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Background: Vascular occlusion tests (VOTs) are widely used to assess 
microvascular function with near-infrared spectroscopy (NIRS), but protocols 
vary substantially, particularly in occlusion pressure and anatomical site. Most 
studies focus on the upper arm or thigh, with few studying distal limbs such as the 
wrist, highlighting the importance of standardizing wrist-based arterial 
occlusion pressures.
Methods: To address this gap, the present study examined the effects of two 
fixed occlusion pressures, 150 mmHg and 200 mmHg, applied at the wrist on 
the local muscle oxygenation dynamics. A total of 21 healthy participants 
underwent an 8-min experimental protocol comprising a 1-min baseline (no 
pressure), 3-min occlusion, and 4-min reperfusion period. Muscle 
oxygenation was continuously monitored from the thenar eminence of 
the occluded hand using a commercial near-infrared spectroscopy (NIRS) 
device (Moxy, Hutchinson, USA).
Results: Reactive hyperemia responses at the two pressures were compared for 
five distinct metrics: amplitude of muscle oxygen saturation (SmO2)

(p � 0.0065), time to maximum SmO2 (p � 0.235), and three first-derivative 
features: time to peak slope (p � 0.694), peak slope value (p � 0.019), and full 
width at half maximum (FWHM) (p � 0.46). Statistically significant differences 
were observed in amplitude of SmO2, and peak slope value. However, the 
temporal metrics such as time to max SmO2, time at peak slope value, and 
FWHM, were not significantly different.
Conclusion: Overall, this study supports the potential of wrist-based AOP 
protocols and highlights the importance of selecting appropriate occlusion 
pressures and anatomical sites to optimize vascular response while minimizing 
patient discomfort. Given the wrist’s anatomical advantages, incorporating wrist- 
based occlusion into daily practice and clinical assessments may enhance its 
translational potential as a pressure occlusion site.

KEYWORDS

arterial occlusion pressure, hemodynamic sensing, near infrared spectroscopy, reactive 
hyperemia, vascular occlusion

OPEN ACCESS

EDITED BY 

Philippe Velha, 
University of Trento, Italy

REVIEWED BY 

Dalton Müller Pessôa Filho, 
São Paulo State University, Brazil 
Pu-Chun Mo, 
National Cheng Kung University, Taiwan 
Hao-Nan Wang, 
Sichuan University, China

*CORRESPONDENCE 

Vanja Dvekar, 
vdvekar@torontomu.ca

RECEIVED 18 September 2025
REVISED 07 December 2025
ACCEPTED 12 December 2025
PUBLISHED 29 December 2025

CITATION 

Dvekar V, Sadrzadeh-Afsharazar F, DeVos L, 
Saiko G and Douplik A (2025) Near infrared 
spectroscopy assessment of wrist-based 
vascular occlusion protocols. 
Adv. Opt. Technol. 14:1707828. 
doi: 10.3389/aot.2025.1707828

COPYRIGHT 

© 2025 Dvekar, Sadrzadeh-Afsharazar, DeVos, 
Saiko and Douplik. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is 
permitted, provided the original author(s) and 
the copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic practice. 
No use, distribution or reproduction is permitted 
which does not comply with these terms.

Advanced Optical Technologies frontiersin.org01

TYPE Original Research
PUBLISHED 29 December 2025
DOI 10.3389/aot.2025.1707828

https://www.frontiersin.org/articles/10.3389/aot.2025.1707828/full
https://www.frontiersin.org/articles/10.3389/aot.2025.1707828/full
https://www.frontiersin.org/articles/10.3389/aot.2025.1707828/full
https://crossmark.crossref.org/dialog/?doi=10.3389/aot.2025.1707828&domain=pdf&date_stamp=2025-12-29
mailto:vdvekar@torontomu.ca
mailto:vdvekar@torontomu.ca
https://doi.org/10.3389/aot.2025.1707828
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/advanced-optical-technologies
https://www.frontiersin.org
https://www.frontiersin.org/journals/advanced-optical-technologies
https://www.frontiersin.org/journals/advanced-optical-technologies#editorial-board
https://doi.org/10.3389/aot.2025.1707828


1 Introduction

Vascular occlusion tests (VOTs) are procedures in which blood 
flow to a limb or tissue is temporarily interrupted, using an inflatable 
cuff, to assess local tissue oxygenation and vascular reactivity 
(Niezen et al., 2022; Bezemer et al., 2009; Niezen et al., 2023). 
Traditionally, VOTs have been used in research involving imaging 
and optical technologies, such as ultrasound imaging and near- 
infrared spectroscopy (NIRS).(Niezen et al., 2022; Bezemer et al., 
2009; Niezen et al., 2023; Harris et al., 2010; Willingham et al., 2016). 
NIRS has become a very popular tool in VOT, where common 
protocols include placing the device to the distal limbs, such as the 
forearm, hand, calf, or foot, with recommendation of the hand 
(thenar eminence) due to low levels of subcutaneous adipose tissue, 
glabrous skin, and good reproducibility amongst healthy 
participants (Mayeur et al., 2011; Gómez et al., 2009; Hendrick 
et al., 2024; Bezemer et al., 2009). Hemodynamic parameters 
frequently extracted from NIRS signals for analysis are 
oxygenated hemoglobin (HbO2), total hemoglobin (tHb), tissue/ 
muscle saturation/oxygenation index (StO2, SmO2, TSI), and area 
under the curve (AUC). This technology is commonly used 
alongside flow mediated dilation FMD, as a validation tool to 
provide different but complementary results (Hendrick et al., 2024).

Despite the extensive use of VOTs in research, the consensus on 
standardized protocols for VOTs remains limited, especially with 
respect to selecting appropriate cuff pressures, determining 
anatomical cuff placement, and accounting for participant comfort.

Across studies, considerable variability exists in the arterial 
occlusion pressures (AOP) and applications of sites. Pressures 
used during VOT’s typically range from partial to suprasystolic 
AOP (Jessee et al., 2016; Willingham et al., 2016; Vehrs et al., 2024). 
Clinically, torniquete cuff pressures of upper and lower extremities 
are set to 10 mmHg above systolic blood pressure (SPB) for partial 
occlusion, or 250 mmHg–300 mmHg for complete occlusion 
(Sharma et al., 2014; Souza et al., 2025). Suprasystolic pressures, 
often used in research, may be unnecessarily large, leading to 
discomfort in participants, while partial pressures, although may 
associate with higher comfort, may not exhibit the same 
hemodynamic response (Sun et al., 2024). Recent NIRS studies 
have demonstrated that occlusion pressure influences hyperemic 
responses, with larger occlusion generating greater reperfusion 
kinetics than significantly low pressures applied (Desanlis et al., 
2024). However, when comparing partial and suprasystolic 
pressures of arterial occlusion, the response of deoxygenation and 
re-oxygenation are not significantly impacted, suggesting lower 
pressures can be a more favourable approach to VOT’s.

The upper arm and thigh have become favourable sites when 
performing VOTs as they induce large volume ischemia across the 
extended limb, however, this simultaneously increases the volume of 
pain sensitivity (Krishnan et al., 2011; Soares et al., 2018). This 
introduces an interesting topic of measuring distal limbs such as the 
wrist, however, minimal studies evaluate VOT testing in the wrist 
(Futier et al., 2011).

Physiologically, the wrist presents several advantages as an 
occlusion site compared with the upper arm. The wrist contains 
two long bones, the radius and ulna, which distribute cuff pressure 
more evenly than the single humerus at the upper arm, reducing 
localized compression of neurovascular structures and discomfort 

during suprasystolic inflation (Forro et al., 2023). Furthermore, the 
radius and ulnar arteries supply blood to the wrist and hands, which 
are intertwined within the two bones, this may reduce pressure to 
vasculature that run between the bones, and therefore reduce 
discomfort during occlusion. Wrist occlusion primarily interrupts 
blood flow to the hand and intrinsic musculature, whereas brachial 
occlusion halts perfusion to a larger tissue volume, increasing 
ischemic distress (Imms et al., 1988; Forro et al., 2023).

Furthermore, the wrist has become a common site in devices 
that measure various cardiovascular health parameters, as it is more 
accessible for repeated measurements. The wrist also offers 
improved feasibility in individuals with obesity or large arm 
circumferences, where upper-arm cuff placement may be less 
accurate or uncomfortable as well require larger occlusion 
pressures (Hyttel-Sorensen et al., 2014; Lende et al., 2021; 
Thomas et al., 2015; Cunniffe et al., 2017). These anatomical and 
vascular distinctions provide a physiological rationale for evaluating 
wrist-based AOP, particularly when participant comfort and 
protocol reproducibility are priorities.

Therefore, this study aims to evaluate NIRS-derived vascular 
responses to wrist-applied occlusion pressures of 150 mmHg and 
200 mmHg. We hypothesize that 150 mmHg arterial occlusion 
pressure (AOP) will generate similar hemodynamic responses to a 
higher AOP of 200 mmHg while providing superior comfort, 
thereby supporting the wrist as a viable site for standardized 
VOT measurement.

2 Methods

2.1 Participants

This study was approved by the research ethics board, and 
written consent forms were obtained before each experiment. 
Twenty-one healthy participants (12 males and 9 females) were 
included in this study; Participants’ ages were 25 ± 3 years, with a 
mean resting blood pressure of 119 ± 13/78 ± 14 mmHg for males 
and 105 ± 13/73 ± 7 mmHg for females. The exclusion criteria for 
this experiment were: injuries or musculoskeletal pain, 
cardiovascular health issues, and participation in exercise prior to 
the experiment.

2.2 Instrumentation

2.2.1 NIRS device
MOXY was used to detect SmO2 during the experiment. The 

monitor consists of two detectors and a multi-wavelength emitter 
(see Figure 1 for wavelengths used), measuring SmO2 at a sampling 
frequency of 1 Hz with a built-in 10 s smoothing average filter, in the 
probed muscle tissue. MOXY accounts for both myoglobin (Mb)

and hemoglobin (Hb) when deriving muscle oxygenation through 
the following equation (Feldmann et al., 2019). 

SmO2 �
MbO2 +HbO2

tMb + tHb
(1)

Where MbO2 and HbO2 represent oxymyoglobin and 
oxyhemoglobin, respectively. Total myoglobin (tMb) and total 
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hemoglobin (tHb) denote the sum of their oxygenated and 
deoxygenated forms. NIRS technology is unable to 
distinguish between Mb and Hb, nevertheless, because the 
absorption spectra of these chromophores are highly similar, 
SmO2 can still be accurately derived from Equation 1
(Feldmann et al., 2019).

In the experimental design, MOXY was placed on the thenar 
eminence, a region characterized by a relatively high concentration 
of Mb due to its predominance of slow-twitch muscle fibers. Slow- 

twitch fibers are well documented to contain higher Mb

concentrations compared to fast-twitch fibers, where in slow- 
twitch muscles the concentration of Mb is approximately 
0.7 mM± 0.09 while in fast-twitch fibers it is reported to be 
0.49 mM± 0.07 (Plotkin et al., 2021; Jansson and Sylvén, 1983; 
Bekedam et al., 2009). Consequently, the SmO2 measurements 
obtained in this region of interest reflect greater myoglobin 
derived oxygen availability than would be expected in 
predominantly fast-twitch muscles.

FIGURE 1 
MOXY device and its optical properties. (Left) Top and bottom views of the MOXY device showing the emitter port, short-separation detector, and 
long-separation detector with corresponding source–detector distances (1.25 cm and 2.5 cm). (Right) Emitted excitation spectra of the MOXY device 
(blue line) overlaid with the molar extinction coefficients of oxyhemoglobin (green dashed line) and deoxyhemoglobin (magenta dashed line) in water, 
highlighting key wavelengths used for muscle oxygenation measurement.

FIGURE 2 
Experimental protocol with visual of MOXY placement and occlusion protocol.
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2.3 Study design

2.3.1 Experimental design
Participants sit with their hands placed side by side on a 

raised platform in a prone position. A pressure cuff is placed 
around the wrist and the MOXY device is placed on the thenar 
eminence of the palm of the experimental hand (see Figure 2). 
The forearms were supported on a stable surface, and the hands 
were positioned on a raised support to maintain consistent 
probe to skin contact. This configuration provided gentle 
upward pressure on the NIRS device and minimized wrist 
and hand movement to reduce motion artifacts. Additionally, 
the thenar eminence is an important target for vascular reflex 
adaptation, having an earlier and more amplified vascular 
response than many other tissues, and little signal influence 
of skin and fat tissue. Additionally, as we target occlusion at the 
wrist, not many muscles with these advantages are present in 
these distal regions (Bezemer et al., 2009; Niezen et al., 2022; 
Payen et al., 2009).

2.3.2 Occlusion protocol
Each participant underwent two trials of data collection which is 

broken down in Figure 2. In the first trial, the left wrist was occluded 
at 150 mmHg for 3 min. After a 5-min rest, the procedure was 
repeated on the right hand at the occlusion pressure of 200 mmHg.

Our study intentionally selected two pressures that reflect 
distinct but meaningful points on the spectrum of 
10 mmHg–300 mmHg AOP’s. The wrist has a smaller 
circumeference and therefore these pressures may be sufficient 
enough based on previous studies and the relationship between 
limb circumference and pressure (Sharma et al., 2014; Cunniffe 
et al., 2017).

The lower pressure, 150 mmHg, corresponds to 
approximately 10–30 mmHg above resting systolic pressure. 
Prior studies have shown that 30 mmHg above systolic 
pressure is often sufficient to achieve arterial cessation in the 
upper limb, which aligns with our participants’ mean systolic 
values (Sharma et al., 2014; Cunniffe et al., 2017) (see 
Supplementary Table S6).

The higher pressure, 200 mmHg, represents the lower boundary 
of the traditional body size independent suprasystolic pressures 
commonly used across studies Sharma et al. (2014); Cunniffe 
et al. (2017). This makes it a relevant comparator, as it is widely 
applied while still avoiding the excessively high pressures 
(> 250mmHg) that may induce unnecessary discomfort or risk.

5-min rest periods between the experiments for each hand were 
chosen based on previous literature (Thomson et al., 2009; 
Smielewski et al., 1997; Lubiak et al., 2025) where Sharma et al. 
(2014) showed that 5 min was a sufficient time to return to baseline.

Two arms were used in this experiment to avoid repeated 
pressure on a single arm. Due to the small sample size, the 
testing sequence was fixed, left hand followed by right, to ensure 
procedural consistency and reduce inter-participant variability.

2.3.3 Data collection
Data collection followed the same steps for each occlusion 

condition: Baseline: A 1-min baseline reading was collected with 
no cuff pressure. During the Occlusion Period: The wrist cuff was 

inflated to the target pressure (150 mmHg left hand or 200 mmHg 
right hand) and held for 3 min. Finally, during the Reperfusion 
Period: The cuff was deflated, and SmO2 was monitored for 4 min. 
At the 8-min mark, data collection was stopped. After a 5-min 
rest, the protocol was repeated on the contralateral limb seen 
in Figure 2.

2.4 Signal overview

An example signal from the MOXY is depicted in Figure 3. The 
baseline reading is taken for 1 min, where there are no changes in 
blood oxygen saturation. Following baseline, occlusion occurs for a 
3-min period, where the arterial flow is diminished, causing a 
decrease in oxygenated blood. During post-occlusion, there is a 
significant reperfusion to previously occluded areas; this is due to 
reactive hyperemia, leading to a transient increase in arterial 
diameter, causing an overshoot in oxygenation.

2.5 Signal processing

Signal processing methods were applied using MATLAB 2023b 
Software (Mathworks, Natick, MA, USA) to the MOXY data 
following acquisition to improve signal quality. The raw data was 
smoothed using a filter implemented via MATLAB’s smooth 
function, with a window size of 5, to reduce high-frequency 
noise. Outliers were then identified and corrected using the 
filloutliers function, which replaces aberrant points with 
values obtained through linear interpolation between 
neighbouring non-outlier samples. This approach removes 
significant signal fluctuations while preserving the physiological 
and temporal characteristics of the hemodynamic response.

To standardize the data across participants and facilitate 
comparison, all reactive hyperemic signals were isolated and 
baseline-corrected by setting the initial x (time) and y (signal) 
values to zero. This was implemented in MATLAB by 
subtracting the first value of the time vector from all subsequent 
time points and subtracting the first signal value from all subsequent 
signal measurements. This procedure ensured that all signals started 
from a common origin, preserving the shape and dynamics of the 
hemodynamic response while removing offsets. The first derivative 
test was performed on the reactive hyperemic component using the 
MATLAB 2023b Software (Mathworks, Natick, MA, USA). The 
numerical gradient function was used as it estimates the partial 
derivatives in each dimension using the function’s known values at 
specific points. To compute the first derivative, the function grad(x) 
was used in MATLAB where ∂F/∂x finds the differences in the x 
(horizontal) direction of the muscle oxygen saturation.

2.6 Data analysis

The primary analysis is performed on the RH period seen in 
Figure 3a. The time zero-point was reset at the commencement 
of the reperfusion period. From the SmO2 time series during the 
RH period, maximum muscle oxygenation (Max SmO2), and 
time to maximum oxygenation were extracted while the first 
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derivative was used to obtain the peak slope (maximum 
dSmO2/dt), its timing, and the full width at half maximum 
(FWHM), which can be visualized in Figure 3b.

The amplitude reflects the overall change in oxygen saturation, 
while time to maximum indicates the delay to peak oxygenation. 
Peak slope and time to peak slope quantify the rate and timing of 
oxygen delivery, and FWHM measures the duration of elevated 
SmO2. Together, these parameters capture both the magnitude and 
temporal characteristics of microvascular function following 
cuff release.

These parameters are commonly assessed in VOT’s, particularly 
the upslope, time to maximum saturation, and area under the curve 
(AUC). To enable more detailed analysis, additional measurements 
of the AUC were calculated for the ascending phase, peak, and 
descending phase of the SmO2 response, capturing both the 
magnitude and duration of oxygenation changes throughout 
reperfusion.

2.7 Statistical analysis

The following information on statistical analysis tree is 
illustrated in Figure 4 and findings for normality leading to 
statistical test used are also shown in Table 1.

2.7.1 Target sample size calculation
The sample size was calculated using a power of 0.80 and an 

alpha value of 0.05. For each metric, the 21 samples were used to 
determine the effect size, followed by the sample size, by using the 
means and pooled standard deviation of 150 mmHg and 200 mmHg 
for each metric. This test was done on the preliminary data collected, 
as current data on muscle oxygenation for the wrist occlusion is 
not available.

2.7.2 Statistical test decision tree
DATAtab (DATAtab, Austria) was used to statistically compare 

the 150 and 200 mmHg scenarios. The Shapiro-Wilk method was 
used to test for normality as the primary modality. If the results 
presented contradictory results, a non-normality test 
was performed.

Following the normality test, if the distributions were deemed 
not normal for both or one hand, a Wilcoxon paired test would be 
performed, while if there were a normal distribution for both hands, 
then a paired t-test would be conducted.

2.7.3 Wilcoxon paired test and paired T-test
A Wilcoxon paired test and two-tailed paired t-tests were 

computed for the sample size to analyze the statistical difference 
between the pressures on the wrist. The null hypothesis inferred that 

FIGURE 3 
Sample data of muscle oxygenation (SmO2) dynamics during the experiment. (a) top graph shows SmO2 signal across: baseline, occlusion, and 
reperfusion. Key features include time to maximum SmO2 and reactive hypermic (RH)-induced peak SmO2. (b) bottom graph shows first time derivative of 
SmO2 during reperfusion, highlighting the peak slope, time at peak slope, and full width at half maximum (FWHM), additional key metrics used for 
post-analysis.
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the mean for all participants did not differ between 150 mmHg and 
200 mmHg pressures. The alternative hypothesis states that there is a 
difference between these pressures. The statistical significance can be 
determined where α, or the significance level, was set at 0.05. If the 
p-value < α, the null hypothesis is rejected, and if the p-value ≥ α, we 
fail to reject the null hypothesis. For this study, statistical analysis is 
performed on DataTab to find the significance of applying different 
pressures on the wrist.

3 Results

The normality of data was determined to decide the nature of the 
statistical test to be used (see Supplementary Materials). As there was 
a mix of normality amongst the metrics analyzed, both parametric 
testing (t-test) and non-parametric test (Wilcoxon paired) were 
used. The metrics investigated were acquired from each participant’s 
data for the RH component (see Figure 5 for visualization depth of 
data collected). The RH component provides information on the 
oxygen saturation within muscle tissue, whilst the first derivative test 
provides deeper vasculature information.

Figures 6, 7 illustrate how each metric changes with the pressure. 
The Max SmO2 and peak of slope value from the derivative of the 
RH component when comparing 150–200 mmHg suggest statistical 
significance, while the remaining metrics, time to max muscle 
oxygen saturation, time at peak slope, and FWHM do not 
display statistically significant results. (See Table 2 for summary 
of all results).

Statistically significant differences were observed in the maximum 
SmO2 and peak of slope value (max SmO2 rate of change) across 
participants, indicating that higher occlusion pressures enhance both 
the magnitude and the rate of oxygen resaturation during reperfusion. 
Physiologically, a more substantial ischemic stimulus is produced from 
the larger pressure cuff, as there is greater vasodilation and a more 
robust reactive hyperemic response upon cuff release. This means that 
the larger pressure not only increased the oxygenation but it also 
increased the number of vasodilators to ensure a larger rush of blood.

In contrast, there are no significant differences in the temporal 
metrics analyzed (time to maximum SmO2, time to peak slope, and 
FWHM). This indicated that although the magnitude of the RH 
response increased at higher occlusion pressures, the timing 
remained conserved. Although the amount of HbO2 available to 
sustain the occluded limb varies with pressure, this does not alter the 
time required for oxygenated blood to reach the muscle upon cuff 
release. This suggests that the magnitude of oxygen delivery, rather 
than its temporal dynamics, more strongly influences the 
hemodynamic response at these pressures.

4 Discussion

The main findings of our study are that our maximum SmO2

and the maximum rate of change of SmO2 (peak slope) show 
statistically significant responses to the different pressures 

FIGURE 4 
Statistical decision tree used to determine the appropriate comparative test for each extracted metric of number (n) participants. Normality of data 
from both occlusion pressures (150 and 200 mmHg) was assessed using the Shapiro–Wilk test. If both datasets met the assumption of normality by non- 
significance (ns), a parametric Student’s t-test was applied to evaluate differences between conditions. If either dataset violated normality, a non- 
parametric Wilcoxon signed-rank test was used instead. This flowchart summarizes the analytical pathway followed to ensure appropriate statistical 
test selection for all NIRS-derived metrics.

TABLE 1 Normality for each metric determined followed by the statistical 
test used.

Metric Normality Test used

Max muscle oxygenation No Wilcoxon paired

Time to maximum oxygenation No Wilcoxon paired

Time at peak slope value No Wilcoxon paired

Peak of slope value Yes T-test paired

Full width half maximum No Wilcoxon paired
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applied, with p � 0.0065 and p � 0.019, respectively. The mean for 
the two metrics at an AOP of 200 mmHg was larger than 150 mmHg 
(maximum SmO2: 74.1 ± 10.5 vs. 65.3 ± 13.41; maximum 
dSmO2/dt: 6.5 ± 2.08 vs. 5.10 ± 2.44), suggesting that the 
amount of oxygen present at the thenar eminence at the time 
after ischemia increases with larger pressures. The influence of 
pressure on the time to the maximum SmO2 (p � 0.235), the 
time at the peak slope (p � 0.694), and FWHM (p � 0.46) did 

not differ significantly, indicating that the time for the blood to reach 
the thenar eminence, although varied between means, did not have 
statistical significance between the two groups.

These results imply that at 150 mmHg and 200 mmHg, the 
magnitude of reperfusion response is amplified without substantially 
altering the timing of vascular recovery. This may occur because the 
SmO2 recovery slope reflects the microvascular blood flow response 
to induced ischemia, leading to an increased oxygen deficit at higher 

FIGURE 5 
Muscle oxygenation (SmO2) and rate of change of SmO2 data collected for 21 participants (grey line) with Mean (solid line with circle marks) ±
standard deviation (SD) (band around solid line): (a) SmO2 for 150 mmHg, (b) rate of change of SmO2 for 150 mmHg, (c) SmO2 for 200 mmHg, (d) rate of 
change of SmO2 for 200 mmHg.

FIGURE 6 
Boxplots of metrics from the reactive hyperemic (RH) component: (a) Maximum muscle oxygenation in percent (%) (150 mmHg: 61.2 ± 18.4, 
200 mmHg: 73.6 ± 10.4; p � 0.0065) and (b) Time to maximum muscle oxygenation in seconds (s) (150 mmHg: 31.0 ± 9.47, 200 mmHg: 28.4 ± 8.53; 
p � 0.235). Data are presented as occlusion pressure: mean ± SD; p-value across participants (n � 21). Figure generated using GraphPad Prism (GraphPad 
Software, San Diego, CA, USA).
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pressures. Furthermore, as constriction increases, accumulation of 
vasodilators such as H+ ions, prostaglandins, K+ ions, bradykinin, 
endothelium-derived hyperpolarization factor and nitric oxide 
increase, promoting a greater oxygen supply. (Coccarelli and 
Nelson, 2023; Dakak et al., 1998) Endothelial NO is critical for 
vasodilation; inhibition of NO reduces the peak reactive hyperemic 
response. At higher occlusion pressures, shear stress may be more 
pronounced, further increasing NO-mediated dilation and thus 
increasing the volume of oxygenated hemoglobin passing 
through (Coccarelli and Nelson, 2023; Dakak et al., 1998).

During reactive hyperemia, microvascular recruitment and 
capillary refill govern the rapid rise in oxygenation measured by 
NIRS post cuff release. When arterial inflow is occluded, 
vasodilators accumulate and propagate upstream from capillaries 
to terminal arterioles (Horn et al., 2022; Coccarelli and Nelson, 
2023). Once the cuff is released, these arterioles dilate, allowing a 
surge of red blood cells to refill perfused capillaries. This post- 
occlusion refill is the source of the steep re-oxygenation detected by 
NIRS. Capillary recruitment is heterogeneous, with some arteriole 
branches reopening fully while others remain constricted, producing 
regions of no flow. This heterogeneity can modulate the magnitude 
and rate of reoxygenation (Horn et al., 2022). In this study, a steep 
re-oxygenation was observed across the different pressures applied, 
which did not significantly affect the time metrics.

Desanlis et al. (2024), used NIRS to compare pressures in the 
upper arm (G1: 50 mmHg, G2: systolic blood pressure + 50 mmHg, 
G3: 250 mmHg). They performed 3 cycles of 7 min occlusions. After 
cuff deflation, the tissue saturation index (TSI max), was statistically 

different between G1 and G2, G1 and G3, but not between G2 and G3. 
However, the max TSI values showed that the overall PORH mean was 
higher as pressure increased from G1 to G3 such as in session 
1 (G1: 1.933 ± 2.01<G2: 9.54 ± 3.274<G3: 12.219 ± 1.485). The 
TSI AUC (arbitrary units A.U.) and TSI time (seconds s) showed 
no significant differences between G2 and G3, (G2 � 961.425 ± 
296.556 a.u.;G3 � 1007.45 ± 228.827 a.u.), (G2 � 15.267 ± 6.064s;
G3 � 14.779 ± 4.899 s); As they investigated the speed of 
reperfusion, they found that there was a significant difference 
between G2 and G3 where G3 had a steeper slope 
(G3: 1.264 ± 0.147 vs.G21.044 ± 0.209).

Similar results were seen in our study; statistical significance was 
determined for maximum SmO2, unlike in (Desanlis et al., 2024), 
however, the same trend was observed where with the larger 
pressure there was a larger SmO2 percentage. The time to max 
SmO2 showed no statistical significance between the pressures, 
however at a higher pressure, the mean time was shorter 
(150mmHg: 32.0 ± 9.47> 200mmHg: 29.42 ± 8.53). The peak 
of slope value (%/s) was significantly different between the 
pressures, which (Desanlis et al., 2024) also observed, and the 
mean values were also larger at higher pressures, similar to this 
previous study.

Another study observed the minimum cuff pressure required to 
cause observable changes in brachial and popliteal flow in 42 healthy 
males (Souza et al., 2025). Cuff pressures were increased in 
increments from rest (0–100 mmHg) at intervals of 20 mmHg 
and then by 10 mmHg until blood flow was occluded. This study 
used 2D B-mode ultrasound imaging to detect blood flow changes. 

FIGURE 7 
Boxplots of metrics from the first derivative of the reactive hyperemic (RH)component: (a) Time at peak of slope value in seconds (s) (150 mmHg: 
9.57 ± 5.21, 200mmHg: 10.3 ± 6.45; p � 0.235), (b) Peak of slope value in arbitrary units (AU) (150 mmHg: 5.11 ± 2.44, 200mmHg: 6.51 ± 2.080; 
p � 0.019), and (c) Full width half maximum in seconds (s) (150 mmHg: 14.1 ± 3.73, 200mmHg: 13.5 ± 4.05; p � 0.019). Data are presented as occlusion 
pressure: mean ± SD; p-value across participants (n � 21). Generated using GraphPad Software, San Diego, CA, USA.

TABLE 2 Summary of results found for each metric, including mean ± SD for each pressure, the statistical test performed, and the corresponding p-value.

Metric Mean ± SD 150 mmHg Mean ± SD 200 mmHg Test type P-value

Max muscle oxygenation 61.2 ±18.4 73.6 ±10.4 Wilcoxon paired 0.0065

Time to max muscle oxygenation 31.0 ±9.47 28.4 ±8.53 Wilcoxon paired 0.235

Time at peak slope value 9.57 ±5.21 10.3 ±6.45 Wilcoxon paired 0.694

Peak of slope value 5.11 ±2.44 6.51 ±2.08 T-test paired 0.019

Full width half maximum 14.1 ±3.73 13.5 ±4.05 Wilcoxon paired 0.46
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Significant reductions in blood flow were observed at 120 mmHg for 
the brachial artery and at 110 mmHg for the popliteal artery. This 
suggested that reduction of blood flow occurred above 110 and 120, 
for each anatomical site, respectively. This supports the dependence 
of pressure on hemodynamic response, as seen in our max SmO2

and max rate of change of SmO2, with two of the five metrics 
influenced by pressure (Didier et al., 2020; Souza et al., 2025).

Although pressure dependence is similar, the primary issue 
stems from the validity of comparing metrics between anatomical 
sites. Many studies examine the upper arm and lower limbs with 
minimal attention to wrist sites, so physiologically, these differences 
can affect the final hemodynamic response. This was also suggested 
in studies related to blood flow flux, suggesting it was shorter in 
skeletal muscles than in the brachial arteries, and that the pressure 
required to halt arterial blood flow in the brachial artery was 
different from that in the popliteal artery (Didier et al., 2020; 
Souza et al., 2025). The need to further study the wrist as an 
occlusion site should be pursued, as it may be beneficial for 
future implementation into clinical and rehabilitative 
applications. Such applications can include non-invasive 
monitoring of microvascular health, tracking endothelial function 
in patients with cardiovascular or metabolic disease, guiding 
individualized occlusion pressures during blood-flow-restriction 
rehabilitation, and enabling standardized, low-burden vascular 
assessments in clinical and community settings. Furthermore, 
investigation of its comfort can significantly benefit the 
willingness of participants to perform VOTs more readily. These 
findings highlight the need for further investigation of the wrist as an 
occlusion site.

5 Limitations

Our study has several limitations. The sample size (n = 21; target = 
40) limits statistical power and may reduce the ability to detect minor 
effects. Participant comfort was not quantitatively assessed, preventing 
evaluation of pressure-related tolerability. Inter-individual variability, 
including sex, blood pressure, and probe placement, was not controlled 
and may have influenced the SmO2 responses. Occlusion was applied 
to a non-randomized hand, potentially introducing side-dominance 
bias. Probe pressure inconsistencies may also have affected the 
accuracy of NIRS measurements. This study was conducted under 
strictly static conditions with the wrist and hand immobilized to 
minimize motion artifacts. However, during dynamic movement, 
the wrist and forearm exhibit substantial biomechanical variability 
including changes in joint angle, muscle recruitment, and tissue 
compression that can alter the applied cuff pressure and influence 
hemodynamic responses. These factors make it difficult to standardize 
the occlusion protocol during motion. Therefore, the findings of this 
study should be interpreted as applicable only to non-moving 
protocols, and generalization to dynamic or exercise conditions 
remains highly limited.

Baseline SmO2 normalization was not performed, potentially 
increasing inter-subject variability. Additionally, the fixed 5-min rest 
period did not confirm whether SmO2 fully returned to baseline 
before subsequent trials, raising the possibility of cumulative 
vascular effects across repeated occlusions.

6 Future directions

Future studies should normalize baseline SmO2, verify steady- 
state recovery before each occlusion, and use larger cohorts with 
randomized or crossover designs to improve reproducibility. 
Standardizing probe placement, reducing hand motion, and 
quantifying participant comfort will help reduce variability and 
improve protocol feasibility.

Expanding the analysis to include full reperfusion curve 
modeling and curve-fitting approaches will allow broader 
comparison between NIRS derived metrics and gold-standard 
assessments such as FMD. Incorporating established vascular 
function indices, such as FMD or time-to-half recovery, will help 
validate wrist-based NIRS measurements, strengthen physiological 
interpretation, and support standardized occlusion protocols 
specific to the wrist.

7 Conclusion

This study highlights the influence of occlusion pressure on 
vascular responses at the wrist. The wrist is a promising anatomical 
site because it is easily accessible and has a smaller circumference, 
which may allow for lower-pressure occlusions while maintaining an 
adequate ischemic stimulus. Expanding assessment at this site could 
support clinical and rehabilitative applications, including monitoring 
microvascular health and vascular function in populations at risk for 
cardiovascular disease, endothelial dysfunction, diabetes, or obesity. 
These findings suggest that further research is warranted to explore 
wrist-based VOT testing and the potential for standardized 
measurement of arterial occlusion pressure using NIRS, while 
considering the exploratory nature of the study and its limited 
sample size.
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