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SUMMARY

We previously suggested that the discrepancy between the critical cerebral perfusion pressures 

(CPP) of 30 mmHg, obtained by increasing intracranial pressure (ICP), and 60 mmHg, obtained 

by decreasing arterial pressure, was due to pathological microvascular shunting at high ICP [1] 

and that the determination of the critical CPP by the static cerebral blood flow (CBF) 

autoregulation curve is not valid with intracranial hypertension. Here we demonstrated that critical 

CPP, measured by induced dynamic ICP reactivity (iPRx) and cerebrovascular reactivity (CVRx), 

accurately identifies the critical CPP in the hypertensive rat brain which differs from that obtained 

by the static autoregulation curve. Step changes in CPP from 70 to 50 and 30 mmHg were made 

by increasing ICP using an artificial cerebrospinal fluid reservoir connected to the cisterna magna. 

At each CPP, a transient 10-mmHg rise in arterial pressure was induced by bolus i.v. dopamine. 

iPRx and iCVRx were calculated as ΔICP/ΔMAP and as ΔCBF/ΔMAP, respectively. The critical 

CPP at high ICP, obtained by iPRx and iCVRx, is 50 mmHg, where compromised capillary flow, 

transition of blood flow to non-nutritive microvascular shunts, tissue hypoxia and BBB leakage 

begin to occur, which is higher than the 30 mmHg determined by static autoregulation.
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 INTRODUCTION

Cerebrovascular autoregulation is the ability of the brain to maintain cerebral blood flow 

(CBF) constant with changes in cerebral perfusion pressure (CPP). The loss of 

autoregulation after severe cerebral insults is associated with the development of secondary 

brain injuries [2,3,4] frequently resulting in high intracranial pressure (ICP) which is one of 

the most serious secondary insults occurring after brain injury. Accurate determination of the 

critical CPP, i.e. a lowest CPP at which autoregulation is maintained, is important in the 

clinical management of high ICP. Historically, a critical CPP of 60 mmHg was determined 

by static autoregulation curves i.e., decreasing arterial pressure to lower CPP [5,6]. However, 

studies on different animal models showed that the critical CPP falls from 60 to 30 mmHg 

when CPP was manipulated by increasing ICP instead of decreasing arterial pressure 

[7,8,9,10]. The reason for this difference remained unexplained until we showed that the 

decrease in critical CPP was due to microvascular shunt (MVS) flow which occurred with 

high ICP but not when arterial pressure was used to lower CPP [1]. The increase in MVS 

was accompanied by tissue hypoxia, brain edema and BBB damage which began at a CPP of 

50 mmHg, not 30 mmHg. Thus, static CBF autoregulation failed to identify the critical CPP 

at high ICP.

An alternative concept in assessing cerebral autoregulation is that of measuring of dynamic 
cerebrovascular reactivity (iCVRx) by induction of cerebrovascular response to a 

vasodilatory stimulus such as CO2, [11,12] and acetazolamide (Diamox) [13,14,15] or to a 

transient change in arterial pressure [4,16]. No or low cerebrovascular response indicates 

intact autoregulation and a large cerebrovascular response, reflected by a large iCVRx 

increase, indicates loss of autoregulation. A similar measurement can be obtained by the 

dynamic ICP response to an arterial pressure challenge which is induced ICP reactivity 

(iPRx) [2,3,17]. Both the iCVRx and iPRx responses are complex reflecting the status of 

cerebrovascular dilatation and compliance of the intracranial compartment, respectively. As 

with iCVRx, no or low response in intracranial pressure indicates intact autoregulation and a 

large response in ICP, reflected by increase of iPRx, indicates loss of autoregulation. Based 

on our earlier study showing that the historic method of evaluation of CBF autoregulation 

may not apply to the brain at high ICP, our aim was to determine whether iCVRx and iPRx 

more accurately identifies the critical CPP in the brain at high ICP.

 MATERIAL AND METHODS

The animal protocol was approved by the Institutional Animal Care and Use Committee of 

the University of New Mexico Health Sciences Center and done in accordance with the 

National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

 Surgery

The procedures used in this study have been previously described [1,18]. Briefly, acclimated 

male Sprague-Dawley rats (10 rats, Harlan Laboratories, Indianapolis, IN) weighing 

between 300-350 g were intubated and mechanically ventilated on 2% isoflurane / 30% 

oxygen / 70% nitrous oxide. Femoral venous and arterial catheters were inserted. Step 

changes in CPP from 70 to 50 and 30 mmHg were made by increasing ICP by vertical 
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positioning of an artificial cerebrospinal fluid reservoir connected to the cisterna magna. The 

time spent at each level was 30 min, which was sufficient for stabilization of physiological 

variables and to make microvascular and physiological measurements.

 Two Photon Laser Scanning Microscopy (2PLSM)

Using in-vivo 2PLSM through a cranial window over the rat parietal cortex we measured 

microvascular red blood cell flow (RBC) velocity and diameters (tetramethylrhodamine 

dextran), NADH autofluorescence (tissue oxygenation) and blood brain barrier (BBB) 

integrity by tetramethylrhodamine dextran extravasation. For 2PLSM, an Olympus BX51WI 

upright microscope and water-immersion LUMPlan FL/IR 20x/0.50W objective was used. 

Excitation (740 nm) was provided by a Prairie View Ultima multiphoton laser scan unit 

powered by a Millennia Prime 10 W diode laser source pumping a Tsunami Ti: sapphire 

laser (Spectra-Physics, Mountain View, CA). Blood plasma was labeled by i.v. injection of 

tetramethylrhodamine isothiocyanate dextran (155 kDa) in physiological saline (5% wt/vol). 

All microvessels in an imaging volume (500X500X300 μm) were scanned at each CPP, 

measuring the diameter and blood flow velocity in each vessel (3-20 μm Ø). Cortical 

Doppler flux (probe Ø = 0.8 mm), rectal and cranial temperatures, ICP, arterial pressure and 

arterial blood gases were monitored.

 Cerebrovascular autoregulation

At each CPP, a transient 10-mmHg rise in mean arterial pressure (MAP) was induced by i.v. 

dopamine bolus. Induced intracranial pressure reactivity (iPRx) was calculated as the ratio 

of the change in ICP in response to a 10-mmHg MAP increase (iPRx=ΔICP/ΔMAP). 

Induced cerebrovascular reactivity (iCVRx) was defined as a ratio of the change in CBF 

with a 10-mmHg MAP change (iCVRx=ΔCBF/ΔMAP). Static CBF autoregulation curves 

were also assessed using cortical Doppler flux. Statistical analyses were done by Student's t-

test or Kolgomorov-Smirnov test where appropriate. Significance level was preset to P<0.05. 

Data are presented as mean ± SEM.

 RESULTS

 In-vivo two-photon laser scanning microscopy

Arterial pressure; blood gases, electrolytes, hematocrit and pH; rectal and cranial 

temperatures were monitored and maintained within normal limits throughout the studies.

 Cerebral microvascular flow—At a normal CPP of 70mmHg, microvascular RBC 

flow velocity in microvessels ranged from 0.14 to 3.15 mm/sec with a normal frequency 

distribution (Figure 1 a). Reduction of CPP by progressive increase in ICP caused a decrease 

in capillary flow (diameter of 3-8 μm and velocities <1mm/sec) and a transition from 

capillary to high-velocity non-nutritive microvascular shunt flow (MVS, 8-20 μm and 

velocities >1mm/sec), consistent with our previous report [19]. The proportion of MVS and 

capillary flow, expressed as the MVS/CAP ratio, showed that the transition from capillary 

flow to MVS flow begins to occur at CPP of 50 mmHg compared to baseline at CPP of 70 

mmHg (Table 1, Figure 1 b, 0.72±0.15 vs. 0.41±0.14, respectively, n=10, p<0.05). The 

frequency distribution of microvessels flow velocities at a CPP of 50 mmHg became 
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bimodal, reflecting compromised low-velocity capillary flow and high-velocity MVS flow 

(Figure 1 a).

 NADH—The decrease of CPP by elevation of ICP resulted in a marked rise in NADH 

autofluorescence to 0.28±0.11, P<0.05 at a CPP of 50 mmHg which increased further to 

0.59±0.14, P<0.01 at a CPP of 30 mmHg from a baseline level at a CPP of 70 mmHg 

(ΔF/FO [CPP = 70 mmHg], Table 1, Figure 1 c). NADH is a sensitive indicator of tissue 

hypoxia. [19,20] suggesting that our results show the development of tissue hypoxia at a 

CPP of 50 mmHg.

 Blood Brain Barrier Permeability (BBB)—A decrease in CPP by an increase in ICP 

resulted in an increase in BBB permeability as reflected by transcapillary dye extravasation 

and increased fluorescence of dye in the brain parenchyma. Average dye fluorescence in 

brain parenchyma, reflecting opening of the BBB, progressively increased to 2.24±0.75, 

P<0.01 and 3.89.1 ± 0.98, P<0.001, at CPP of 50 and 30 mmHg, respectively, compared to a 

baseline level at CPP of 70 mmHg (ΔF/FO [CPP = 70 mmHg], Table 1, Figure 1 d).

 Cerebrovascular autoregulation assessment

Static CBF autoregulation curves, obtained by the cortical surface Doppler probe with an 

increase in ICP, indicated that the loss of autoregulation occurred at CPP of 30 mmHg (Table 

1, Figure 2 a, 71.2 ± 10.5% from baseline, P<0.05). At CPP of 50 mmHg, cortical Doppler 

flux was not different from baseline CPP of 70 mmHg (98.3±9.4 vs. 100.1±9.3, respectively) 

which contradicts physiological the 2PLSM data, where detrimental effects begin to occur at 

CPP of 50 mmHg (Table 1, Figure 1 b-c).

 Dynamic iCVRx—At a normal CPP of 70 mmHg, the acute transient arterial pressure 

challenge of 10 mmHg caused either a decrease or no change in CBF (CVRx = −0.02 

± 0.05), reflecting intact cerebrovascular reactivity (Table 1, Figure 2 b). When CPP was 

decreased to 50 and 30 mmHg by ICP elevation, arterial pressure challenge induced 

transient rise of CBF, reflected by significant increase in iCVRx to 0.11±0.13, p<0.05 and 

0.26±0.14, p<0.01, respectively (Table 1, Figure 2 b).

 Dynamic iPRx—At a normal CPP of 70 mmHg, arterial pressure challenge induced no 

change in ICP (iPRx=−0.03±0.07), reflecting intact intracranial pressure reactivity (Table 1, 

Figure 2 c). When CPP was decreased to 50 and 30 mmHg by ICP elevation, arterial 

pressure challenge caused transient increase of ICP, reflected by significant iPRx rise to 

0.09±0.16, p<0.05 and 0.26±0.14, p<0.01, respectively (Table 1, Figure 2 c). Thus, both, 

iPRx and iCVRx reflect impaired cerebrovascular autoregulation beginning at a CPP of 50 

mmHg in the brain at high ICP.

 DISCUSSION

The determination of critical CPP using static CBF autoregulation by passively decreasing 

arterial pressure is inaccurate in the brain at high ICP likely due to microvascular shunting as 

we have suggested. The Doppler probe averages high velocity non-nutritive microvascular 

shunt flow and low velocity compromised capillary flow over a larger tissue volume and 
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therefore is unable to detect a bimodal microvascular flow distribution at high ICP. This 

observation also applies to the injured brain with intracranial hypertension, where we have 

shown MVS flow [21] and possibly in other cerebrovascular accidents where MVS flow 

might appear due to an increase in ICP.

The dynamic CBF autoregulation test, utilizing the induced reactivity of intracranial 

pressure (iPRx) and cerebral microvasculature (iCVRx) to the transient 10 mmHg rise of 

arterial pressure, is a fast and reliable method for assessing critical CPP in hypertensive 

brain. The critical CPP of 50 mmHg, obtained by dynamic iPRx and iCVRx, is in agreement 

with concurrently acquired in-vivo 2PLSM data showing that compromised capillary flow, 

transition of blood flow to nonnutritive microvascular shunts, tissue hypoxia and BBB 

leakage begin to occur at CPP of 50 mmHg. High ICP-induced increase of cortical water 

content, reported in our earlier study [1], was also observed at CPP of 50 mmHg. Thus, the 

results of our study show that in the brain at high ICP, the critical CPP of 30 mmHg reported 

by the static CBF autoregulation curve is erroneous.

The dynamic iPRx described here is similar to the PRx thoroughly described by Czosnyka et 

al where spontaneous changes in MAP are correlated with ICP in a moving average to 

manage the patients at an optimal CPP which appears to improve outcome [22,23,24]. 

However, there is a caveat in the interpretation of the PRx and CVRx concept in that the 

failing brain will also show reduced PRx or CVRx or iPRx or iCVRx, which could be 

misleading.

In conclusion, the static CBF autoregulation curve does not accurately identify the critical 

CPP in the brain at high ICP which can be determined by dynamic iPRx and iCVRx.
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Figure 1. 
a) Normalized frequency histograms showing normal microvascular red blood cell flow 

(RBC) velocity distribution at CPP of 70 mmHg (■) and at CPP of 30 mmHg (■). Decrease 

of CPP by increasing ICP resulted in redistribution of microvascular flow: capillary flow 

became very slow while higher flow velocity microvascular shunt flow appeared suggesting 

a shift from capillaries to higher flow velocity and larger MVS. The vertical dashed line 

demarcates a velocity of 1.0mm/sec. b) Changes in microvascular shunt/capillary flow 

(MVS/CAP) ratio showing that decrease of CPP by increasing ICP resulted in the transition 

to MVS flow. c) Graph shows progression of tissue hypoxia reflected by NADH 

autofluorescence increase during reduction of CPP by ICP elevation. Data a presented as 

ΔF/Fo, where Fo is NADH at CPP = 70 mmHg. d) Graph illustrates the average of 

tetramethylrhodamine fluorescence in brain tissue (extravasation) reflecting progression of 

BBB degradation during reduction of CPP by ICP elevation. Data a presented as ΔF/Fo, 

where Fo is fluorescence at CPP = 70 mmHg. All data are presented as Mean±SEM, 

n=10,*=p<0.05, **=p<0.01, ***=p<0.01.
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Figure 2. 
a) Static autoregulation curve of cortical Doppler flux show preserved autoregulation with 

an increase of ICP at CPP 70 and 50 mmHg and impaired autoregulation at 30 mmHg. b) 
Negative values of induced cerebrovascular reactivity (iCVRx) at physiological CPP of 70 

mmHg indicated normal cerebrovascular reactivity. After ICP elevation, a rise in iCVRx 

indicated impairment of cerebrovascular reactivity at CPP of 50 mmHg. c) At normal CPP 

of 70 mmHg, induced intracranial pressure reactivity (iPRx) has zero or negative values, 

indicating preserved intracranial pressure reactivity. In contrast, when CPP was decreased by 

ICP increase, an increase in PRx indicated impaired intracranial pressure reactivity at CPP 

of 50 mmHg. All data are presented as Mean±SEM, n=10,*=p<0.05, **=p<0.01.
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Table 1

Monitored variables

ICP, MAP and CPP, 
mmHg

Cortical Doppler 
flux, % of 
baseline

iPRx iCVRx MVS/CAP ratio NADH, ΔF/Fo BBB damage, ΔF/Fo

ICP 10 / MAP 80 / CPP 
70

100.1 ± 9.3 −0.03 ± 0.07 −0.02 ± 0.09 0.41 ± 0.14 0.02 ± 0.09 0.01 ± 0.34

ICP 30 / MAP 80 / CPP 
50

98.3 ± 9.4
0.24 ± 0.09

*
0.31 ± 0.13

*
0.72 ± 0.15

*
0.28 ± 0.11

*
2.24 ± 075

**

ICP 50 / MAP 80 / CPP 
30 71.2 ± 10.5

*
0.33 ± 0.11

**
0.46 ± 0.14

**
1.1 ± 0.18

**
0.59 ± 0.14

** 3.89 ± 0.98***

ICP, intracranial pressure; MAP, mean arterial pressure; CPP, cerebral perfusion pressure; iPRx, induced intracranial pressure reactivity; iCVRx, 
induced cerebrovascular reactivity; MVS/CAP, microvascular shunt flow/capillary flow ratio; BBB, blood brain barrier. N= 10 rats, Mean ± SEM

*
=p<0.05

**
=p<0.01

**
=p<0.001. Data are compared with baseline CPP of 70 mmHg.
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