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A NUMBER of recent reports using near-infrared spec-
troscopy (NIRS) for monitoring of cerebral oxygen 

saturation (ScO2) observed paradoxical changes in ScO2 in 
response to changes in blood pressure. Decreases in blood 
pressure after administration of sodium nitroprusside (SNP) 
were associated with increases in ScO2,

1,2 and likewise, ScO2 
decreased after administration of phenylephrine, despite an 
increase in blood pressure.1–7

For some authors, this observation was reason to ques-
tion the validity of the NIRS technology,2 whereas others 
instead concluded that the paradoxical reactions should 
prompt revision of the current concept of cerebral auto-
regulation.8 Indeed, on the basis of the classic concept of 
autoregulation, one would expect an autoregulatory pla-
teau where cerebral blood flow (CBF) and ScO2 remain 
stable between mean arterial pressures (MAPs) of 50 and 
150 mmHg, and concomitant parallel changes in ScO2 
and blood pressure occur when the upper and lower lim-
its of autoregulation are exceeded. The observed paradoxi-
cal reactions, where ScO2 and blood pressures change in 

opposite directions, do not fit into this classic concept of 
cerebral autoregulation.

It was hypothesized that these paradoxical reactions are 
attributable to a functional cerebral autoregulation mecha-
nism.6–8 The abrupt changes in perfusion pressure are 
supposed to provoke changes in resistance in the cerebral 
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ABSTRACT

Background: Previous work has demonstrated paradoxical increases in cerebral oxygen saturation (ScO2) as blood pressure 
decreases and paradoxical decreases in ScO2 as blood pressure increases. It has been suggested that these paradoxical responses 
indicate a functional cerebral autoregulation mechanism. Accordingly, the authors hypothesized that if this suggestion is cor-
rect, paradoxical responses will occur exclusively in patients with intact cerebral autoregulation.
Methods: Thirty-four patients undergoing elective cardiac surgery were included. Cerebral autoregulation was assessed with 
the near-infrared spectroscopy–derived cerebral oximetry index (COx), computed by calculating the Spearman correlation 
coefficient between mean arterial pressure and ScO2. COx less than 0.30 was previously defined as functional autoregulation. 
During cardiopulmonary bypass, 20% change in blood pressure was accomplished with the use of nitroprusside for decreas-
ing pressure and phenylephrine for increasing pressure. Effects on COx were assessed. Data were analyzed using two-way 
ANOVA, Kruskal–Wallis test, and Wilcoxon and Mann–Whitney U test.
Results: Sixty-five percent of patients had a baseline COx less than 0.30, indicating functional baseline autoregulation. In 
50% of these patients (n = 10), COx became highly negative after vasoactive drug administration (from −0.04 [−0.25 to 0.16] 
to −0.63 [−0.83 to −0.26] after administration of phenylephrine, and from −0.05 [−0.19 to 0.17] to −0.55 [−0.94 to −0.35] 
after administration of nitroprusside). A negative COx implies a decrease in ScO2 with increase in pressure and, conversely, an 
increase in ScO2 with decrease in pressure.
Conclusions: In this study, paradoxical changes in ScO2 after pharmacological-induced pressure changes occurred exclusively 
in patients with intact cerebral autoregulation, corroborating the hypothesis that these paradoxical responses might be attrib-
utable to a functional cerebral autoregulation. (Anesthesiology 2015; 123:327-35)
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autoregulatory arterioles, arteriolar vasoconstriction when 
pressure increases,6,7 and arteriolar vasodilation when pres-
sure decreases.8,9 The resultant change in arterial to venous 
blood volume ratio would then explain the change in ScO2.

6,7 
Therefore, it seems that cerebral autoregulation, which has 
so far been considered as one physiological entity, may in 
fact comprise additional physiological responses that have 
been underreported to date.8

Cerebral autoregulation is a complex physiological phe-
nomenon, and a quantitative definitive standard measure 
of cerebral autoregulation is lacking. Therefore, the sug-
gestion that paradoxical reactions are attributable to a 
functional pressure autoregulation mechanism remains 
hypothetical.

In this study, data from a previous experiment mea-
suring ScO2 with NIRS during pharmacologic-induced 
pressure changes1 were used to identify the type of ScO2 
response to pressure change (normal or paradoxical). Our 
hypothesis was that if paradoxical changes in ScO2 indicate 
a functional cerebral autoregulation mechanism, as previ-
ously suggested,6–8 these paradoxical reactions will occur 
exclusively in patients with an intact cerebral autoregula-
tion mechanism. If this hypothesis proves to be correct, 
this would imply that intact cerebral autoregulation con-
stitutes of additional patterns of normal cerebrovascular 
responses than described so far.

Materials and Methods
Data were prospectively collected during a clinical study 

evaluating the effects of variations in systemic blood flow and 
pressure on cerebral and systemic oxygen saturation. These 
data have been previously reported.1 We retrospectively cal-
culated the cerebral oximetry index (COx) from these data.

The study was approved by the institutional ethics com-
mittee (Ethics Committee Ghent University Hospital, Gent, 
Belgium), and written informed consent was obtained from 
all subjects. The initial trial was registered at ClinicalTrials.
gov (NCT01424800).

Thirty-four adult patients scheduled for elective cardiac 
surgery (coronary artery bypass grafting and/or valve surgery) 
on moderately hypothermic cardiopulmonary bypass (CPB) 
without blood transfusion were recruited. Patients with his-
tory of cerebrovascular disease or significant carotid artery 
stenosis (greater than 60%) and patients necessitating vaso-
pressor or inotropic therapy before surgery were excluded.

On the morning of surgery, patients were allowed to 
take their routine medication, except angiotensin-convert-
ing enzyme inhibitors. Patients were premedicated with 
oral diazepam (5 to 10 mg). Standard monitoring was used 
throughout the procedure, including electrocardiograph, 
pulse oximetry, end-tidal oxygen, carbon dioxide and sevo-
flurane concentrations, bispectral index (BIS), invasive 
arterial and central venous pressure measurement, and tem-
perature measurement (AS3, Datex, Finland). Arterial blood 
pressure was recorded continuously through the right radial 

artery catheter. Two disposable NIRS sensors were applied 
on each side of the forehead for continuous registration 
of ScO2 of the corresponding brain hemisphere (INVOS 
5100C, Covidien, U.S.A.). ScO2 recording started while the 
patients breathed room air. All data were recorded continu-
ously and integrated digitally (except BIS) with the RUG-
LOOP® software (Demed, Belgium).

Anesthesia was induced with fentanyl 5 µg/kg, diazepam 
0.1 mg/kg, and rocuronium 1 mg/kg. The lungs were ven-
tilated mechanically with oxygen-enriched air (fractional 
inspired oxygen, 0.6) adjusted to keep the end-tidal CO2 
around 40 mmHg. Anesthesia was maintained with boluses 
of fentanyl up to a total dose of 25 to 35 µg/kg and sevoflu-
rane to maintain BIS values between 40 and 50.

CPB was performed with a roller pump (Stöckert S5; 
Sorin group Deutschland GmbH, Germany) providing 
nonpulsatile flow. The priming consisted of 1,200 ml col-
loids (Geloplasma®, Fresenius Kabi, Belgium), heparin 
5,000 IU, and mannitol 0.5 g/kg. Systemic hepariniza-
tion maintained an activated clotting time of more than 
480 s. Moderately hypothermic CPB (blood  temperature, 
30°C) was initiated at flow rates of 2.5 l·min−1·m−2.  
During CPB, PaO2 and PaCO2 were maintained around 
200 and 40 mmHg, respectively. Arterial blood gases 
were measured at 37°C, independent of body temperature 
(α-stat blood gas management). Blood was sampled from 
the pump oxygenator after 3 min during steady state and 
during the interventions. Temperature, PaCO2, PaO2, hemo-
globin, and sevoflurane concentrations were kept constant 
during the respective measurements.

Interventions
The study used a randomized crossover design where 

the subjects served as their own controls. Methodology has 
been previously described in detail.1 In brief, 20% changes 
in perfusion pressure during CPB were generated with the 
use of vasoactive agents, SNP for decreasing blood pressure 
and phenylephrine for increasing blood pressure. The vaso-
active agents are part of the standard of care, and prepara-
tion and labeling were conducted according to the hospital 
guidelines (250 and 100 µg/ml for SNP and phenylephrine, 
respectively). The protocol of the previous study1 included 
a decrease in flow rate of 20% before administration of 
phenylephrine, whereas flow rate was 2.5 l·min−1·m−2 before 
administration of SNP.

First, flow rate was set to the respective target. Thereaf-
ter, steady state was established. Steady state was defined as 
the presence of a stable (less than 10% change) perfusion 
pressure over a period of 5 min on CPB. No changes in any 
parameters (temperature, PaCO2, PaO2, sevoflurane concen-
trations, and flow rate) nor administration of any drugs were 
allowed during steady state. After reaching 5 min of steady 
state, 20% change in perfusion pressure was induced. The 
pressure changes were sustained for 5 min by administration 
of small boluses of the respective drugs.
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Outcome Variables
Data were sampled at 2-s intervals with RUGLOOP®, 

stored on a computer hard drive, and analyzed offline. 
Because there were no significant differences in ScO2 
between the left and the right side among the different 
interventions, right and left ScO2 were averaged to analyze 
changes in ScO2.

Cerebral autoregulation was quantified using the 
NIRS-derived COx.10–18 COx was calculated by recording 
2-s values of MAP and ScO2 over a 300-s epoch, gener-
ating 150 paired samples of MAP and ScO2 to calculate 
the correlation coefficient between MAP and ScO2. Tradi-
tionally, signal filtering has been performed by using 10-s 
average values to eliminate confounding variables such as 
respiration and pulse waveforms.11,16 Because in this study, 
measurements were performed on CPB, potential influ-
ences of respiration and pulse waveforms are absent, and 
therefore, there was no need for data filtering. Moreover, 
in view of the abrupt deliberate pressure changes, the use 
of 2-s samples was considered more accurate than 10-s 
averaged values.

Blood pressure in the autoregulation range is indicated 
by a COx that approaches 0, whereas a COx approaching 
+1 indicates a pressure passive cerebral circulation.10–14 The 
COx thresholds to distinguish between intact and impaired 
autoregulation are arbitrary and vary according to the 
authors between 0.25 and 0.50.11,12,14–16 In this study, the 
arbitrary limit of 0.30 was chosen, according to the most 
recent work of Ono et al.14,19

Statistical Analysis
This study was performed with data that were con-

secutively recorded for a different project published previ-
ously,1 and thus, the initial sample size was not powered 
to relate paradoxical responses of ScO2 to cerebral auto-
regulation. Currently, no data are available in literature 
to allow for the calculation of sample size when changes 
in cerebral autoregulation are to be related to the use of 
vasoactive agents. Therefore, we consider this study as a 
pilot study to evaluate the impact of vasoactive agents on 
COx. This study will allow to further tailor future sample 
size calculations.

Statistical analysis was performed using the statistical 
software SPSS Statistics 22 (SPSS Inc., U.S.A.). Distribu-
tion of the data was tested for normality using the Shapiro–
Wilk test. Normally distributed data are presented as mean 
± SD. Nonparametric data are presented as median (range). 
Spearman correlation coefficient was used to determine the 
COx. Comparisons of COx values, whether the interven-
tion started with phenylephrine or SNP, were made with 
Mann–Whitney U test. The changes in COx were evaluated 
with the Wilcoxon signed-rank test. Drug doses were ana-
lyzed with the Kruskal–Wallis test. Differences in drug doses 
among the different groups were examined for significance 
by using Mann–Whitney U test. Two-way repeated measures 

ANOVA was used to assess the group and intervention main 
effect, as well as the group × intervention interaction. Bon-
ferroni test was chosen to correct for multiple comparisons. 
P value less than 0.05 was taken as the level of significance.

Results
The flow diagram for the enrolment, study inclusion, and 

data analysis is presented in figure 1. Nine women and 25 
men with an average age of 62 ± 14 yr, weight of 80 ± 16 kg, 
and height of 171 ± 9 cm were enrolled in the study. All 
patients were included in the SNP trial (n = 34), while three 
patients were excluded from the phenylephrine trial (n = 31) 
because blood pressure at the intended start of the pressure 
increasing intervention was considered too high to accept a 
deliberate further increase (fig. 1).

There were no differences between the COx data whether 
the intervention started with phenylephrine or with SNP; 
therefore, data from both groups were pooled for analysis 
(table 1). When all patients were analyzed together, admin-
istration of phenylephrine (n = 31) induced a significant 
change in COx values (median [range], from 0.13 [−0.20 to 
0.79] to −0.26 [−0.83 to 0.84], P < 0.001). After adminis-
tration of SNP (n = 34), COx values did not change signifi-
cantly (from 0.11 [−0.20 to 0.79] to 0.32 [−0.94 to 0.93],  
P = 0.12). Considering the classic concept of autoregulation, 
and with arbitrary COx thresholds to distinguish between 
intact and impaired autoregulation that range between 0.25 
and 0.50,11,12,14–16 this means that all patients can be con-
sidered to have a normal cerebral autoregulation, both at 
baseline and after administration of vasoactive agents. How-
ever, looking at the individual responses, a different picture 
becomes apparent.

The different autoregulatory patterns when intersub-
ject variations were considered are presented in figure 2. 
Twelve patients (35%) had a baseline COx more than 0.30, 
implying that changes in blood pressure are associated with 
parallel changes in ScO2, i.e., the cerebral circulation is pres-
sure passive. Sixty-five percent of patients (n = 22) had a 
baseline COx less than 0.30, indicating functional cerebral 
autoregulation.

According to the effect of pressure changes on COx, four 
different patterns could be discriminated:

1.  Pressure passive cerebral circulation (group 1 in fig. 2) 
(n = 12)

In all patients with baseline COx more than 0.30, COx 
remained more than 0.30 after administration of phenyl-
ephrine and SNP (COx: median [range], from 0.55 [0.24 
to 0.79] to 0.53 [0.41 to 0.84] for phenylephrine, and from 
0.64 [0.40 to 0.77] to 0.54 [0.35 to 0.93] for SNP), indicat-
ing that the cerebral circulation remained pressure passive 
after vasoactive drug administration.

2.  Classic pattern of autoregulation (group 2 in fig. 2) 
(n = 6)

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/123/2/327/268174/20150800_0-00018.pdf by guest on 13 M
arch 2024



Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2015; 123:327-35 330 Moerman et al.

Cerebral Autoregulation Assessment with NIRS

In six patients with intact baseline autoregulation, the classic 
pattern of autoregulation was observed. COx approached 0 
at baseline and remained around 0 after administration of 
vasoactive agents, indicating that the patients were on the 
autoregulatory plateau (from 0.04 [−0.11 to 0.21] to −0.01 
[−0.36 to 0.02] for phenylephrine, and from 0.01 [−0.18 to 
0.12] to 0.015 [−0.07 to 0.28] for SNP).

3.  Paradoxical changes in ScO2 after administration of 
phenylephrine or SNP (group 3 in fig. 2) (n = 10)

In 10 patients with intact baseline autoregulation, COx 
became highly negative after administration of phenylephrine 
or SNP (from −0.04 [−0.25 to 0.16] to −0.63 [−0.83 to −0.26]  
for phenylephrine, and from −0.05 [−0.19 to 0.17] to −0.55  
[−0.94 to −0.35] for SNP). A negative COx implies a 

Fig. 1. Flow chart presenting the enrolment, study inclusion, and data analysis. BL = baseline; CPB = cardiopulmonary bypass.

Table 1. Median COx Values at Baseline and during the Respective Interventions, Demonstrating No Differences whether the 
Intervention Started with Phenylephrine or Sodium Nitroprusside

PEBLCOx  PECOx SNPBLCOx SNPCOx

First PE (n = 15) 0.10 (−0.20 to 0.79) −0.33 (−0.83 to 0.53) 0.13 (−0.18 to 0.77) 0.28 (−0.94 to 0.81)
First SNP (n = 19) 0.22 (−0.25 to 0.68) 0.20 (−0.65 to 0.84) 0.17 (−0.19 to 0.71) 0.36 (−0.93 to 0.93)
P value 0.61 0.14 0.56 0.34

Data are expressed as median (range).
COx = cerebral oximetry index; PE = phenylephrine; PEBLCOx = baseline cerebral oximetry index before administration of phenylephrine; PECOx = cerebral 
oximetry index after administration of phenylephrine; SNP = sodium nitroprusside; SNPBLCOx = baseline cerebral oximetry index before administration of 
sodium nitroprusside; SNPCOx = cerebral oximetry index after administration of sodium nitroprusside.
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paradoxical decrease in ScO2 with phenylephrine-induced 
increase in blood pressure, and vice versa, a paradoxical increase 
in ScO2 with SNP-induced decrease in blood pressure.

4.  Divergent effects of phenylephrine and SNP on COx 
(group 4 in fig. 2) (n = 6)

In six patients with intact baseline autoregulation, COx 
became negative after administration of phenylephrine (from 
0.10 [−0.13 to 0.20] to −0.33 [−0.40 to −0.06]), whereas 
COx increased to more than 0.30 after administration of 
SNP (from 0.06 [−0.06 to 0.23] to 0.44 [0.32 to 0.53]). This 
indicates that in both interventions, ScO2 decreased. So ScO2 
decreased when blood pressure decreased with SNP, but ScO2 
also decreased when blood pressure increased with phenyleph-
rine (resulting in a positive and negative COx, respectively).

Patient characteristics and drug doses for the four groups 
are presented in table 2. There were no differences between 
the four groups. The intraoperative data for the 4 groups 
at baseline and during the respective interventions are 
presented in table 3. During the phenylephrine trial, tem-
perature was significantly lower (P = 0.02) and PaCO2 was sig-
nificantly higher (P = 0.03) in group 1 compared with group 
3; and sevoflurane concentration was significantly higher in 
group 1 compared with group 4 (P = 0.03).

Discussion
In this study, we tested the hypothesis that paradoxical 

increases in ScO2 as blood pressure decreases and paradoxi-
cal decreases in ScO2 as blood pressure increases indicates a 
functional cerebral autoregulation mechanism. Our results 
demonstrate that paradoxical changes occurred exclusively 
in patients with intact cerebral autoregulation, supporting 
this hypothesis. We also observed substantial intersubject 
variations in the response to pharmacologic-induced pres-
sure changes. This implies that the relation between MAP 
and ScO2 may follow different patterns and that intact 
cerebral autoregulation may manifest not only as an auto-
regulatory plateau but also as a paradoxical response. Inter-
estingly, Jones et al.8 demonstrated that when individual 
autoregulation curves are averaged together, the classic pat-
tern results. This is confirmed in the current work, where 
the different autoregulatory patterns were obscured when 
analysis was based on group means. This underscores the 
risk of bias that may occur in the interpretation of data 
when the existence of different mechanisms is ignored.

Four different autoregulatory patterns were observed 
when pharmacological changes in perfusion pressure were 
induced (fig. 2).

1. Pressure passive cerebral circulation (35%)

Thirty-five percent of patients had a baseline COx more 
than 0.30, remaining more than 0.30 after administration of 
vasoactive drugs. COx more than 0.30 implies that changes 
in blood pressure are associated with parallel changes in 
ScO2, i.e., the cerebral circulation is pressure passive. The 

Fig. 2. Median COx values at baseline and after administra-
tion of phenylephrine and sodium nitroprusside. COx =  cerebral  
oximetry index; Group 1 = pressure passive cerebral cir-
culation; Group 2 = classic pattern of autoregulation; Group  
3 = paradoxical ScO2 changes after vasoactive drug administration;  
Group 4 = divergent effects of phenylephrine and sodium  
nitroprusside on COx. PEBLCOx = baseline cerebral  
oximetry index before administration of phenylephrine;  
PECOx = cerebral oximetry index after administration of phen-
ylephrine; SNPBLCOx = baseline cerebral oximetry index before 
administration of sodium nitroprusside; SNPCOx = cerebral oxim-
etry index after administration of sodium nitroprusside.

Table 2. Patient Characteristics and Drug Doses for the Four Groups

Group 1 (n = 12) Group 2 (n = 6) Group 3 (n = 10) Group 4 (n = 6) P Value

Age (yr) 58 ± 18 69 ± 11 63 ± 12 60 ± 13 0.48
Weight (kg) 81 ± 20 79 ± 21 79 ± 7 79 ± 18 0.98
Height (cm) 173 ± 11 172 ± 10 168 ± 7 170 ± 9 0.66
MAP awake (mmHg) 99 ± 18 100 ± 8 97 ± 13 86 ± 3 0.18
Left ScO2 awake (%) 65 ± 6 67 ± 3 65 ± 11 69 ± 3 0.72
Right ScO2 awake (%) 68 ± 8 67 ± 5 62 ± 8 70 ± 4 0.18
Dose SNP (µg) 137.5 (50–375) 87.5 (25–150) 400 (100–675) 125 (25–250) 0.08

Dose PE (µg) 175 (150–600) 50 (10–400) 150 (20–300) 50 (50–600) 0.17

Data are expressed as mean ± SD or median (range).
Awake = while breathing room air; Group 1 = pressure passive cerebral circulation; Group 2 = classic pattern of autoregulation; Group 3 = paradoxical ScO2 
changes after vasoactive drug administration; Group 4 = divergent effects of phenylephrine and SNP on cerebral oximetry index; MAP = mean arterial blood 
pressure; PE = phenylephrine; ScO2 = cerebral oxygen saturation; SNP = sodium nitroprusside.
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observed incidence of 35% of pressure passive cerebral cir-
culation conforms with previous studies20 and reflects the 
high-risk population in cardiac surgery. Interestingly, in the 
patient group with COx more than 0.30, PaCO2 and sevoflu-
rane concentrations were significantly higher and tempera-
ture was significantly lower compared with the patient group 
with paradoxical changes in ScO2 after administration of 
phenylephrine (groups 3 and 4). This despite the fact that in 
the study design1 these variables were controlled within nar-
row limits. The finding in the current analysis that especially 

in these patients a pressure passive response was shown cor-
roborates with results of previous studies, demonstrating 
that higher PaCO2,

7 high sevoflurane concentration,21 and 
hypothermic CPB20 are associated with impaired cerebral 
autoregulation.

2. Classic pattern of autoregulation (18%)

Interestingly, only 18% of all patients fulfilled the classic cri-
teria of intact cerebral autoregulation. COx remained around 
0 after administration of vasoactive agents, indicating that 

Table 3. Mean Intraoperative Data for the Four Groups at Baseline and during the Interventions

Group 1 
(n = 12)

Group 2 
(n = 6)

Group 3 
(n = 10)

Group 4 
(n = 6)

P Value  
between  
Groups

P Value  
between  

Interventions

P Value  
(Group × Intervention  

Interaction)

MAP (mmHg) 0.70 < 0.001 0.21
    PEBL 59 ± 12 59 ± 7 56 ± 9 55 ± 10
    PE 69 ± 9 70 ± 9 75 ± 6 67 ± 8
    SNPBL 68 ± 6 67 ± 6 70 ± 10 62 ± 6
    SNP 54 ± 8 54 ± 7 60 ± 8 52 ± 8
Flow (l/min) 0.98 < 0.001 0.87
    PEBL 3.6 ± 0.4 3.7 ± 0.4 3.5 ± 0.2 3.6 ± 0.6
    PE 3.6 ± 0.4 3.8 ± 0.4 3.6 ± 0.3 3.7 ± 0.4
    SNPBL 4.4 ± 0.5 4.5 ± 0.7 4.5 ± 0.3 4.5 ± 0.5
    SNP 4.4 ± 0.5 4.5 ± 0.7 4.5 ± 0.3 4.5 ± 0.5
Blood temperature (°C) 0.02 0.15 0.32
    PEBL 29.5 ± 0.8 30.4 ± 1.7 31.2 ± 1.2 30.4 ± 1.3 P = 0.02; group 1 vs. 3
    PE 29.5 ± 0.8 31.0 ± 0.4 31.5 ± 1.2 30.9 ± 1.8
    SNPBL 29.7 ± 1.2 29.8 ± 1.3 30.8 ± 1.6 30.6 ± 1.5
    SNP 30.0 ± 1.2 30.0 ± 1.4 31.0 ± 1.2 31.0 ± 1.4
Sevoflurane (%) 0.02 0.18 0.12
    PEBL 1.7 ± 0.8 1.1 ± 0.3 1.3 ± 0.4 0.8 ± 0.2

P = 0.03, group 1 vs. 4
    PE 1.6 ± 0.8 1.1 ± 0.4 1.3 ± 0.5 0.8 ± 0.2
    SNPBL 1.1 ± 0.4 1.0 ± 0.2 1.3 ± 0.4 0.8 ± 0.2
    SNP 1.2 ± 0.6 1.0 ± 0.3 1.4 ± 0.4 0.8 ± 0.2
pH 0.17 0.19 0.10
    PEBL 7.37 ± 0.04 7.41 ± 0.03 7.41 ± 0.03 7.41 ± 0.03
    PE 7.37 ± 0.04 7.40 ± 0.01 7.41 ± 0.03 7.41 ± 0.03
    SNPBL 7.38 ± 0.03 7.40 ± 0.04 7.40 ± 0.04 7.40 ± 0.03
    SNP 7.39 ± 0.03 7.40 ± 0.04 7.40 ± 0.03 7.40 ± 0.03
PaO2 (mmHg) 0.83 0.17 0.27
    PEBL 211 ± 50 230 ± 56 224 ± 47 203 ± 42
    PE 211 ± 50 244 ± 50 224 ± 47 213 ± 38
    SNPBL 251 ± 67 246 ± 59 227 ± 55 216 ± 55
    SNP 211 ± 48 229 ± 51 210 ± 59 211 ± 46
PaCO2 (mmHg) 0.03 0.13 0.14
    PEBL 45 ± 4 41 ± 3 40 ± 3 39 ± 2

P = 0.03, group 1 vs. 3
    PE 45 ± 4 42 ± 2 40 ± 3 40 ± 2
    SNPBL 44 ± 3 42 ± 7 41 ± 4 42 ± 3
    SNP 43 ± 2 41 ± 5 41 ± 2 43 ± 4
Hb (g/dl) 0.70 0.07 0.81
    PEBL 10.1 ± 1.5 10.2 ± 1.3 9.6 ± 0.8 10.0 ± 0.9
    PE 10.1 ± 1.5 10.2 ± 0.9 9.6 ± 0.8 9.9 ± 1.2
    SNPBL 9.7 ± 1.4 9.6 ± 1.1 9.4 ± 1.0 10.0 ± 1.2
    SNP 9.8 ± 1.4 9.9 ± 1.2 9.6 ± 1.0 10.3 ± 1.2

Data are expressed as mean ± SD.
Group 1 = pressure passive cerebral circulation; Group 2 = classic pattern of autoregulation; Group 3 = paradoxical ScO2 changes after vasoactive drug 
administration; Group 4 = divergent effects of phenylephrine and SNP on cerebral oximetry index; Hb = hemoglobin; MAP = mean arterial blood pres-
sure; PE = phenylephrine; PEBL = baseline value before administration of phenylephrine; ScO2 = cerebral oxygen saturation; SNP = sodium nitroprusside;  
SNPBL = baseline value before administration of sodium nitroprusside.
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ScO2 remained constant when blood pressure changed, so 
patients were on the autoregulatory plateau.

3.  Paradoxical changes in ScO2 after administration of 
phenylephrine or SNP (29%)

In 10 patients with intact baseline autoregulation, COx 
became highly negative after administration of phenyleph-
rine or SNP. A negative COx implies a paradoxical decrease 
in ScO2 with phenylephrine-induced increase in blood pres-
sure and, vice versa, a paradoxical increase in ScO2 with SNP-
induced decrease in blood pressure.

4.  Divergent effects of phenylephrine and SNP on 
COx (18%)

In six patients with functional baseline autoregulation, ScO2 
decreased after administration of both phenylephrine and SNP, 
resulting in a negative COx with phenylephrine and a posi-
tive COx with SNP. The negative COx after administration of 
phenylephrine should be considered as a paradoxical reaction, 
implying a decrease in ScO2 with an increase in blood pres-
sure. The positive COx after administration of SNP indicates 
a parallel decrease in ScO2 with a decrease in blood pressure. 
Although not unequivocally clear, this observation might be 
attributed to a dose-dependent impairment of cerebral auto-
regulation with SNP22,23 or it might just be the consequence 
of blood pressure crossing the lower limit of autoregulation.10 
Lower limits of autoregulation cannot be derived from the 
current analysis, and therefore the exact mechanism of this 
finding cannot be identified from the current study.

The mechanism of paradoxical reactions remains con-
troversial. Although these reactions do not fit in the classic 
concept of autoregulation, some authors have suggested that 
instead these are specifically representative for the presence of 
a functional pressure autoregulation mechanism.6–8 Accord-
ing to their theory, the phenylephrine-induced increase in 
perfusion pressure provokes vasoconstriction of the cerebral 
autoregulatory arterioles to prevent abrupt cerebral hyperper-
fusion. This causes a decreased arterial blood contribution to 
NIRS measurements, resulting in a lower ScO2.

6,7 The ScO2 
increase with induced hypotension could be readily explained 
by the same mechanism. To prevent cerebral hypoperfusion, 
cerebral arterioles dilate,8,9 increasing the arterial to venous 
blood volume ratio, and thereby increasing ScO2.

In an experimental study, Jones et al.8 demonstrated 
a paradoxical increase in CBF during nonpharmacologi-
cal-induced hypotension, which they characterized as an 
overcompensation of the autoregulatory mechanism. The 
authors hypothetized that to prevent abrupt cerebral perfu-
sion changes, the cerebral autoregulatory vessels are react-
ing more than is necessary to maintain the autoregulatory 
plateau. They termed this phenomenon “hyperautoregula-
tion.” Recently, this phenomenon has also been described in 
a clinical study, evaluating the relationship between blood 
pressure and CBF in humans. An overshoot of the middle 
cerebral blood velocity was observed after a sit-to-stand trial, 

resulting in a negative correlation between blood pressure 
and CBF, for which the authors did not have a clear expla-
nation.24 We observed paradoxical changes in ScO2 in both 
increased and decreased perfusion pressure, only occurring 
in patients with intact baseline cerebral autoregulation, sup-
porting this view on cerebral autoregulation.

Several methodological aspects of the study require atten-
tion. The lack of a valid methodology to quantify cerebral 
autoregulation makes advancing knowledge in this field 
extremely challenging. Recently, NIRS has been introduced 
as a method to evaluate cerebral autoregulation noninva-
sively. This approach presumes that ScO2 is a reliable surro-
gate of CBF,11–13 which continues to be a point of discussion, 
despite the fact that NIRS as a method to evaluate cere-
bral autoregulation has been validated in numerous stud-
ies.11,15–18,25 Especially when autoregulation is determined 
during rapid blood pressure changes induced by intravenous 
boluses of vasoactive agents, ScO2 changes other than those 
because of CBF changes (change in hemoglobin, tempera-
ture, and others) are considered to be negligible.25

Many regulating processes intercept at the level of cere-
brovascular reactivity, making conclusions on underlying 
mechanisms extremely hazardous. However, we empha-
size that the current analysis was not intended to identify 
the mechanisms for impaired regulation nor to determine 
causal relationships between COx more than 0.30 and 
risk factors for impaired autoregulation. In the current 
study, we demonstrated that paradoxical changes in ScO2 
occur exclusively in patients with an intact autoregula-
tion mechanism. We reason that if other causes such as 
direct pharmacological effects of the vasoactive agents, 
extracranial contamination of the NIRS signal,26–30 or 
patient-related or intraoperative confounders would be 
accountable for the paradoxical reactions, those reac-
tions would have occurred in every patient. The fact that 
we clearly demonstrated that paradoxical reactions only 
occurred in patients with intact autoregulation supports 
the hypothesis put forward by others that these para-
doxical reactions might be part of a normal physiological 
autoregulation mechanism.

The results of the current study should be interpreted 
within the constraints of the methodology. First, NIRS 
measures oxygen saturation in a superficial area of the brain 
directly below the sensors but does not examine the whole 
brain. It is possible that there might be heterogeneity of 
autoregulatory patterns in the brain and that the patterns 
that are observed in the cerebral cortex cannot be extrapo-
lated to the whole brain.8

Second, phenylephrine and SNP were administered in 
bolus, not in continuous infusion. The precipitous changes 
in pressure caused by bolus administration presumably 
might elicit autoregulatory reactions, which would not be 
seen with gradual changes in pressure. Tzeng et al.24 dem-
onstrated that CBF dynamics are driven by the rate of 
change in blood pressure rather than absolute pressure per se.  
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A comparison study between bolus and infusion would be 
informative in this regard.

Third, in line with the previously mentioned stud-
ies,10–17,19,20 we evaluated the concordance between MAP 
and ScO2 using simple correlation analysis. However, cere-
bral autoregulation is a complex physiological system, and 
it could be argued that correlation analysis does not cope 
with the complex interplay and the time-varying aspects of 
the different physiological mechanisms.31 Coherence and 
transfer function analyses have also been used to quantify 
cerebral autoregulation.32,33 Caicedo et al. analyzed four dif-
ferent measurement models used for cerebral autoregulation 
assessment (correlation, coherence, modified coherence, and 
transfer function). Although Caicedo et al.34 proposed trans-
fer function gain as the most robust method when used for 
cerebral autoregulation studies, correlation was also consid-
ered as a robust method, despite some time delay–related 
restrictions.

Perspectives and Significance
Our observations suggest that the classic description of 

autoregulation might represent only part of the picture. 
Consistent with many scattered data of paradoxical increases 
in ScO2 as blood pressure decreases and paradoxical decreases 
in ScO2 as blood pressure increases, the current study sup-
ports the hypothesis that these paradoxical reactions might 
be part of a normal physiological autoregulatory response.

The differences in autoregulatory patterns have direct 
implications for definitions of blood pressure targets and for 
perioperative hemodynamic management. Individualizing 
arterial blood pressure targets based on cerebral autoregu-
lation monitoring may provide a more effective means for 
preventing cerebral hyperperfusion and hypoperfusion than 
the current standard of care.
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