of fixed numbers 
from such grouped analyses can easily overestimate 
or underestimate the true limits of CA in individual pa-
tients. Also, various pathological conditions associated 
with disturbed CA can lead to even greater variabil-
ity. Hence, research focused on individual monitoring 
of CA in normal and pathological conditions remains 
highly relevant. Patient- specific CA monitoring tools 
have the potential to determine individualized optimal 
blood pressure treatment strategies to improve patient 
outcomes across many clinical fields.40,41

A porcine animal model was chosen for similar-
ities in cardiorespiratory physiology, brain anatomy, 
growth, and development, and cerebrovascular anat-
omy and physiology to humans, improving the animal- 
to- human translation.42– 47 The model allowed good 
control of Paco2, an important confounder during ABP 
manipulation.48 The model combined vessel diameter 
and RBC velocity to provide a complete description 
of RBC flux in individual pial arterioles.29 The use of 
vessel diameter or RBC velocity in isolation has been 
proven insufficient.49,50 CPP was manipulated non-
pharmacologically to avoid direct effects on cerebro-
vascular tone. Still, several possible limitations should 

be considered. First, limitations can arise from the ex-
perimental protocol. Although significant precautions 
were taken to avoid damage, installation of a closed 
cranial window may have disturbed the local physio-
logical environment to some extent. We chose an an-
esthesia protocol commonly used in neurointensive 
care, excluding inhalation anesthetics. Nevertheless, 
undesired interference of anesthesia cannot be ruled 
out. Placement of an uninflated balloon catheter in the 
inferior vena cava or abdominal aorta inadvertently led 
to a slight change in ABP that was reflected in a limited 
but statistically significant difference in baseline CPP 
between hypertension and hypotension experiments. 
Second, RBC flux is not a perfect representation of 
whole blood flow, as it does not include plasma, white 
blood cells, platelets, and other blood components. 
Although calculated RBC flux is not exactly similar to 
absolute CBF, it does allow to reliably reflect relative 
changes. Third, larger upstream vessels were not di-
rectly studied. However, upstream effects should be 
indirectly reflected downstream by changes in RBC 
flux. Fourth, the mix of arterioles of different diame-
ters studied per experiment was chosen on the basis 
of sufficient resolution under the microscope and may 
not have been fully representative of diameter distri-
bution. Fifth, CPP was manipulated in one direction 
per experiment, limiting intrasubject interpretations of 
differences between the lower and upper limits of CA. 
We speculated that manipulation of CPP beyond the 
limits of CA could damage normal physiology and pos-
sibly confound experimental data from a subsequent 
CPP manipulation in another direction. Sixth, because 
of technical complexity and practical and economical 
restrictions in this large animal model, a randomized 
and blinded experimental design was not possible. 
The lack of randomization and blinding may have un-
willingly led to the introduction of a bias. Each experi-
mental animal served as its own control by multimodal 
physiological monitoring during the entire experimental 
duration and comparison with baseline values before 
and during ABP manipulation.

We hope the current insights will help to improve 
models used for measuring CA in humans and im-
prove our general understanding of the physiology and 
pathophysiology of CBF regulation.
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SUPPLEMENTAL MATERIAL 

 



Figure S1. Experimental timeline per arteriole demonstrating the changes over time 

(hours:minutes) of cerebral perfusion pressure (CPP, mmHg), arteriolar diameter (μm), red blood 

cell (RBC) velocity (μm/s), and RBC flux (nl/s) using a generalized additive model (GAM) 

smoothing function per arteriole (n=52). 

 

Grey shading: standard error.   



 

Figure S2. Relationship between intracranial pressure (ICP, mmHg) and cerebral perfusion 

pressure (CPP, mmHg) per experiment (n=20). 
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Figure S3. Relative differences compared to baseline in pial arteriolar red blood cell (RBC) 

velocity and flux adjustment to changes in cerebral perfusion pressure (CPP) according to size 

category.  

 

 

(A) RBC velocity changes relative to baseline (delta %) at the point of maximal vasodilation per arteriole 

during hypotension. (B) RBC velocity changes relative to baseline (delta %) at the point of maximal 

vasoconstriction per arteriole during hypertension.  (C) RBC flux changes relative to baseline (delta %) 

at the point of maximal vasodilation per arteriole during hypotension.   (D) RBC flux changes relative 

to baseline (delta %) at the point of maximal vasoconstriction per arteriole during hypertension.  

Bonferroni adjusted significance levels for the Wilcoxon signed-rank test are shown above the boxplots. 

 

 


