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Abstract
This study aimed to investigate the simultaneous response of the cerebral and skel-
etal muscle microvasculature to the same phenylephrine (PE) boluses. A hybrid 
optical system that combines hyperspectral near-infrared spectroscopy (hs-NIRS) 
and diffuse correlation spectroscopy (DCS) was used to monitor changes in tissue 
oxygenation and perfusion. Data were collected from the head and hind limb of 
seven male Sprague–Dawley rats while administering intravenous (IV) injections 
of PE or saline to all animals. The response to saline was used as a control. Skeletal 
muscle oxygenation decreased significantly after PE injection, while a statistically 
underpowered decrease in perfusion was observed, followed by an increase be-
yond baseline. Vascular conductance also decreased in the muscle reflecting the 
drug's vasoconstrictive effects. Tissue oxygenation and perfusion increased in 
the brain in response to PE. Initially, there was a sharp increase in cerebral per-
fusion but no changes in cerebral vascular conductance. Subsequently, cerebral 
flow and vascular conductance decreased significantly below baseline, likely re-
flecting autoregulatory mechanisms to manage the excess flow. Further, fitting an 
exponential function to the secondary decrease in cerebral perfusion and increase 
in muscular blood flow revealed a quicker kinetic response in the brain to adjust 
blood flow. In the skeletal muscle, PE caused a transient decrease in blood volume 
due to vasoconstriction, which resulted in an overall decrease in hemoglobin con-
tent and tissue oxygen saturation. Since PE does not directly affect cerebral vessels, 
this peripheral vasoconstriction shunted blood into the brain, resulting in an initial 
increase in oxygenated hemoglobin and oxygen saturation.
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1   |   INTRODUCTION

Phenylephrine (PE) is a vasopressor commonly admin-
istered intravenously to increase mean arterial pressure 
(MAP) through vasoconstriction that elevates total periph-
eral resistance.1,2 Despite the well-known effects of PE on 
MAP, its effects on the microcirculation are unclear, with 
reports of the drug either significantly decreasing micro-
vascular oxygen saturation and blood flow,3–6 or causing no 
change in different microvascular beds and patient popu-
lations.7–9 Importantly, different organs, and even different 
regions within an organ,10,11 are supplied by their own cap-
illary bed with distinct structures and functions, metabolic 
demands, and autoregulatory mechanisms to control perfu-
sion. Therefore, there is a need to determine the effects of PE 
on the skeletal muscle, where the drug causes vasoconstric-
tion, as well as the brain microcirculation, where conflicting 
effects of the drug have been reported.

Importantly, resistance in large arteries and the micro-
vasculature are both affected by circulating vasoconstrictors. 
In the skeletal muscle, PE binds to α-adrenergic receptors, 
thereby causing vasoconstriction.12 This effect on the skele-
tal muscle is responsible for the increase in MAP observed 
with PE administrations. However, PE does not cross the 
blood–brain barrier13 and cerebral vessels lack α-adrenergic 
receptors.14 Despite the lack of evidence for having a direct 
impact on the brain, previous work using cerebral oximetry 
linked PE with cerebral desaturation.14–16

Most cerebral oximetry devices are based on continuous-
wave near-infrared spectroscopy (NIRS), which has limited 
sensitivity to the adult brain due to signal contamination 
from the extracerebral layer (ECL; scalp and skull).17,18 One 
explanation for the observed desaturation reported with PE 
administration is signal contamination from the strong va-
soconstriction in the scalp,19 thereby masking the true cere-
bral response to PE. This is supported by studies using NIRS 
technology with increased sensitivity to the brain that re-
ported smaller magnitudes of cerebral desaturation.14,16,20,21

Rats are a good preclinical model for investigating cere-
bral events using NIRS because of their thin ECL. In NIRS, 
the concentrations of oxygenated and deoxygenated he-
moglobin (HbO and Hb, respectively) are estimated nonin-
vasively from measurements of light absorption by tissue. 
Tissue oxygen saturation (StO2) can be quantified as the ratio 
of HbO to the total hemoglobin content (HbT = HbO +Hb). 
Furthermore, diffuse correlation spectroscopy (DCS) is an-
other optical technique that can quantify changes in tissue 
perfusion as relative blood flow (rBF). By pairing these two 
optical modalities for concurrent measurements, the mi-
crocirculation can be assessed more comprehensively. We 
hypothesize that PE causes vasoconstriction in the muscle 
but not in the brain. The objective of this study was to use 
a hybrid hyperspectral (hs)-NIRS/DCS system to test this 

hypothesis by monitoring the responses the cerebral and 
muscle microvasculature to the same PE boluses.

2   |   METHODS

2.1  |  Animal protocol

This study was approved by the Animal Care and Use 
Committee at Western University. Data were collected from 
seven male Sprague Dawley rats (154.9 ± 7.7 g). The animals 
were anesthetized with sodium pentobarbital (65 mg/kg), 
and their carotid artery and jugular vein were cannulated 
for MAP measurements and intravenous (IV) fluid delivery, 
respectively. Subsequently, a tracheostomy was performed 
to aid the animals with breathing, and sufficient ventila-
tion was confirmed through arterial blood sampling of pO2, 
pCO2 (maintained at ~40 mmHg), pH, and lactate with a 
VetScan i-STAT 1 (Abbott Laboratories, IL, USA). Core body 
temperature was maintained at 37 ± 0.5°C using a rectal 
temperature probe and a heat mat. Heart rate, temperature, 
and MAP were monitored continuously.

Each rat received up to six 0.1 mL IV injections of PE 
(10 mg/kg in 0.9% NaCl) and up to three 0.1 mL IV injections 
of saline (0.9% NaCl) for comparison as control. The PE dos-
age was determined based on previous work20 that showed 
that this dose produces a similar response to the desired ef-
fect in humans. To ensure full dosing, the IV line was flushed 
with 0.1 mL of saline promptly after each injection.

2.2  |  Optical instrument and data 
collection

A hybrid hs-NIRS/DCS system22–26 was used to monitor 
the microvascular response to PE and saline boluses in 
both the skeletal muscle and brain of the rats. Identical 
probe holders (Figure  1A) were secured on the hind 
limb and scalp of each rat for simultaneous hs-NIRS and 
DCS monitoring with a source-detector separation (ρ) 
of 10 mm, to measure the global effects of the same PE 
bolus injection on the skeletal muscle and cerebral mi-
crovasculature, simultaneously. A bifurcated multimode 
fiber bundle (diameter = 2.5 mm, core = 400 μm, numeri-
cal aperture (NA) = 0.22; Thorlabs, NJ, USA) directed 
light from a 20-W broadband halogen lamp (HL-2000; 
Ocean Insight, FL, USA) to the scalp and hind limb. 
Two similar multimode fibers collected and directed 
diffusely reflected light from the two tissues to a Maya 
Pro spectrometer (Ocean Insight) and a QE 65000 spec-
trometer (Ocean Insight) for brain and muscle monitor-
ing, respectively. A second bifurcated multimode fiber 
(diameter = 2.5 mm, core = 400 μm, numerical aperture 
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(NA) = 0.22; Thorlabs) bundle directed light from a 
785 nm, long coherence length laser (CrystaLaser, NV, 
USA). A bifurcated optical probe with two single mode 
fibers (outer diameter = 2.5 mm, core = 4.4 μm, numeri-
cal aperture (NA) = 0.13; Thorlabs) directed the diffusely 
reflected laser light from the tissues to a single-photon 
counting module (Figure 1B).

To avoid crosstalk between the hs-NIRS and DCS sig-
nals, a shutter multiplexing system was used to rhyth-
mically alternate between the respective light sources, 
achieving a sampling rate of 0.33 Hz for each modality. 
Measurements were taken from the scalp and hind limb 
for a total duration of 10 min, with PE or saline boluses 
administered after 2 min. Neon and reference light spectra 
(Io) were acquired with both spectrometers for wavelength 
and intensity calibration, respectively. Dark measure-
ments were taken for background noise subtraction from 
reference and tissue acquisitions.

2.3  |  Data processing

2.3.1  |  hs-NIRS analysis

The baseline reflectance (R) was calculated using custom 
scripts written in MATLAB, (Mathworks Inc., United 
States) for both spectrometers, taking into account their 
respective reference and dark signal spectra:

Subsequently, baseline chromophore concentrations 
and reduced scattering coefficients (�s′), Equations (2) and 
(3), were estimated by fitting the first and second spectral 
derivatives of R(�) to the corresponding derivatives of an 
analytical model, based on the solution to the diffusion 
equation for a semi-infinite homogeneous medium.24,27–29

Subsequently, the differential pathlength factor 
(DPF) was calculated from baseline �a and �s′ using 
Equation (4),30 which was rescaled with a correction fac-
tor determined by fitting the second spectral derivative 
of R(�) to the second derivative of the water absorption 
spectrum.26

Using the wavelength-dependent DPF, changes in 
the chromophore concentrations (ΔHb and ΔHbO) were 
computed from the broadband attenuation spectra using 
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F I G U R E  1   Simplified schematic of (A) probe holder and (B) hybrid hs-NIRS/DCS system. Solid lines in (B) represent emission while 
dashed lines are for detection. Schematic is not drawn to scale.
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the modified Beer–Lambert Law. This approach provides 
reliable estimates of changes in tissue chromophore con-
centrations and is more computationally efficient than 
the derivative fitting. HbT was calculated as the sum of 
Hb and HbO. StO2 was obtained from baseline (HbO, HbT ) 
and time-dependent changes (ΔHbO, ΔHbT) in the chro-
mophore concentrations:

2.3.2  |  DCS analysis

Dynamic �a and baseline �s′ at 785 nm from the hs-NIRS 
analysis were used to obtain blood flow indices (BFi) from 
DCS measurements (MATLAB, Mathworks Inc., United 
States) by fitting the experimental electric autocorrelation 
functions with an analytical model based on the solution 
to the correclation diffusion equation for a semi-infinite 
homogenous medium.24,29,31,32 Relative blood flow (rBF) 
was computed as a percentage of the average BFi in the 
first 50 s (t0):

Relative changes in vascular conductance33 (ΔrC) was 
subsequently quantified for each microvascular bed (mus-
cle or brain) using the rBF measurements:

where BF represents absolute blood flow.

2.3.3  |  Statistical analysis

For consistency, each rat's responses to the first two in-
jections of PE or saline were averaged. All data were as-
sessed for normality through a visual inspection of a QQ 

plot and the Shapiro–Wilk test. Statistical analysis was 
conducted using GraphPad Prism version 9 (GraphPad 
Software Inc., San Diego), and statistical significance 
was defined as p < 0.05. For the period following the in-
jection, the 3-s average around the point of maximum 
change in the time course was determined for the HbO
, Hb, HbT, StO2, rBF, and MAP. Additionally, the maxi-
mum increase and decrease in ΔrC were determined. 
For rBF, the area above and below 0 after injection were 
calculated as it was more representative of the positive 
and negative change present in the rBF time courses. To 
assess regulatory mechanisms responding to the effects 
of PE (i.e., secondary hemodynamic responses), the time 
constants from a kinetic exponential function34,35 (i.e., 
time to reach 63% of maximum change) were fit to the 
rBF data. Further, the muscle and brain time constants 
were compared. An unpaired t-test was used to compare 
the responses to PE and saline injections for all param-
eters in both the muscle and brain.

3   |   RESULTS

The hs-NIRS muscle measurements from all seven rats 
were successfully analyzed; however, three of the DCS 
datasets and corresponding hs-NIRS brain measurements 
were corrupted due to experimental errors. This reduced 
the sample size of the DCS and brain hs-NIRS to four rats, 
but with two injections per animal. Further, one of the sa-
line injections for the DCS was excluded from the analysis 
due to motion artifacts.

Figure 2 shows the average muscle (Figure 2A,B) and 
brain (Figure 2C,D) chromophore (HbO, Hb, and HbT) 
responses to saline (Figure 2A,C) and PE (Figure 2B,D) 
injections. For the muscle (Figure 2A,B), the maximum 
changes in chromophore concentration were signifi-
cantly different between saline and PE injections for 
HbO (p ≤ 0.0001), Hb (p ≤ 0.01), and HbT (p ≤ 0. 0001). 
Specifically, HbO changes were −0.25 ± 1.2 μM follow-
ing saline injection and − 3.1 ± 1.4 μM after PE admin-
istration. Hb changes were ~ 0.01 ± 0.31 μM following 
saline injection and −0.33 ± 0.38 μM for PE injection. 
HbT changes were −0.13 ± 1.3 μM for saline injection 
and −3.3 ± 0.9 μM following PE injection. For the brain 
(Figure 2C,D), the maximum changes were significantly 
different for HbO (p ≤ 0. 0001) and HbT (p ≤ 0. 008), 
but not Hb (p = 0.06). Following saline and PE injec-
tions, respectively, HbO changes were −0.25 ± 1.2 μM 
and 4.2 ± 1.3 μM, Hb changes were 0.3 ± 0.8 μM and 
−1.0 ± 1.6 μM, and HbT changes were 0.1 ± 1.8 μM and 
3.7 ± 2.8 μM.

Figure  3 shows the muscle (Figure  3A,B) and brain 
(Figure 3C,D) StO2 responses to saline (Figure 3A,C) and 
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PE (Figure  3B,D) injections. (Figure  3A,B), The maxi-
mum changes were significantly different in the muscle 
(p ≤ 0.009) and brain (p ≤ 0. 0001) when comparing saline 
and PE injections. Specifically, average StO2 changes were 
0.02 ± 1.3% following saline injection and −2.5 ± 3.0% for 
PE injection in the muscle. In the brain, the average StO2 
changes were 0.1 ± 1.2% for saline and 3.2 ± 1.0% following 
PE injection.

Figure  4 shows the MAP changes on the right y-axis 
following saline (Figure 4A,C) and PE (Figure 4B,D) in-
jections. The average muscle (Figure  4A,B) and brain 
(Figure 4C,D) rBF responses to saline (Figure 4A,C) and 
PE (Figure  4B,D) injections are shown with the left y-
axis. The maximum change in MAP was significantly 

different (p ≤ 0.001) following saline (10 ± 5 mmHg) and 
PE (37 ± 9 mmHg) injections.

For the rBF in the muscle (Figure  4A,B), the max-
imum increase (p ≤ 0.01) was significantly different 
between saline and PE injections, but the maximum 
decrease (p = 0.1) was not. Specifically, the maximum 
increase was 9 ± 1% following saline injection and 
13 ± 3% after PE injection. The maximum decrease was 
approximately −3 ± 1% for saline injection and −8 ± 8% 
following PE injection. For the brain (Figure 4C,D), the 
maximum increase (p = 0.6) and decrease (p = 0.07) were 
not significantly different between saline and PE injec-
tions. The maximum increase was 14 ± 2% following sa-
line injection and 17 ± 11% following PE injection. The 

F I G U R E  2   ∆ HbO (red), ∆ Hb (blue), 
and ∆ HbT (green) responses to saline 
(A), (C) and PE (B), (D) administration 
after a 2-min baseline period (gray). 
Time courses are presented for (A), (B) 
muscle (n = 14 injections) and (C), (D) 
brain (n = 8). The time courses included 
two injections per rat. The shading 
surrounding each line represents the 
standard deviation.

F I G U R E  3   ∆StO2 responses to (A), 
(C) saline and (B), (D) PE administration 
after a 2-minute baseline period (gray). 
Time courses are presented for (A), (B) 
muscle (n = 14) and (C), (D) brain (n = 8 
injections). The time courses included 
two injections per rat. The shading 
surrounding each line represents the 
standard deviation.
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maximum decerase was approximately −11 ± 2% follow-
ing saline injection and − 16 ± 5% following PE injection.

Additionally, for the rBF in the muscle (Figure 4A,B), 
the average area above (p = 0.1) and below (p = 0.4) zero 
were not significantly different between saline and PE 
injections. Specifically, the average area above zero was 
24 ± 14 a.u. following saline injection and 46 ± 29 a.u. 
after PE injection. The area below zero was approxi-
mately −5 ± 4 a.u. for saline injection and −8 ± 5 a.u. 
following PE injection. For the brain (Figure 4C,D), the 
average area above (p ≤ 0.02) and below (p ≤ 0.002) zero 
were significantly different following saline and PE in-
jections. The average area above zero was 31 ± 13 a.u. 

following saline injection and 15 ± 6 a.u. following 
PE injection. The area below zero was approximately 
−8 ± 4 a.u. following saline injection and −65 ± 30 a.u. 
following PE injection. Further, the kinetic model fitting 
revealed that the secondary cerebral response had a time 
constant of 0.30 min, while the muscular rBF exhibited 
a time constant of 0.92 min (see Appendix  S1 for the 
model fitting results).

Figure  5 shows the ΔrC in response to saline 
(Figure 5A,C) and PE (Figure 5B,D) injections. The max-
imum decreases were significantly different (p ≤ 0.01) 
when comparing saline and PE injections in both the 
muscle (Figure 5B) and brain (Figure 5D). Specifically, the 

F I G U R E  4   ∆rBF (orange) and 
∆MAP (blue) responses to (A), (C) saline 
(n = 5 injections), and (B), (D) PE (n = 6) 
administration after a 2-min baseline 
period (gray). Time courses are presented 
for muscle (A), (B) and brain (C), (D). 
The time courses included two injections 
per rat, with the removal of one outlier 
injection. The shading surrounding each 
line represents the standard deviation.

F I G U R E  5   ∆rC responses to (A), 
(C) saline (n = 5 injections) and (B), (D) 
PE (n = 6) administration after a 2-min 
baseline period (gray). Time courses are 
presented for (A), (B) muscle and (C), 
(D) brain. The time courses included 
two injections per rat. The shading 
surrounding each line represents the 
standard deviation.
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maximum decreases in the muscle were −0.12 ± 0.04 fol-
lowing saline injection and −0.3 ± 0.1 for PE. In the brain, 
the maximum changes were −0.16 ± 0.04 following saline 
injection and −0.29 ± 0.08 for PE. The maximum increases 
in response to saline or PE were not significantly different 
in either the muscle (p = 0.1) or the brain (p = 0.09).

4   |   DISCUSSION

This study aimed to assess the effect of the same PE bolus 
on the skeletal muscle and brain microvascular beds. A 
hybrid hs-NIRS/DCS system was developed and used to 
concurrently monitor cerebral and skeletal muscle oxy-
genation and perfusion in Sprague–Dawley rats. In re-
sponse to PE, the muscle showed an overall decrease in 
oxygenation and perfusion, while the brain showed an ini-
tial increase in both, followed by a decrease in perfusion 
from pre-injection baseline. These findings confirm our 
hypothesis that PE causes vasoconstriction in the skeletal 
muscle, but also reveal that the drug causes microvascular 
response in the brain.

Furthermore, PE administration led to significant 
increase in MAP compared to saline injection. PE is a 
common vasopressor; thus, this consistent and well-
documented increase in MAP36 further confirm the 
validity of our experimental protocol. In addition, the 
magnitude of the MAP increase following PE injection 
was similar to previously reported values in the same an-
imal model.37,38

In the skeletal muscle, PE administration led to a sig-
nificant decrease in HbO, HbT, and StO2, as well as an 
increase in Hb and rBF. The skeletal muscle contains 
α-adrenergic receptors, which signal vasoconstriction 
following receptor binding of PE and, consequently, an 
initial decrease in blood volume, explaining the decrease 
in oxygenation and total hemoglobin. The observed pe-
ripheral response is consistent with skeletal muscle being 
the driving force of MAP increase following IV injection 
of PE, and these findings further agree with the under-
standing that increasing blood pressure through periph-
eral vasoconstriction shunts blood away from the muscle 
and towards the brain (where there is lack of α-adrenergic 
receptors).39,40 While the muscle HbO, HbT, and StO2 de-
creased immediately after PE administration, they all in-
creased and returned to near-baseline levels within the 
measurement window. Furthermore, while muscular rBF 
exhibited a slight initial decrease and subsequent increase 
beyond the baseline, brain rBF exhibited the reverse trend, 
suggesting a brief period of blood flow redistribution after 
PE administration.

Interestingly, pairing rBF measurements with MAP re-
vealed relative changes in vascular conductance, shedding 

light on the potential role of cerebral autoregulation. 
Notably, upon PE injection, rC and rBF decreased in the 
muscle due to the drug's vasoconstrictive effects on the 
peripheral microvasculature. With the shunting of blood 
from the muscle, cerebral rBF initially increased, although 
cerebral rC did not change. Following this initial increase 
in cerebral rBF, cerebral rC subsequently decreased, likely 
as an autoregulatory mechanism to manage the excess 
flow. Furthermore, fitting an exponential function to the 
secondary decrease in brain rBF and increase in muscular 
rBF revealed a quicker kinetic response in the brain to ad-
just flow.

It is noteworthy that a previous NIRS study reported 
an increase in skeletal muscle oxygenation in humans 
following PE administration.41 However, the work used 
an INVOS 5100 commercial cerebral oximeter, which as-
sumes a fixed arterial-to-venous ratio to make estimates 
of relative proportions of HbO and Hb.42 Therefore, their 
observed increase in skeletal muscle oxygenation may be 
linked to a sudden increase in venous return. In the cur-
rent work, spectral derivative was applied to hs-NIRS data 
spanning dozens of wavelengths, which allows for reliable 
estimation of the concentrations of oxygenated and deox-
ygenated hemoglobin in the skeletal muscle without the 
aforementioned assumption.

A benefit of the quasi-simultaneous monitoring of the 
two microvascular beds is that the response of each organ 
to the same bolus can be compared. In the brain, PE ad-
ministration led to significant increase in HbO, HbT, and 
StO2; however, Hb did not significant change, although 
this could be due to the study being underpowered for 
the latter physiological parameter (p = 0.06). The rBF re-
sponse to PE injection was significantly different from sa-
line response but exhibited a biphasic pattern, consisting 
of an increase followed by a decrease. The increased blood 
flow could be due to flushing of hemoglobin into the ce-
rebral microvasculature as blood is pushed to the brain 
from the muscles and other organs by vasoconstriction of 
the peripheral microcirculation. However, these findings 
contrast with previous reports of cerebral desaturation fol-
lowing PE administration.2,14 Nevertheless, a study using 
an invasive probe in humans43 during craniotomy showed 
no change in cerebral oxygen saturation following PE 
administration. Further, work investigating frontal lobe 
oxygenation in humans with cerebral oximetry found a de-
crease in StO2; simultaneously, ultrasonography revealed 
that the internal carotid artery flow (supplying the cere-
bral cortex) increased following PE administration while 
the external carotid artery flow (supplying superficial lay-
ers) decreased.44 These differences in the brain and mus-
cle responses were expected and could help explain the 
discrepancy in previously reported effects of PE admin-
istration on the cerebral microcirculation with cerebral 
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oximetry. Notably, extracerebral tissue contamination of 
commercial cerebral oximeters is a well-known problem 
and represents a challenge due to the potent vasoconstric-
tion of PE on the superficial layers (i.e., scalp). Previous 
work examining the effect of phenylephrine on patients 
under anesthesia using time-resolved NIRS, a technique 
less sensitive to superficial contamination, showed only 
small decreases in cerebral oxygen saturation (<2%)21 
compared to larger values previously reported using 
continuous-wave NIRS (~10%). Importantly, our findings 
agree with recent work that also showed an increase in 
cerebral oxygenation in Sprague–Dawley rats.40

Although the brain is a vital organ that requires con-
stant perfusion, cerebral hyperperfusion can lead to 
dangers such as cerebral hyperperfusion syndrome, hyper-
tensive encephalopathy, and luxury perfusion syndrome, 
among others.45 Consequently, autoregulatory mech-
anisms maintain cerebral blood flow constant despite 
changing cerebral perfusion pressures. If autoregulation is 
disrupted (either due to pathology or when autoregulatory 
limits are exceeded), large increases in cerebral blood vol-
ume can have negative consequences including elevated 
intracranial pressure, endothelial damage, blood–brain 
barrier disturbance, edema, and hemorrhage.

One limitation of this work was the use of pentobarbi-
tal, an anesthetic that has been linked to impaired cerebral 
autoregulation.25,46 However, we found that cerebral he-
modynamics increase with the sudden increase in MAP, 
but oxygenation and perfusion recover faster compared to 
MAP. This suggests that MAP was not driving the changes 
in cerebral hemodynamics and that cerebral autoregulation 
was intact. Additionally, in recent work showing similar 
findings,40 isoflurane was used as the anesthetic. In general, 
use of anesthetics can also impair autoregulation in hu-
mans, as there is evidence suggesting that the effect of PE 
administration on awake humans leads to a larger decrease 
in cerebral saturation when compared with anesthetized 
subjects.2 Cerebral autoregulation disturbances are import-
ant to assess and control, especially in clinical settings, be-
cause the brain does not store oxygen, and any disruption in 
blood flow could quickly result in tissue hypoxia.

Another limitation of this study was the smaller sample 
size for the brain versus the leg due to positioning errors 
leading to the device not probing the brain correctly in a 
few rats. This was discovered when the DCS data showed 
similar diffusion coefficients in the two microvascular 
beds, while the brain measurements should be distinctly 
higher than those of the muscle. This also resulted in a 
reduced sample size for the perfusion measurements.

Future work will investigate the microvascular re-
sponse to PE in sick or otherwise unhealthy animals, as 
phenylephrine is most commonly used to restore normal 
blood pressure during hypotension. This might explain 

postoperative delirium linked with PE47 or the lack of 
change in cerebral oxygenation using invasive oxygen 
probes in humans undergoing craniotomy.43 Additionally, 
hemoglobin concentration did not return to baseline lev-
els during the collection window, suggesting that the col-
lection window should be extended to determine whether 
phenylephrine causes a lasting effect on hemoglobin and 
oxygen saturation levels. Furthermore, the potential dif-
ference in microvascular responses to infusion versus 
bolus PE injection would be an interesting question to 
investigate. Finally, translating this work to study the ef-
fect of PE in humans through methods less sensitive to 
extracerebral signal contamination such as time-resolved 
NIRS, MRI, and perfusion CT could be provide additional 
insights.

5   |   CONCLUSION

A hybrid hs-NIRS/DCS system was developed and used to 
concurrently study the effects of the same PE bolus injec-
tion on the brain and skeletal muscle. The muscle showed 
decreased oxygenation and perfusion, whereas the brain 
showed the opposite, suggesting a redistribution of flow 
from the periphery to the cerebral circulation. Using hs-
NIRS and DCS to simultaneously monitor cerebral and 
muscle hemodynamics during a PE injection provided 
new insights into its effects on different microvascular 
beds. This study further reveals the potential confounding 
effects of extracerebral signal contamination observed in 
previously reported cerebral desaturation events follow-
ing PE injection.
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