
Critical Care Explorations	 www.ccejournal.org          1

DOI: 10.1097/CCE.0000000000001111

Copyright © 2024 The Authors. 
Published by Wolters Kluwer Health, 
Inc. on behalf of the Society of 
Critical Care Medicine. This is an 
open-access article distributed under 
the terms of the Creative Commons 
Attribution-Non Commercial-No 
Derivatives License 4.0 (CCBY-
NC-ND), where it is permissible to 
download and share the work pro-
vided it is properly cited. The work 
cannot be changed in any way or 
used commercially without permis-
sion from the journal.

Amirali Mirsajadi, BSc1

Dustin Erickson, BSc2

Soumya Alias, MSc2

Logan Froese, PhD1,3

Amanjyot Singh Sainbhi, BEng1

Alwyn Gomez, MD4,5

Raju Majumdar, BSc2

Isuru Herath, BEng1

Maggie Wilson, RN, MSc2

Ryan Zarychanski, MD, MSc2,6

Frederick A. Zeiler, MD, PhD1,3,4,5,7

Asher A. Mendelson, MD, PhD1,2,8

on behalf of the Microvasclar 
Monitoring in Circulatory 
Shock and Sepsis (MiMICSS) 
Investigators and the Canadian 
Critical Care Translational 
Biology Group

OBSERVATIONAL STUDY

Microvascular Autoregulation in Skeletal 
Muscle Using Near-Infrared Spectroscopy and 
Derivation of Optimal Mean Arterial Pressure 
in the ICU: Pilot Study and Comparison With 
Cerebral Near-Infrared Spectroscopy
IMPORTANCE: Microvascular autoregulation (MA) maintains adequate tissue 
perfusion over a range of arterial blood pressure (ABP) and is frequently impaired 
in critical illness. MA has been studied in the brain to derive personalized hemo-
dynamic targets after brain injury. The ability to measure MA in other organs is not 
known, which may inform individualized management during shock.

OBJECTIVES: This study determines the feasibility of measuring MA in skeletal 
muscle using near-infrared spectroscopy (NIRS) as a marker of tissue perfusion, 
the derivation of optimal mean arterial pressure (MAPopt), and comparison with 
indices from the brain.

DESIGN: Prospective observational study.

SETTING: Medical and surgical ICU in a tertiary academic hospital.

PARTICIPANTS: Adult critically ill patients requiring vasoactive support on the 
first day of ICU admission.

MAIN OUTCOMES AND MEASURES: Fifteen critically ill patients were enrolled. 
NIRS was applied simultaneously to skeletal muscle (brachioradialis) and brain (frontal 
cortex) while ABP was measured continuously via invasive catheter. MA correlation in-
dices were calculated between ABP and NIRS from skeletal muscle total hemoglobin 
(MVx), muscle tissue saturation index (MOx), brain total hemoglobin (THx), and brain 
tissue saturation index (COx). Curve fitting algorithms derive the MAP with the lowest 
correlation index value, which is the MAPopt.

RESULTS: MAPopt values were successfully calculated for each correlation 
index for all patients and were frequently (77%) above 65 mm Hg. For all correla-
tion indices, median time was substantially above impaired MA threshold (24.5–
34.9%) and below target MAPopt (9.0–78.6%). Muscle and brain MAPopt show 
moderate correlation (MVx–THx r = 0.76, p < 0.001; MOx–COx r = 0.69, p = 
0.005), with a median difference of –1.27 mm Hg (–9.85 to –0.18 mm Hg) and 
0.05 mm Hg (–7.05 to 2.68 mm Hg).

CONCLUSIONS AND RELEVANCE: This study demonstrates, for the first time, the 
feasibility of calculating MA indices and MAPopt in skeletal muscle using NIRS. Future 
studies should explore the association between impaired skeletal muscle MA, ICU 
outcomes, and organ-specific differences in MA and MAPopt thresholds.

KEYWORDS: critical care; hemodynamic monitoring; microcirculation; near-
infrared spectroscopy; skeletal muscle

Hemodynamic monitoring in the ICU is used for the management of 
patients with circulatory failure and shock and has traditionally fo-
cused on systemic parameters such as blood pressure, cardiac output, 
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and lactate (1). Often, these systemic parameters also 
serve as universal resuscitation targets, such as the 
minimum threshold of 65 mm Hg for mean arterial 
pressure (MAP) in hypotensive patients. Recently, 
these systemic hemodynamic parameters have been 
augmented with clinical markers of peripheral perfu-
sion, such as capillary refill time (CRT) (2), which can 
be used as surrogate measurements for the status of 
the microcirculation (3) and applied to guide resusci-
tation (4). Although microvascular status and periph-
eral perfusion correlate better with ICU outcomes than 
systemic hemodynamics (5), knowledge gaps still exist 
regarding how they can be incorporated into routine 
clinical practice.

Microvascular autoregulation (MA) denotes the 
ability of the microcirculation to regulate blood flow 
over a range of systemic blood pressures to ensure 
adequate tissue perfusion and oxygen delivery; MA 
is frequently disrupted during critical illness and 
contributes to organ failure. This concept has been 
most widely studied in the field of neurocritical care, 
where cerebral MA has been measured as the cor-
relation between blood pressure and invasive (e.g., 
intracranial pressure monitoring) and noninvasive 
(e.g., near-infrared spectroscopy [NIRS]) modalities 
(6). MA can be used to derive personalized hemo-
dynamic targets such as optimal cerebral perfusion 

pressure (CPPopt) for management of brain injury 
(7–9), and impaired cerebral MA has been associ-
ated with poor outcomes in these patient popula-
tions (10–13).

Skeletal muscle is the largest organ by mass, the 
main site of action for vasoactive medications, and 
a main determinant of systemic vascular resistance; 
therefore, it serves as an important and accessible he-
modynamic organ for evaluating peripheral tissue per-
fusion. Although the concept of blood flow regulation 
within skeletal muscle microcirculation is widely ac-
cepted with both preclinical foundations (14, 15) and 
applications within exercise physiology (16), the pres-
ence of MA in skeletal muscle has not been assessed in 
the critical care setting. The goal of this study is to de-
termine the ability to measure MA in skeletal muscle 
using NIRS in the ICU, as well as calculating optimal 
MAP (MAPopt) from skeletal muscle-derived MA 
indices. We will also compare MAPopt values from 
skeletal muscle and brain to evaluate organ-specific 
hemodynamic discrepancies. These novel hemody-
namic metrics from the peripheral microcirculation 
may inform personalized hemodynamic management 
of patients with shock (17), including individualized 
blood pressure targets (18).

METHODS

Study Details

This prospective observational cohort study was con-
ducted at the Winnipeg Health Science Center Medical 
and Surgical ICUs from May 2022 to July 2023. All re-
search practices and protocols were approved by the 
University of Manitoba, Biomedical Research Ethics 
Board HS25043 (September 15, 2021), and by the 
Shared Health Approval Committee SH2021-147 
(November 21, 2021) for the study entitled “MIMICSS: 
Microvascular Monitoring in Circulatory Shock in 
Sepsis: Longitudinal Observational Cohort Study” in 
accordance with the Declaration of Helsinki; the study 
was registered at clinicaltrials.gov (NCT05985525). 
The study enrolled adult critically ill patients on the 
first day of ICU admission that required vasoactive 
medications to maintain MAP above 65 mm Hg; me-
chanical ventilation was an additional inclusion cri-
terion to minimize movement artifacts and optimize 
data quality. Data on patient demographics, clinical 
history, and laboratory values were collected from the 

 
KEY POINTS

Question: In critically ill patients requiring vaso-
active support, can microvascular autoregulation 
(MA) indices be measured in skeletal muscle using 
near-infrared spectroscopy (NIRS), and can an op-
timal mean arterial pressure (MAPopt) be calcu-
lated that minimizes impairments in MA?

Findings: In this observational cohort of fifteen 
patients, skeletal muscle MA indices and MAPopt 
were successfully derived for each patient. Patients 
frequently had MA indices above a dysfunctional 
threshold, and blood pressure below their target 
MAPopt.

Meaning: This study describes, for the first time, 
the measurement of skeletal muscle MA and 
MAPopt using NIRS in critically ill patients, which 
may inform personalized management of patients 
with shock.
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medical records. Monitoring was initiated with de-
ferred consent; written informed consent was obtained 
from the patient or substitute decision-maker as soon 
as possible for all enrolled patients.

Microvascular Monitoring Using High-
Resolution NIRS

In this study, high-resolution NIRS (hr-NIRS) was 
used to assess MA in critically ill patients. One de-
vice (PortaMon; Artinis Medical Systems, Elst, 
Netherlands) was positioned on the skeletal muscle 
(brachioradialis), whereas the other device (PortaLite; 
Artinis Medical Systems) was placed on the fore-
head 3–4 cm above the eyebrow (frontal cortex); the 
setup is shown in Supplementary Figure 1 (http://
links.lww.com/CCX/B352). Differential path length 
(DPF) is set for the muscle at four, and DPF is set for 
the brain based on the age-recommended values from 
the manufacturer. These spectrometers record at high 
temporal resolution (10 Hz) and employ a spatially re-
solved spectroscopy method using three light trans-
mitters and one receiver (30, 35, and 40 mm). Each 
transmitter-receiver pair measures the relative change 
in oxyhemoglobin and deoxyhemoglobin concen-
trations and the relative change in total hemoglobin 
(HbT) concentration; we used the 40 mm distance in 
our analysis to maximize tissue penetration depth. 
Using all three transmitter-receiver pairs enables the 
approximation of the tissue scattering coefficient and 
calculation of tissue saturation index (TSI), analogous 
to tissue oxygen saturation (Sto2, regional cerebral ox-
ygen saturation) reported with similar NIRS systems. 
NIRS data are transmitted via Bluetooth to the NIRS 
software (OxySoft; Artinis Medical Systems). Arterial 
blood pressure (ABP) was measured via an invasive ar-
terial catheter zeroed at the level of the right atrium, 
inserted by the clinical team as part of the standard of 
care, and acquired continuously with a DT9804 (Data 
Translation, Marlboro, MA) data acquisition module 
from the bedside ICU monitor at 100 Hz. All the 
NIRS and ABP signals were merged and synthesized 
in ICM+ (Cambridge Enterprises, Cambridge, United 
Kingdom) software for further processing. Before re-
cording, the thickness of adipose tissue was measured 
over the brachioradialis using a standard ultrasound 
and linear probe (Sonosite, Toronto, ON, Canada) and 
the finger capillary refill test was conducted on each 
patient as previously described (4).

Microvascular Autoregulation and Derivation of 
Optimal Mean Arterial Pressure

Raw NIRS and ABP signals were manually inspected, 
and motion artifacts were removed using the ICM+ ar-
tifact cleaning tool. MA was determined based on the 
correlation between the NIRS signal and ABP, as has 
been described previously for cerebral NIRS (19). To 
minimize the influence of high-frequency components 
of respiratory and cardiac activities, as well as focus on 
the microvascular frequencies, a 10-second moving 
average was applied to the signals (9). Subsequently, 
the averaged ABP was designated as MAP. A Pearson 
correlation analysis was then conducted between 
MAP and each of the four NIRS signals within a  
5-minute window, with updates every minute. These 
correlation coefficients are denoted as muscle HbT 
(MVx), brain HbT (THx), muscle TSI (MOx), and 
brain TSI (COx). This is a standard approach in sim-
ilar studies to calculate autoregulation indices (9, 20, 
21). Under normal conditions, correlation indices are 
presumed to have a low or negative value, reflecting 
intact MA; in disease conditions, these indices be-
come strongly positive reflecting a pressure-passive 
system with a loss of MA (6).

MAPopt was determined using the four correlation 
indices listed above: MVx, THx, MOx, and COx. The 
procedure for calculating MAPopt was executed using 
ICM+ software. After preprocessing to achieve normal 
distribution, each index is grouped into MAP-based 
bins, and an error bar chart illustrates the relationship 
between the correlation index and MAP. Adjustments 
to the default ICM+ configuration can be made, such 
as reducing the exclusion threshold or modifying the 
width of the MAP bins. The algorithm aims to fit a 
curve to this plot, ideally forming a smooth U-shaped 
pattern. It follows specific criteria to ensure the quality 
of the curve fit, including the exclusion of outlier bins, 
representing at least 50% of all data points within the 
analyzed window period, and accounting for a min-
imum of 20 mm Hg of MAP fluctuation. If the criteria 
are met, the algorithm stops, returning the minimum 
of the fitted curve as the MAPopt value, which is the 
MAP with the best preserved MA. In some scenarios, 
only the ascending or descending sections of the curve 
may be available within the given MAP range, and 
the minimum value of these curves is reported as the 
MAPopt (20). Because of the relatively short length 
of our recording (hr), this algorithm was executed on 
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a fixed window spanning the entire duration of each 
recording session for each patient, as described orig-
inally by Steiner et al (22) for the CPPopt method. 
However, we also explored newer methodologies, in-
cluding the optimal flex window method (23), and 
with various window sizes (1–8 hr) and MAP bin 
widths (2–5 mm Hg).

Statistical Analysis

The statistical analysis was performed using the Prism 
software package (GraphPad Software, La Jolla, CA). 
Data are reported as mean ± sd or median (interquar-
tile range [IQR]), where appropriate. Descriptive sta-
tistics for MA indices are reported with the median, 
IQR, and coefficient of variation over the course of the 
recording. Additionally, the time, percentage of total 
recording, and dose per hour where the MA correlation 
indices exceeded the predetermined threshold of 0.3 
were quantified. This threshold has been widely used 
in previous research to identify high irregular covari-
ation between systemic and microvascular regulation 
(13, 24–27). In addition to calculating the MAPopt for 
each MA index for each patient, the percentage of time 
spent below the MAPopt of each index was also com-
puted. This metric may signify impaired MA, as pre-
vious studies have linked the percentage of time below 
the CPPopt to a higher risk of death in traumatic brain 
injury patients (28–31). The Pearson correlation was 
calculated to assess the association between MAPopt 
values derived from brain and muscle signals, and be-
tween HbT- and TSI-derived MAPopt, at a 5% level of 
significance.

RESULTS

Patient and Monitoring Characteristics

A total of 15 patients were included in this study, with 
demographics presented in Table 1. During the study 
period, 180 patients were screened, with a flow dia-
gram of recruitment included in the Supplementary 
Material (http://links.lww.com/CCX/B352). The av-
erage duration of patient recording was 394 ± 229 min-
utes; following the removal of motion artifacts, the 
signals demonstrated an average duration of 329 ± 168 
minutes. Among these participants, four of 15 patients 
(26.7%) were female. The mean ± sd age of the cohort 
was 63 ± 14 years, and ten of 15 patients (66.7%) had 

a diagnosis of sepsis. Ten of 15 patients (67%) had 
some form of preexisting cardiovascular comorbidity, 
including hypertension, diabetes, vascular disease, or 
heart failure. The median (IQR) norepinephrine dose 
was 0.13 µg/kg/min (0.08–0.17 µg/kg/min) during the 
recording period; nine of 15 patients (60%) were also 
on vasopressin (eight patients at 0.04 U/min, one pa-
tient at 0.02 U/min). Median (IQR) serum lactate lev-
els were 1.8 mmol/L (1.45–3.00 mmol/L) and CRT was 
normal (< 3 s) for 12 of 15 patients (80%). Adipose tis-
sue thickness overlying the brachioradialis muscle was 
3.4 ± 1.0 mm (n = 13 patients, two patients with miss-
ing data). Sensors were placed on the forearm and fore-
head ipsilaterally in 11 patients and contralaterally in 
three patients (n = 14, one patient with missing data).

Impaired Microvascular Autoregulation in 
Critically Ill Patients in Skeletal Muscle and 
Brain

The correlation indices between each NIRS and MAP 
signal provide an evaluation of MA within skeletal 
muscle and brain. The median (IQR) value of each 
index is computed as follows: MVx: –0.02 (–0.06 
to 0.09), THx: –0.02 (–0.11 to 0.20), MOx: 0.12 (0.02–
0.28), and COx: 0.11 (0.05–0.21). These correlation in-
dices also exhibit notable fluctuations within the same 
patient recording, with coefficients of variation of 

TABLE 1.
Demographics for the Patients in the Cohort

Patient Demographic n = 15

Age (yr) 63 ± 14

Female 4/15

Sepsis 10/15

Norepinephrine dose (µg/kg/min) 0.13 (0.08–0.17)

Vasopressin 9/15

Lactate (mmol/L) 1.8 (1.45–3.00)

Acute Physiology and Chronic Health 
Evaluation II score

19 (15.5–23)

Capillary refill time < 3 s 12/15

Mean arterial pressure (mm Hg) 74 ± 3

Heart rate 90 ± 19

Arterial blood pressure range (mm Hg) 38 (29.5–46.0)

Data are represented as mean ± sd, median (interquartile range), 
or proportion of the total cohort.

http://links.lww.com/CCX/B352
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1445% for MVx, 617% for THx, 1017% for MOx, and 
418% for COx. To evaluate the extent of autoregulation 
impairment in patients, the percentage of time dur-
ing which the correlation index of each signal exceeds 
the threshold of 0.3 is calculated. These values are re-
ported as median (IQR): MVx: 29.7% (22.3–33.6%), 
THx: 24.5% (12.9–41.0%), MOx: 33.9% (24.9–56.0%), 
and COx: 34.9% (24.0–40.0%), as shown in Figure 1. 
Furthermore, to assess the magnitude of autoregula-
tion impairment, the dose for which each signal re-
mains above the 0.3 threshold per hour is computed, 
with values detailed in Supplementary Table 1 (http://
links.lww.com/CCX/B353).

Derived MAPopt From Skeletal Muscle and 
Cerebral NIRS Signals

The MAPopt values were successfully determined for 
each correlation coefficient across all patients. Twenty-
four of 60 signals required adjustment to default 
ICM+ settings, as described in Supplementary Table 
1 (http://links.lww.com/CCX/B353). Figure 2 serves 
as an illustrative example of ICM+ output, showcas-
ing the process of calculating MAPopt. This figure 
displays the MAP, THx, THx, MVx, and MVx signals 
recorded over an approximately 8-hour session. Areas 
with no data correspond to segments where motion 
artifacts were removed. The figure also demonstrates 
the mean values of THx and MVx plotted in 5 mm Hg 
bins of MAP, fitted by a U-shaped curve that identi-
fies the MAPopt at its nadir. As shown in Figure 3, 
the calculated MAPopt values for the cohort are pre-
sented as median (IQR): MVx–MAPopt 62.35 mm Hg 

(62.07–79.40 mm Hg); THx–MAPopt 76.14 mm Hg 
(70.61–82.86 mm Hg); MOx–MAPopt 75.98 mm Hg 
(70.15–82.70 mm Hg); and COx–MAPopt 77.65 mm 
Hg (73.76–81.87 mm Hg). MAPopt values for each cor-
relation index were above 65 mm Hg for seven patients 
(47%), 13 patients (87%), 12 patients (80%), and 14 
patients (93%) for MVx, THx, MOx, and COx, respec-
tively. Among the 60 MAPopt values analyzed in this 
study—four values for each MA index per patient—30 
signals (50.0%) exhibited a U-shaped curve in their 
plot of MA index vs. MAP. Sixteen signals (26.7%) 
demonstrated a descending curve along the MAP axis, 
and 14 signals (23.3%) displayed an ascending curve. 
We also explored various algorithm configurations, 
involving window lengths of 1, 2, 4, and 8 hours, as 
well as bin widths of 3, 4, and 5 mm Hg. The median 
MAPopt, IQR, and yield percentage for each configu-
ration are provided in Supplementary Table 1 (http://
links.lww.com/CCX/B353); overall, there was low var-
iability between each of these configurations with only 
modest differences in derived MAPopt. The propor-
tion of time during which blood pressure remained 
below the determined MAPopt is also assessed, rep-
resented as median (IQR): 9.0% (3.0–77.5%) for MVx, 
73.1% (25.0–87.0%) for THx, 49.7% (27.0–88.4%) for 
MOx, and 78.6% (46.7–89.5%) for COx, as shown in 
Figure 1.

Correlation and Comparison of MAPopt Values 
Derived From Skeletal Muscle and Brain NIRS

The correlation between skeletal muscle- and brain-
derived MAPopt is shown in Figure 4. Pearson cor-

relation coefficient between 
MVx–MAPopt and THx–
MAPopt is r = 0.76 (p < 
0.001; CI, 0.41–0.92), and 
between MOx–MAPopt 
and COx–MAPopt is r = 
0.69 (p = 0.005; CI, 0.27–
0.89), suggesting a mod-
erate correlation between 
MAPopt values derived 
from muscle and THx and 
TSI signals. However, the 
difference between the 
calculated HbT–MAPopt 
values and the TSI-MAPopt 
values of the muscle and 

Figure 1. The percentage of time that each microvascular autoregulation (MA) correlation index 
exceeds the impairment threshold of 0.3 and the percentage of time that mean arterial pressure 
(MAP) is below the calculated optimal MAP (MAPopt). Plots represent median, interquartile range, 
and minimum–maximum for the cohort. COx = brain tissue saturation index, MOx = muscle tissue 
saturation index, MVx = muscle total hemoglobin, THx = brain total hemoglobin.

http://links.lww.com/CCX/B353
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brain shows some notable differences. As shown in 
Figure 5, these calculations yielded a median (IQR) 
difference of –1.27 mm Hg (–9.85 to –0.18 mm Hg) 
and 0.05 mm Hg (–7.05 to 2.68 mm Hg), respec-
tively. The correlation between HbT- and TSI-derived 
MAPopt values for the same patient was also calcu-
lated: MVx–MOx correlation is r = 0.58 (p = 0.022; CI, 
0.10–0.84), and THx–COx correlation is r = 0.65 (p = 
0.009; CI, 0.21–0.87).

DISCUSSION

In this observational study, we used hr-NIRS to simul-
taneously monitor microvascular perfusion in skeletal 
muscle (brachioradialis) and brain (frontal cortex) in 
ICU patients requiring vasoactive medication on the 

first day of ICU admission. We determined the correla-
tion between ABP and NIRS (HbT and TSI) at both an-
atomical sites and derived the optimal MAP (MAPopt) 
that minimizes this correlation coefficient—which 
is proposed to be the target MAP that best preserves 
MA. To the best of our knowledge, we have shown for 
the first time in an ICU setting the presence of MA 
in skeletal muscle, MAP-dependent variation in these 
MA indices, and the derivation of MAPopt for skeletal 
muscle. This study is also noteworthy for demonstrat-
ing in a general ICU population that: 1) patients experi-
ence a significant burden of microvascular dysfunction 
in both skeletal muscle and brain, as quantified by the 
proportion of time above the threshold of MA (0.3) on 
the first day of ICU admission and 2) MAPopt in skel-
etal muscle and brain can differ dramatically within 

Figure 2. Derivation of optimal mean arterial pressure (MAPopt) from a representative time series from a single patient. Near-infrared 
spectroscopy signals from brain total hemoglobin (HbT) (THx) and muscle HbT (MVx), with the removal of motion artifacts and 10-s 
moving average filter, are used to derive a correlation index with arterial blood pressure denoted as THx and MVx, respectively. The error 
bar charts of THx and MVx vs. mean arterial pressure (MAP) bins are used to fit a U-shaped curve that calculates the nadir as MAPopt; 
this is the MAP with best preservation of microvascular autoregulation. In this particular patient, the fitted MAPopt curves derived from 
the brain and muscle exhibit a high degree of similarity, despite differences in the correlation indices for each MAP bin between the two 
organs.
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the same patient and are not uniform between patients 
in the cohort.

The heterogeneity of MAPopt values in this cohort 
suggests an opportunity for personalized hemody-
namic management based on microvascular status in 
patients with circulatory shock (17, 18), as has been 
proposed with CPPopt in traumatic brain injury (7, 29, 
32). As shown in Figure 3, the MAPopt targets from 
both skeletal muscle and brain are commonly above 
the universal threshold of 65 mm Hg that is prescribed 
for critically ill patients. Asfar et al (33) did not show a 
benefit to targeting a MAP of 80 vs. 65 mm Hg in septic 
patients, but this was applied uniformly across the en-
tire study population. The ANDROMEDA investiga-
tors have incorporated a “vasopressor test” of raising 
MAP with norepinephrine using a target of 80–85 mm 
Hg after volume resuscitation in patients with per-
sistently abnormal CRT (4, 34). Interestingly, 12 of 15 
patients in our current study had normal CRT of less 
than 3 seconds, despite many remaining below their 
MAPopt target. Huang et al (35) found that sublin-
gual microcirculation was abnormal (microcirculatory 
flow index < 2.6) in 34 of 228 patients (15%) with pre-
served CRT. Therefore, future research should evaluate 
whether using advanced physiologic metrics such as 

MAPopt may confer additional benefits for selected 
patients above clinical markers of perfusion and how 
they can be incorporated into contemporary resusci-
tation protocols.

Our results align with previous literature, highlight-
ing the prevalence of microvascular dysfunction (36, 
37) and impaired cerebral MA (38, 39) in a general 
ICU population. While static (Sto2) and dynamic (vas-
cular occlusion test) peripheral NIRS-derived indices 
correlate with adverse ICU outcomes in sepsis (40), 
integrating Sto2 into a treatment protocol did not im-
prove survival, and resulted in more days of mechan-
ical ventilation and RBC transfusion (41). Recently, 
Bruno et al (42) randomized patients with shock to 
provide clinicians with an assessment of sublingual 
microcirculation, but this did not confer a survival 
benefit despite frequent changes to management; this 
study was criticized for not connecting these sublin-
gual measurements with a specified intervention (43). 
In this regard, skeletal muscle MAPopt presented in 
our study may overcome some of these limitations, as 
this will also define a specific treatment—titration of 
vasoactive medications to achieve the target MAPopt.

The comparison between MAPopt in skeletal muscle 
and brain is a novel and important finding from our 
study. Our data shows that although a correlation 
in MAPopt values exists between muscle and brain 
(Fig. 4), the actual MAPopt targets for skeletal muscle 
can be either above, below, or the same as for the brain 
and that these targets can differ depending on whether 
they are based on HbT- or TSI-derived indices of MA 
(Fig. 5). Our findings may suggest that hemodynamic 
resuscitation targets require not only patient-specific 
adjustments but also organ-specific considerations. 
Although MAP is a primary determinant of cerebral 
blood flow, MAP itself is determined by systemic vas-
cular resistance in skeletal muscle. Furthermore, skel-
etal muscle blood flow control is under a high degree 
of sympathetic tone (14) and a primary site of action 
for vasoactive medications, whereas cerebrovascular 
networks exhibit predominantly myogenic control (44, 
45) and MA in the brain appears relatively insensitive 
to changes in vasopressor dosage (46). Furthermore, 
the role of astrocytes and pericytes in microvascular 
flow regulation is well-described in the brain (47, 48), 
but corollary cell types and mechanisms in skeletal 
muscle are either absent or noncontributory. Prior 
studies have examined the discrepancies between 

Figure 3. Optimal mean arterial pressure (MAPopt) values of the 
cohort derived from each of the four microvascular autoregulation 
(MA) indices. MA indices reflect the correlation between arterial 
blood pressure and muscle total hemoglobin (MVx), brain total 
hemoglobin (THx), muscle tissue saturation index (MOx), and 
brain tissue saturation index (COx). Line represents the median 
value.
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sublingual microcirculation and intestinal perfusion 
(49, 50), as well as the agreement between peripheral 
NIRS and hepatosplanchnic blood flow (51), but a 
paucity of literature has examined the interactions be-
tween peripheral and cerebral perfusion using nonin-
vasive monitoring techniques.

These organ-specific hemodynamic discrepancies 
raise interesting considerations regarding the patho-
physiology of shock states the potential applications of 
MAPopt for resuscitation management. For example, 
redistribution of blood flow away from skeletal muscle 
is a protective mechanism to preserve vital organs 
(44), and CRT is a peripheral perfusion metric that 
is commonly used in the early phase of resuscitation. 
However, when discrepancies exist between resusci-
tation targets of various organs, as between skeletal 
muscle and brain MAPopt in this study, the priority 
and timing of how they are treated remains an un-
answered question. Muscle MAPopt—as a marker of 
general perfusion—may be the initial resuscitation 
priority, and then brain MAPopt may require further 
optimization after general perfusion is achieved; alter-
natively, brain MAPopt might be a primary resuscita-
tion target from the onset of shock. Furthermore, the 
impact of raising blood pressure with vasopressors to 
achieve MAPopt in one organ may have deleterious 

Figure 5. The difference between optimal mean arterial 
pressure (MAPopt) values of muscle and brain using near-
infrared spectroscopy signals for total hemoglobin (muscle total 
hemoglobin [MVx]– brain total hemoglobin [THx]) and tissue 
saturation index (muscle tissue saturation index [MOx]–brain 
tissue saturation index [COx]) for each patient in the cohort. 
Across the cohort, MAPopt in skeletal muscle can higher, lower, 
or nearly identical to the MAPopt in the brain. Line represents the 
median value.

Figure 4. Correlation between optimal mean arterial pressure (MAPopt) values obtained from muscle and brain near-infrared 
spectroscopy (NIRS) for each patient in the cohort, derived from correlation indices from NIRS total hemoglobin (muscle total 
hemoglobin [MVx], brain total hemoglobin [THx]) and tissue saturation index (muscle tissue saturation index [MOx], brain tissue 
saturation index [COx]). A, Correlation between MVx–MAPopt and THx–MAPopt. B, Correlation between MOx–MAPopt and COx–
MAPopt. Values represent Pearson correlation coefficient (95% CI).
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effects for other organs. The relatively short monitor-
ing period in our study (hr) does not allow us to deter-
mine how MAPopt evolves throughout ICU admission 
(d), as has been shown with cerebral monitoring (9). 
This extended monitoring may determine how im-
paired MA and deviation from MAPopt relates to ICU 
outcomes such as duration of vasopressors, resolution 
of organ failure, and neurocognitive dysfunction (e.g., 
delirium), and inform how MAPopt targets can be in-
corporated into future resuscitation protocols.

This study is exploratory and has both technical 
and experimental limitations. Our use of research-
grade hr-NIRS equipment enabled access to raw op-
tical data at high temporal resolution (10 Hz) but was 
vulnerable to motion artifact; there is also no short-
distance channel to remove superficial signals, which 
can affect cerebral measurements. Furthermore, our 
use of a fixed-window MAPopt derivation was suitable 
for short monitoring sessions, but newer algorithms 
are currently being evaluated in the literature, both 
within existing software (e.g., optimal flex window 
methodology [23]) or designed de novo by research 
groups (38); newer methodology is still required to de-
rive MAPopt from continuous physiologic data in real 
time at the bedside. The choice of HbT- or TSI-derived 
indices of MA to best determine MAPopt is not estab-
lished; a comprehensive study in a swine model of car-
diac arrest compared many indices (52), and human 
studies in traumatic brain injury show that these in-
dices behave similarly (53). The small sample size of 
this cohort is meant to demonstrate the ability to cal-
culate MAPopt in skeletal muscle and is not intended 
to make general claims about specific target values. 
Larger studies may also help elucidate the contribution 
of chronic comorbidities (e.g., diabetes, peripheral ar-
terial disease) to the observed microvascular dysfunc-
tion. Last, it should be noted that, unlike for cerebral 
monitoring, impaired MA in skeletal muscle has not 
yet been associated with adverse ICU outcomes, nor 
is the threshold for abnormal MA of 0.3 identified 
in skeletal muscle. This will be a focus for our future 
research.

CONCLUSIONS

Measurement of microvascular autoregulation (MA) 
in skeletal muscle is feasible using NIRS in the ICU 
and can enable the calculation of MAPopt, which may 

serve as a novel resuscitation target. MAPopt values 
are not uniform for all patients in the ICU, and are 
frequently above the universal 65 mm Hg threshold. 
Furthermore, MAPopt values derived from skeletal 
muscle can be significantly different from those de-
rived in the brain. Future studies should explore the 
association between impaired skeletal muscle MA, 
ICU outcomes, and organ-specific differences in MA 
and MAPopt thresholds.
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