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ABSTRACT 
International Journal of Exercise Science 15(2): 1616-1626, 2022. Near-infrared spectroscopy (NIRS) is 

a non-invasive technique that measures tissue perfusion using red blood cells oxygen saturation and venous 
occlusion plethysmography (VOP) is the gold standard to assess microvascular blood flow and function. The 
purpose of this study was to determine if NIRS can surrogate the microvascular blood flow assessment after an 
ischemic challenge obtained via VOP. Twenty apparently healthy subjects (10 males and 10 females), aged 18 to 35 
years, were recruited for this single session study. NIRS probes were placed 40mm apart along the epicondylar 
muscles on the right forearm and on the tibialis anterior on the right lower leg, while VOP strain gauges were 
placed on the largest circumference on both right forearm and calf. Blood flow via VOP and NIRS variables 
(hemoglobin saturation (SO2), oxygenated hemoglobin (HbO2), and deoxyhemoglobin (HHb) slopes) were 
assessed before and after 5-min ischemic challenge. Person’s correlations and intra-class correlations (ICC2k) were 
conducted for each of the NIRS variables vs VOP. There were moderate associations between of SO2 and HbO2 
slopes and VOP (r = 0.59, p < 0.01 and r = 0.53, p < 0.05, respectively) at the lower body during resting conditions. 
There was a poor agreement between NIRS SO2 and VOP at the resting condition in the lower body (ICC2k = 0.45). 
There were no other associations between any of the other NIRS variables and VOP of the lower and upper body 
at resting or post-ischemic conditions. In conclusion, NIRS cannot surrogate VOP for measurements of 
microvascular blood flow at resting or post-ischemic conditions. 
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INTRODUCTION 
 
Heart diseases, including coronary heart disease, hypertension, and stroke, remain the number 
one cause of death worldwide [42]. Vascular impairments at both the macro-and the micro-
circulatory levels are known to be associated with cardiovascular diseases [45]. Monitoring of 
vascular reactivity and blood oxygenated hemoglobin (HbO2) in tissues has been utilized to 
determine health status in different clinical settings [27, 36]. For example, venous occlusion 
plethysmography (VOP) has been used to assess microvascular function in patients with pre-

*Corresponding Author: Manuel Gomez; Email:mgomez26@utep.edu



Int J Exerc Sci 15(2): 1616-1626, 2022 

International Journal of Exercise Science                                                          http://www.intjexersci.com 
1617 

hypertension [5] and to monitor vascular changes during the menstrual cycle in females [3, 30]. 
Moreover, assessment of tissue HbO2 via near-infrared spectroscopy (NIRS) has helped to 
understand mitochondrial function in patients with post-thrombotic venous claudication [25], 
chronic disease [2], Friedreich ataxia [9], and multiple sclerosis [19]. 
 
VOP is a non-invasive technique for the measurement of tissue blood flow [23, 24, 44]. VOP 
works under the principle of momentarily interrupting venous drainage while allowing arterial 
inflow to continue, which results in a linear increase in volume over time that is proportional to 
arterial blood inflow until occluding pressure is achieved [18, 43]. Moreover, VOP is considered 
the gold standard in measuring blood flow in the assessment of vascular function of the 
microvasculature in vivo in health and in disease [4, 23]. On the other hand, NIRS is a non-
invasive technique that measures tissue perfusion and HbO2 [1, 2], which uses two different 
light wavelengths to measure differential light absorption of HbO2 and deoxyhemoglobin 
(HHb) [37, 38]. NIRS has been used to monitor perfusion changes in brain and muscle 
microcirculation during reconstructive surgery and in shock and trauma medicine [11, 13, 38, 
39, 44].  
 
Previous reports have linked blood flow [11, 41] and vascular function with tissue HbO2 based 
on the Fick principle and the concept that the rate of tissue re-HbO2 will be associated with 
microvascular blood flow after an ischemic challenge, respectively. For example, some studies 
have shown that there is a significant correlation between the saturation of microvascular 
hemoglobin (SO2) slope, measured via NIRS, and popliteal flow-mediated dilation (FMD) and 
that SO2 slope reliability makes it a good candidate to measure vascular reactivity [31-33], even 
though FMD is a biomarker for conduit, rather larger arteries [20]. Based on our best knowledge, 
previous studies have assessed different vessel types, with no studies assessing the relationship 
or the agreement between NIRS and VOP at the same vascular bed. Therefore, the purpose of 
the current study was to determine if NIRS can measure and surrogate the microvascular blood 
flow assessment after an ischemic challenge obtained via the gold standard.  
 
METHODS 
 
Participants 
Twenty apparently healthy subjects (10 males and 10 females), aged 18 to 35 years, were 
recruited for the current in vivo study. Exclusion criteria included known history of 
cardiovascular, pulmonary, or metabolic disease, taking prescription medications, any 
extremity injury that could affect attaching a blood pressure cuff to the arm or leg, and pregnant 
females. Participants that were taking over-the-counter painkillers or nutritional supplements 
containing antioxidants were required to abstain from their use 12 hours prior to the lab visit. 
In addition, participants were asked to refrain from exercising and caffeine consumption for at 
least 8 hours before testing. A priori power analysis was conducted in Rstudio (version 1.4.1103) 
using the “pwr” package and data from who found a correlation of r = 0.63 between the slope 
of SO2 and flow mediated dilation, indicated that a total of a minimum of 14 participants were 
needed to obtain a power (1-β) of 0.80 at an alpha level of 0.05. The study was approved by the 
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Institutional Review Board of The University of Texas at El Paso, followed previous ethical 
guidelines [34] and all individual participants included in the study signed the informed consent 
before scheduling the visit to the Clinical Applied Physiology (CAPh) Lab.  
 
Protocol 
During the lab visit, assessment of weight (WB-110A Class III, Tanita, Japan), height (Seca 
Medical, Germany), and body mass index (BMI) was performed. Then, participants laid supine 
on an examination table in the anatomical position. NIRS and VOP were performed 
simultaneously in the right forearm and right calf using 2-channel NIRS unit (moorVMS-NIRS, 
Moor Instruments, London, England) and a validated plethysmograph (AI6, Hokanson, 
Bellevue, WA), respectively. NIRS used two photodetectors per channel operating at two 
wavelengths (750nm and 850nm), while VOP used 2 strain gauges placed around the largest 
perimeter of both forearm and calf. Pressure cuffs were placed on the arm (above the elbow), 
wrist, thigh (above the knee), and at the ankle. For NIRS, two probes were used, one for the 
forearm and one for the calf, according to company guidelines. The forearm probe was placed 
perpendicular to the longitudinal arm axis, between the strain gauge and the wrist, over the 
epicondylar muscles. The calf probe was placed perpendicular to the longitudinal lower leg axis, 
between the strain gauge and the ankle, over the tibialis anterior muscle. Both diodes were 
placed 40 mm a part, inside a probe holder (NPH1-40). To secure probe holder from moving and 
to obstruct light from reaching the emitter and detector head, black adhesive tape was taped 
around the probe holder.  
 
NIRS and VOP data were collected during resting and post-ischemic stress conditions. After 
pressure cuffs, strain gauges, and diode probes were placed, participants were allowed to relax 
for 15 minutes to ensure that increased sympathetic activity due to nervousness did not alter 
blood pressure readings [24]. During the resting period, four peripheral blood pressure values 
were recorded using an automated brachial blood pressure cuff (BP760, Omnron Healthcare, 
Inc., Lake Forest, IL). After this resting period, resting conditions data was collected every 10 
seconds for 1 minute (Resting measurements). Then, arm and thigh cuffs were inflated to 
suprasystolic pressure (i.e., 220 mm Hg) for 5 minutes. Immediately before cuffs deflation, wrist 
and ankle cuffs were inflated to suprasystolic pressure to isolate the hand and foot vascular 
response. After arm and thigh cuffs deflation, post-ischemic stress data were collected every 10 
seconds for 1 minute.  
 
The NIRS output signal was transmitted to the device’s software program (moorVMS-PC v4.2.0, 
Moor Instruments, London, England). The slopes for SO2, HbO2, and HHb were determined 
automatically during resting conditions and within 5 seconds post cuff deflation for the post-
ischemic condition.  
 
The plethysmograph output signal was transmitted to a calibrated software program (NIVP3, 
D.E. Hokanson, Inc) on a personal computer and the slope was expressed as milliliters per 
minute per 100 mL of tissue (mL/min per 100 mL tissue). Absolute blood flow was determined 
by the rate of change of limb circumference (e.g., slope) during the seven-second venous 
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occlusion, within 15-sec measurement cycles, which correlates highly to arterial blood inflow 
into the limb [18, 22]. One channel was connected to the forearm gauge to determine forearm 
blood flow (FBF) and one channel was connected to the calf gauge to determine calf blood flow 
(CBF). The six measurements obtained during resting conditions were averaged to determine 
resting FBF and CBF. Peak post-ischemic FBF and CBF were determine by the peak VOP slope 
within the first 5 seconds post deflation. 
 
Statistical Analysis  
Data was imported into Rstudio (version 1.4.1103) integrated development environment and 
analyzed with R statistical programming language using a custom-built script. A series of 
independent t-tests were conducted to determine differences on the demographic variables 
(Age, Height, Weight, BMI) between male and female participants. Pearson’s product-moment 
correlations were conducted between NIRS variables (SO2, HbO2, and HHb) and VOP. The 
magnitude the associations were interpreted as follows: 0.0 as “trivial”, 0.10-0.29 as “small”, 
0.30-0.49” as “moderate”, 0.50-0.69 as “large”, 0.70-0.89 as “very large”, 0.90-0.99 as “nearly 
perfect [21]. Additionally, a two-way mixed model intra-class correlation (ICC2k, “Agreement”) 
was also conducted. Data were presented as means and standard deviations (sd), medians and 
standard errors (se), and lower and upper bounds of 95% confidence intervals (CI). The 
magnitude of ICC was interpreted as follows: < 0.50 as “poor”, 0.50 – 0.74 as “moderate”, 0.75-
0.89 as “good”, 0.90-1.0 as “excellent” [16].  
 
RESULTS 
 
 General characteristics of the sample are presented in Table 1. The independent t-tests revealed 
no differences between sex on age, weight, height, or BMI. Additionally, descriptive data for 
each variable are displayed in Table 2. 
 
Table 1. General characteristics of the sample. 

 

All 
n = 20 

Male 
n = 10 

Female 
n = 10 

 mean sd mean sd mean sd 

Age 24.0 4.5 25.6 4.8 22.4 3.8 

Height (m) 1.6 0.0 1.7 0.0 1.6 0.0 

Weight (kg) 69.7 14.6 75.8 16.7 63.7 9.4 

BMI (kg/m2) 24.4 5.4 25.8 6.8 23.1 3.2 
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Table 2. Mean, standard deviation (sd), median, and standard error (se) of each variable for all, male, and female 
participants. (Near Infra-Red Spectroscopy (NIRS), Venous Occlusion Plethysmography (VOP), Hemoglobin 
saturation (SO2), oxygenated hemoglobin (HbO2), and deoxyhemoglobin (HHb). 

 mean sd median se 

All     

NIRS SO2 resting 1.07 3.67 0.09 0.82 

NIRS OXY resting 5.89 21.50 0.03 4.81 

NIRS HHb resting -6.84 18.05 -3.26 4.04 

VOP_resting 2.18 1.01 2.20 0.23 

NIRS SO2 post ischemia 2.66 1.52 2.70 0.34 

NIRS OXY post ischemia 8.94 4.23 8.88 0.95 

VOP post ischemia 17.75 6.86 16.81 1.53 

Males     

NIRS SO2 resting 1.98 5.14 0.12 1.62 

NIRS OXY resting 10.93 30.22 -0.29 9.56 

NIRS HHb resting -10.76 25.52 -3.26 8.07 

VOP resting 2.61 0.99 2.55 0.31 

NIRS peak OXY post ischemia 9.42 4.44 9.04 1.40 

NIRS peak SO2 post ischemia 3.02 1.84 2.87 0.58 

NIRS peak HHb post ischemia -9.65 10.48 -7.27 3.31 

VOP post ischemia 20.74 7.41 21.46 2.34 

Females     

NIRS SO2 resting 0.16 0.41 0.08 0.13 

NIRS OXY resting 0.86 2.53 0.20 0.80 

NIRS HHb resting -2.91 1.58 -2.86 0.50 

VOP resting 1.74 0.89 1.68 0.28 

NIRS peak OXY post ischemia 8.47 4.20 8.68 1.33 

NIRS peak SO2 post ischemia 2.31 1.11 2.37 0.35 

NIRS peak HHb post ischemia -12.10 9.36 -10.47 2.96 

VOP post ischemia 14.75 4.95 13.91 1.57 

 
Moderate associations between SO2 slope and VOP (r = 0.59, p < 0.01) and HbO2 slope and VOP 
(r = 0.53, p <0.05) were observed only on the lower body at resting conditions (Table 2). 
Additionally, there was a poor ICC2k agreement between SO2 and VOP at the resting conditions 
in the lower body (ICC2k = 0.45; p <0.05). There were no more associations or agreements 
between any of the other NIRS variables and VOP of the lower and upper body at resting or 
post-ischemic conditions (Table 3).  
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Table 3. Pearson’s r correlation coefficients and Intra-Class Correlation coefficients comparing Venous Occlusion 
Plethysmography and Near Infra-Red Spectroscopy variables. (Venous Occlusion Plethysmography (VOP), 
Hemoglobin saturation (SO2), oxygenated hemoglobin (HbO2), and deoxyhemoglobin (HHb). 

Variables Pearson’s r correlation coefficient Intra-Class Correlation coefficient 

 r Lower 95 CI Upper 95 CI ICC2k Lower 95 CI Upper 95 CI 

Resting Upper Body 

SO2 slope and VOP 0.07 -0.39 0.50 0.07 -0.50 0.48 

HbO2 slope and VOP 0.07 -0.39 0.50 0.06 -1.03 0.57 

HHb slope and VOP 0.10 -0.36 0.52 0.06 -1.03 0.57 

Post-Ischemia Upper Body 

SO2 slope and VOP 0.08 -0.37 0.51 0.05 -0.15 0.30 

HbO2 slope and VOP -0.17 -0.57 0.30 0.00 -1.17 0.54 

HHb slope and VOP 0.09 -0.37 0.51 0.02 -0.17 0.28 

Resting Lower Body 

SO2 slope and VOP 0.59** 0.20 0.82 0.45* -0.13 0.74 

HbO2 slope and VOP 0.53* 0.12 0.79 0.11 -0.92 0.59 

HHb slope and VOP 0.02 -0.42 0.46 0.00 -0.81 -0.81 

Post-Ischemia Lower Body 

SO2 slope and VOP 0.04 -0.41 0.48 0.26 -0.33 0.62 

HbO2 slope and VOP 0.31 -0.16 0.66 0.23 -0.17 0.55 

HHb slope and VOP 0.17 -0.29 0.57 0.05 -0.07 0.22 

*Denotes significance below p < 0.05; **Denotes significance below p < 0.05 
 

DISCUSSION 
 
The purpose of this study was to determine if NIRS variables can measure and surrogate the 
microvascular blood flow assessment at resting and after an ischemic challenge obtained via the 
gold standard VOP. The main results of the current study show poor correlation and poor 
agreement at resting in the lower body between two NIRS variables (SO2 and HbO2 slopes) and 
VOP, but no correlation and no agreement between any of the NIRS variables and VOP post-
ischemia. These findings confirm the lack of association between blood flow measurements or 
vascular reactivity with tissue oxygenation/de-oxygenation/re-oxygenation. NIRS technology 
does not directly measure microcirculatory blood flow, so that the increase in SO2 after 
temporary arterial occlusion does not necessarily reflect the local increase in oxygen delivery 
characterizing the reactive hyperemic response [11].  
 
The lack of association between NIRS variables and VOP might be explained by the 
measurement principles of each instrumentation. First, the principle of VOP is the linear increase 
in the body segment volume (i.e. forearm or calf) overtime when venous drainage is interrupted 
and the arterial flow is unaltered [43]. In contrast, NIRS is mostly based on monitoring two 
different light wavelengths, which are used to measure differential absorption properties of 
oxygenated and deoxygenated hemoglobin [38]. Changes in HbO2 and HHb can be measured 
continuously, while SO2 can be calculated (defined as [HbO2]/[HbO2 + HHb]) [34], even 
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though current NIRS software calculated it automatically. It appears that the linear increase in 
the body segment volume observed in the VOP is not associated with the light absorption slope 
in the red blood cells, for either HbO2, HHb, or SO2. Moreover, recent work by Abay and 
Kyriacou [1] found that venous occlusion affects total tissue oxygenation (ratio of oxygenated 
and total hemoglobin) from NIRS measurements. Similar findings were corroborated by Cross 
and Sabapathy [12], who also found that NIRS derived variables, underestimate muscle flow 
(Qmus) at the flexor digitorum superficialis muscle after a venous occlusion procedure. This 
indicating that the venous occlusion method affects NIRS measurements. Interestingly, De Blasi 
et al. [8] reported a good correlation between NIRS and VOP (r = 0.93) for forearm blood flow 
at rest and after 6-min ischemia in a similar sample that the current study. The most probable 
explanation for the differences recorded in their study, is that the authors were able to compare 
blood flows and not just the slopes as the current study performed. However, blood flow 
obtained via NIRS, needs blood samples, which makes it an invasive procedure. 
 
In their seminal study, Edwards et al. [14] found an almost perfect forearm blood flow 
correlation between NIRS and VOP. In their study, they estimated blood flow with NIRS based 
on the Fick principle, estimated tissue density, and whole blood hemoglobin concentration, 
which was invasively measured. Even though their results were promising, the invasive nature 
of their study shadows NIRS’s non-invasive nature. On a similar study, using the Fick principle 
and invasive determination of hemoglobin concentration, Van Beekvelt et al. [41] determined 
regional blood flows via NIRS and VOP in young, healthy volunteers. Their findings show a 
significant difference between both methods with more than twice the blood flow when using 
VOP compared to NIRS. Interestingly, both methods were able to measure a ~1.4-fold increase 
in blood flow after exercise, partially confirming some of the results from Edwards et al. [22]. 
The present study showed only a poor correlation between NIRS and VOP during baseline 
conditions in the lower body (Table 2). This contrast with the studies described above might be 
associated with the non-invasive model used here. The present study only used the slope after 
venous occlusion of different NIRS variables, without using the Fick principle and/or invasive 
determination of hemoglobin concentration.  
 
Even though assessing direct blood flow via NIRS would need to be invasive, using non-
invasive NIRS to assess microvascular function might be a viable alternative. For example, 
Kragelj et al. [26] measured NIRS before and after a 5-min ischemic challenge in patients with 
peripheral vascular disease and normal controls. Their findings were aligned with studies using 
VOP in clinical populations [5], where apparently normal individuals have a much larger 
vascular reactivity (i.e., steeper VOP and/or SO2 slopes and faster back to normal values) than 
in the clinical populations. Unfortunately, Kragelj et al. did not perform a validation study 
comparing NIRS versus another validated test for vascular reactivity [26]. Similar findings were 
observed by McLay et al. [32] when comparing healthy young trained and healthy young 
untrained men. Trained participants showed a steeper SO2 slope than untrained participants in 
all 5 different durations of vascular occlusion, confirming that apparently healthier individuals 
have faster re-oxygenation after any ischemic challenge [32].  
 



Int J Exerc Sci 15(2): 1616-1626, 2022 

International Journal of Exercise Science                                                          http://www.intjexersci.com 
1623 

To the best of our knowledge, there are only two studies seeking for an association between 
NIRS and a validated test for vascular reactivity [31, 33]. McLay, Fontana, et al. [31] correlated 
SO2 slope of the tibialis anterior muscle after 5-min ischemic challenge and popliteal flow 
mediated dilation (FMD) in 20 healthy young men. Even though their results showed a 
significant association between both variables (r = 0.63, p = 0.003), it is important to note that 
correlation does not necessarily mean agreement [6, 7, 28]. The present study showed a similar, 
moderate correlation between SO2 slope and VOP in the lower body during resting conditions 
(Table 2); however, the agreement was poor (ICC2k = 0.45). There might be two sources of error 
in McLay, Fontana, et al. study [31]. First, the fact that the popliteal artery is a conduit artery 
and measuring the tibialis anterior is more of a microvascular bed could bring some differences 
in vascular reactivity [3, 5, 23]. Secondly, the authors did not use an automatic edge-detection 
system and did not specify if the ultrasound images analysis was blind, what could have biased 
their results [20, 35, 40]. Finally, McLay et al. [32] studied the reproducibility of NIRS and FMD 
between multiple measurements within one visit and between single measurements within 5 
days. Following a similar protocol than their previous study [31] the authors showed a better 
reproducibility of NIRS (SO2 slope) when compared with FMD. Both agreement and coefficient 
of variations (CV) were stronger in NIRS versus FMD (NIRS agreement and CV: 0.92-0.94, 9-
14%; FMD agreement and CV: 0.36-0.25, 40-44%). Even though this study did not directly 
compare both methods for vascular reactivity, both methods showed similar behaviors over 
time. Interestingly, their FMD reproducibility was considerably lower than previous reports on 
FMD reproducibility [20, 35, 40], which have used automatic edge-detection systems to increase 
reproducibility.  
 
Our study is not without limitations. First, previous studies have highlighted that the accuracy 
of the NIRS signal is dependent on the individual’s regional adipose tissue thickness [15, 41]. 
We did not measure regional adipose tissue or body composition; however, both lateral forearm 
and anterior calf are 2 areas with very low subcutaneous tissue [10, 29]. Anyways, it is the 
possibility that the values obtained by our NIRS measures could be corrected depending on 
previously proposed algorithms that account for regional adipose tissue [17]. Secondly, we 
tested only young apparently healthy participants. Testing different clinical populations (e.g., 
patients with coronary artery disease, stroke, or mitochondrial diseases) might show different 
results. Finally, we were unable to obtain reliability measurements, as participants were 
involved in a one-time visit to our lab. Future studies might want to obtain several measures of 
the same individual at similar conditions to obtain intra and inter-test reliability.  
 
In conclusion, NIRS has clinical and field applications to study mitochondrial function and 
tissue oxygen consumption. However, and according to the present results, NIRS should not be 
considered as a surrogate for microvascular blood flow or function.  
 
ACKNOWLEDGEMENTS 
 
The authors would like to acknowledge Dr. Francisco Morales-Acuña for his feedback on the 
study design and the study participants for their time. Finally, we would like to thank Mrs. Anne 



Int J Exerc Sci 15(2): 1616-1626, 2022 

International Journal of Exercise Science                                                          http://www.intjexersci.com 
1624 

Marie Donahue from Moor Instruments for facilitating the loan of the NIRS equipment to the 
CAPh Lab.  
  
REFERENCES 
 
1. Abay TY, Kyriacou PA. Comparison of NIRS, laser Doppler flowmetry, photoplethysmography, and pulse 

oximetry during vascular occlusion challenges. Physiol Meas 37(4): 503-14, 2016. 

2. Adami A, Rossiter HB. Principles, insights, and potential pitfalls of the noninvasive determination of 
muscle oxidative capacity by near-infrared spectroscopy. J Appl Physiol 124: 245-8, 2018. 

3. Adkisson EJ, Casey DP, Beck DT, Gurovich AN, Martin JS, Braith RW. Central, peripheral, and resistance 
arterial reactivity: Fluctuates during the phases of the menstrual cycle. Exp Biol Med (Maywood) 235(1): 
111-8, 2010. 

4. Alam T, Seifalian A, Baker D. A review of methods currently used for assessment of in vivo endothelial 
function. Eur J Vasc Endovasc Surg 29(3): 269-76, 2005. 

5. Beck DT, Martin JS, Casey DP, Braith RW. Exercise training improves endothelial function in resistance 
arteries of young prehypertensives. J Hum Hypertens 28(5): 303-9, 2014. 

6. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical 
measurement. Lancet 1(8476): 307-10, 1986. 

7. Bland JM, Altman DG. Comparing methods of measurement: Why plotting difference against standard 
method is misleading. Lancet 346(8982): 1085-87, 1995. 

8. Blasi RAD, Ferrari M, Natali A, Conti G, Mega A, Gasparetto A. Noninvasive measurement of forearm 
blood flow and oxygen consumption by near-infrared spectroscopy. J Appl Physiol (1985) 76(3): 1388-93, 
1994. 

9. Bossie HM, Willingham TB, Van Schoick RA, O'Connor PJ, McCully KK. Mitochondrial capacity, muscle 
endurance, and low energy in friedreich ataxia. Muscle Nerve 56(4): 773-9, 2017. 

10. Clarys J, Provyn S, Marfell-Jones M. Cadaver studies and their impact on the understanding of human 
adiposity. Ergonomics 48(11-14): 1445-61, 2005. 

11. Creteur J, Carollo T, Soldati G, Buchele G, DeBacker D, Vincent J-L. The prognostic value of muscle StO2 
in septic patients. Intensive Care Med 33(9): 1549-56, 2007. 

12. Cross TJ, Sabapathy S. The impact of venous occlusion per se on forearm muscle blood flow: Implications 
for the near-infrared spectroscopy venous occlusion technique. Clin Physiol Funct Imaging 37(3): 293-8, 
2017. 

13. Doerschug KC, Delsing AS, Schmidt GA, Haynes WG. Impairments in microvascular reactivity are related 
to organ failure in human sepsis. Am J Physiol Heart Circ Physiol 293(2): H1065-71, 2007. 

14. Edwards AD, Richardson C, Van Der Zee P, Elwell C, Wyatt JS, Cope M, et al. Measurement of hemoglobin 
flow and blood flow by near-infrared spectroscopy. J Appl Physiol (1985) 75(4): 1884-9, 1993. 

15. Ferrari M, Muthalib M, Quaresima V. The use of near-infrared spectroscopy in understanding skeletal 
muscle physiology: Recent developments. Philos Trans A Math Phys Eng Sci 369(1955): 4577-90, 2011. 

16. Fleiss JL. Reliability of measurement. In: The design and analysis of clinical experiments. Hoboken, NJ: 
Wiley; 1999. 

17. Geraskin D, Platen P, Franke J, Kohl-Bareis M. Algorithms for muscle oxygenation monitoring corrected 
for adipose tissue thickness. In: Proceedings of SPIE-OSA Biomedical Optics. Munich, Germany: Optica 
Publishing Group; 2007. 



Int J Exerc Sci 15(2): 1616-1626, 2022 

International Journal of Exercise Science                                                          http://www.intjexersci.com 
1625 

18. Greenfield AD, Whitney RJ, Mowbray JF. Methods for the investigation of peripheral blood flow. Br Med 
Bull 19: 101-9, 1963. 

19. Harp MA, McCully KK, Moldavskiy M, Backus D. Skeletal muscle mitochondrial capacity in people with 
multiple sclerosis. Mult Scler J Exp Transl Clin 2: 2055217316678020, 2016. 

20. Harris RA, Nishiyama SK, Wray DW, Richardson RS. Ultrasound assessment of flow-mediated dilation. 
Hypertension 55(5): 1075-85, 2010. 

21. Hopkins WG, Hawley JA, Burke LM. Design and analysis of research on sport performance enhancement. 
Med Sci Sports Exerc 31(3): 472-85, 1999. 

22. Hokanson DE, Sumner DS, Strandness DE Jr. An electrically calibrated plethysmograph for direct 
measurement of limb blood flow. IEEE Trans Biomed Eng 22(1): 25-9, 1975. 

23. Joyner MJ, Dietz NM, Shepherd JT. From Belfast to Mayo and beyond: The use and future of 
plethysmography to study blood flow in human limbs. J Appl Physiol (1985) 91(6): 2431-41, 2001. 

24. Joyner MJ, Charkoudian N, Wallin BG. Sympathetic nervous system and blood pressure in humans: 
Individualized patterns of regulation and their implications. Hypertension 56(1): 10-6, 2010. 

25. Komiyama T, Shigematsu H, Yasuhara H, Muto T. An objective assessment of intermittent claudication by 
near-infrared spectroscopy. Eur J Vasc Surg 8(3): 294-6, 1994. 

26. Kragelj R, Jarm T, Erjavev T, Presern-Strukelj M, Miklavcic D. Parameters of postocclusive reactive 
hyperemia measured by near infrared spectroscopy in patients with peripheral vascular disease and in 
healthy volunteers. Ann Biomed Eng 29(4): 311-20, 2001. 

27. Lima, A. and J. Bakker, Noninvasive monitoring of peripheral perfusion. Intensive Care Med 31(10): 1316-
26, 2005. 

28. Ludbrook J. Comparing methods of measurements. Clin Exp Pharmacol Physiol 24(2): 193-203, 1997. 

29. Martin AD, Drinkwater DT. Variability in the measures of body fat. Sports Med 11(5): 277-88, 1991. 

30. Mattu AT, MacInnis MJ, Doyle-Baker PK, Murias JM. Effects of the menstrual and oral contraceptive cycle 
phases on microvascular reperfusion. Exp Physiol 105(1): 184-91, 2020. 

31. McLay KM, Fontana FY, Nederveen JP, Guida FF, Paterson DH, Pogliaghi S, et al., Vascular responsiveness 
determined by near‐infrared spectroscopy measures of oxygen saturation. Exp Physiol 101(1): 34-40, 2016. 

32. McLay KM, Gilbertson JE, Pogliaghi S, Paterson DH, Murias JM. Vascular responsiveness measured by 
tissue oxygen saturation reperfusion slope is sensitive to different occlusion durations and training status. 
Exp Physiol 101(10): 1309-18, 2016. 

33. McLay KM, Nederveen JP, Pogliaghi S, Paterson DH, Murias JM. Repeatability of vascular responsiveness 
measures derived from near‐infrared spectroscopy. Physiol Rep 4(9): e12772, 2016. 

34. Navalta JW, Stone WJ, Lyons TS. Ethical issues relating to scientific discovery in exercise science. Int J Exerc 
Sci 12(1): 1-8, 2019. 

35. Ratcliffe B, Pawlak R, Morales F, Harrison C, Gurovich AN. Internal validation of an automated system for 
brachial and femoral flow mediated dilation. Clin Hypertens 23: 17, 2017. 

36. Sakr Y. Techniques to assess tissue oxygenation in the clinical setting. Transfus Apher Sci 43(1): 79-94, 2010. 

37. Sakudo A. Potential use of visible and near-infrared spectroscopy for the analysis and diagnosis of chronic 
fatigue syndrome (Review). Mol Med Rep 14(3): 1875-9, 2016. 

38. Sakudo A. Near-infrared spectroscopy for medical applications: Current status and future perspectives. 
Clin Chim Acta 455: 181-8, 2016. 



Int J Exerc Sci 15(2): 1616-1626, 2022 

International Journal of Exercise Science                                                          http://www.intjexersci.com 
1626 

39. Smit JM, Zeebregts CJ, Acosta R, Werker PMN. Advancements in free flap monitoring in the last decade: 
A critical review. Plast Reconstr Surg 125(1): 177-85, 2010. 

40. Thijssen DHJ, Black MA, Pyke KE, Padilla J, Atkinson G, Harris RA, et al. Assessment of flow-mediated 
dilation in humans: A methodological and physiological guideline. Am J Physiol Heart Circ Physiol 300(1): 
H2-12, 2011. 

41. Van Beekvelt MCP, Colier WNJM, Wevers RA, Van Engelen BGM. Performance of near-infrared 
spectroscopy in measuring local O2 consumption and blood flow in skeletal muscle. J Appl Physiol 90(2): 
511-19, 2001. 

42. Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW, Carson AP, et al. Heart disease and stroke 
statistics-2020 update: A report from the American Heart Association. Circulation 141(9): e139-e596, 2020. 

43. Wilkinson IB, Webb DJ. Venous occlusion plethysmography in cardiovascular research: Methodology and 
clinical applications. Br J Clin Pharmacol 52(6): 631-46, 2001. 

44. Wythe S, Davies T, Martin D, Feelisch M, Gilbert-Kawai E. Getting the most from venous occlusion 
plethysmography: Proposed methods for the analysis of data with a rest/exercise protocol. Extrem Physiol 
Med 4: 8, 2015. 

45. Zhao F, Yang R, Maimaitiaili R, Tang J, Zhao S, Xiong J, et al. Cardiac, macro-, and micro-circulatory 
abnormalities in association with individual metabolic syndrome component: The northern Shanghai 
study. Front Cardiovasc Med 8: 690521, 2021. 

 

 

 


