The marking step activity – a view from the local concentration of red blood cells (CRBC) in the human foot dorsum 
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Abstract
Sedentary habits are in the origin of microcirculation dysfunctions although simple tasks might act as active preventers. This study aims to evaluate potential changes in microcirculation by using subsurface polarisation light spectroscopy in human foot, during marking step. Eleven healthy volunteers (25.6±5.4 years) of both sexes, normal ankle-brachial index (1.08±0.15) participated in this study. The protocol consists in one minute in standing position (phase 1); one minute of marking step (phase 2) and one minute of recovery (phase 3). The local CRBC was assessed by the Tissue Viability Imaging® System probe, detecting differences between phase 1 and phase 2 (p=0.016) but not for phase 3 (p=0.113). Photoplethysmography (PPG) was also used, revealing significant changes in phase 3 both for wave amplitude (p=0.016) and pulse rate (p=0.005). These findings can be explained as a physiological response to movement. Gender differences were found in the phases 2 and 3 (p=0.011 and p=0.006) with higher CRBC values in men. Simultaneously the gastrocnemius was evaluated using surface electromyography (sEMG) with significant increase in phase 2 (p=0.003). Nevertheless, more studies are needed to understand the behaviour of the microcirculation during activity.
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Introduction
The idea of a healthy peripheral circulation is generally associated to an active, prone to movement life. Inactivity and sedentary habits promote metabolic adaptations and microcirculatory impairment that might determine cerebrovascular disease. In healthy young adults, variations in local blood flow happen immediately with the first muscle contraction [1]. This fast and transient period is not only due to muscle activity, but also to the local vasodilator response from feedforward regulation [2,3]. 
An adequate peripheral circulation is essential for proper tissue nutrition, and surely is essential to preserve the normal function. The main force driving the lower limb peripheral circulation is the activity of the leg posterior muscles that alters the pressure in the deeper vessels [4]. For their location, these vessels are more exposed to these pressures generated by the muscle. This hemodynamic phenomenon is not clearly defined but it is known that, besides the compression exerted by the muscle, the pressure gradient generates a bidirectional transmission that occurs with the perforating veins of the leg and influences the recurrent reflux [5]. It is at the microcirculatory level that the interchanges between the interstitial spaces and the vascular structures occurs, assigning a fundamental role on the peripheral activities 6-7]. Peripheral hemodynamics are not only influenced by the arteriolar branches embedded in the skeletal muscle, but also by the local endothelium controlling perfusion [8]. 
In cerebrovascular patients an abnormal muscle activity and coordination are typically found, e.g., the early plantar flexor activity during stance or the early termination of tibialis anterior activity during swing [9]. The importance of these muscles to the normal peripheral perfusion might influence and even improve the overall function [10].  Inappropriate level of activation and weakness is rarely associated with the influence of microcirculatory dysfunction in patients with central nervous system injury.
The impact of the calf muscle contraction in the lower limb circulation is known but there are only a few studies evaluating these variations in the dorsal region of the foot, where anatomically there are only small muscular and tendinous fibres with a very particular vascular organization. In the foot’s dorsum skin, most of the blood flow goes through the deeper cutaneous vascular structures [7]. The present study evaluates the potential impact of marking steps, a simple task, also regarded as a preventive exercise, over the foot microcirculatory changes in the standing position.



Materials and Methods
Eleven young healthy volunteers (25.6 ± 5.4 years) both sexes (six female and five male) with normal ankle-brachial index (1.08 ± 0.15) were selected upon informed written consent. The body weight was measured using a bio-impedance balance Tanita BC-730 (Tanita Corporation, Japan) and the stature measured with a Seca Wall Tester 206 (Germany). Body mass index (BMI) was calculated as weight (kg)/height2 (m) being 21,2 ± 2,40 for female and 24,2 ± 2,31 for male volunteers.  
All participants declared a moderately active lifestyle. All procedures followed the Helsinki Declaration [11]. Experiments took place in the same room with a constant ambient temperature (25°C ± 1). after 10 minutes adaptation to room condition, the baseline assessment was registered in the standing position. Then, volunteers performed a three minute protocol divided into three phases - 1 minute in a quite standing position (phase 1); 1 minute of marking step (phase 2) and, finally 1 minute of recovery in the resting position as in phase 1 (phase 3). 
The TiVi system (Tissue Viability Imaging® TiVi8000, WheelsBridge, Sweden) was used to measure changes in the local Concentration of Red Blood Cells (CRBC) in the skin. The system provides information about microcirculation by using subsurface polarisation green light spectroscopy [12]. A portable probe was placed in the anterointernal region of the left foot, one centimetre above the metatarsophalangeal joint, leaving the ankle joint free to perform the movement. The red blood cells absorb light superficially in green wave-length region while the surrounding tissue of the dermis absorb lesser light which can be identified by separating the images in different planes (green, blue and red colours) [13]. Based on this principle, the chosen region of interest (ROI) for quantification purposes were those regions with a higher concentration of red blood cells (Figure 1). A mean TiVi index was calculated from the same area of skin in each subsequent image, giving the change in the mean local of CRBC over the three phases. 
A Photoplethysmography (PPG) reflection sensor (Blood Volume Pulse Sensor, PLUX Biosignals, Portugal) was used in the equivalent site at the contralateral foot. PPG detects blood volume changes in the capillary bed, generating a pulsatile wave in cardiac synchrony, allowing the identification of the Pulse Rate (PR) and variations in the amount of local blood perfusion [14]. To minimize the occurrence of probe-tissue movement artefacts, a double-sided adhesive strip was used to hold the probe adhering to the skin [15]. The influence of ambient light on PPG was minimal because the room was in the dark during data collection. 
The surface electromyography (sEMG) data was acquired in the gastrocnemius with two 10 mm diameter active electrodes placed in the calf region of the right limb with a distance of 20 mm between them, following the muscular fibres direction to ensure the maximal sEMG amplitude. One reference electrode was placed on the inner malleolus [16-17]. The amplitude of sEMG signal in each phase was expressed as a root mean square (rms). PPG sensor and sEMG electrodes were attached to a microprocessor board (BITalino Plugged board, PLUX Biosignals, Portugal). The PPG signal was calculated as the number of waveforms per minute (/min). Blood perfusion, sEMG signal and PR means were calculated in each phase. 
Data analysis involved a customized program written in MatLab (Mathworks Inc., EUA). The Wilcoxon signed-rank test was used for phase comparisons, and a p<0,05 value adopted.



Results and Discussion
A mean TiVi index was obtained from each image, in each phase. In phase 2 CRBC significantly decreased (p=0.016) when compared to phase 1 (table 1). This result is inline with previous studies about the foot microcirculation using PPG, suggesting that the calf muscle activity in the standing position, decreases the blood perfusion at the foot region [15]. Other studies indicate that this response is due to the venoarterial reflex (or oedema protection reflex) that reacts to the vasodilator response starting in the upright position [18]. In the presence of the initiated activity, the variations between the loading moments and the absence of the foot of the floor, requires mechanisms that maintain stability of the blood volume, not allowing, on the one hand, that the volume increases too much in the extremity of the lower limb while guaranteeing the flow needed to the muscular activity [19-20]. As shown in phase 3 (table 1) this flow is rapidly controlled with a fast return to normal values within the duration of this phase (p=0.113). In the standing position, the absence of regulatory mechanisms would allow the filling of the foot vessels between 300 and 800 ml corresponding to the gravitational displacement of blood so, in healthy subjects this is a preventive phenomenon [20]. 
It was not possible to read PPG during phase 2, since the impact of the foot on the floor caused too many artefacts. However, we were able to correlate PPG (AU) and Pulse Rate between Phase 1 and Phase 3 (Table 1) and we observed significant differences between phases 1 and 3 either for the PPG values (p=0.016) and for the pulse rate (p= 0.005) (table 1). This increase was observed in all subjects except for one that kept the PR always with the same values. When we investigated the reasons for this variation, we only found cognitive factors related to attention, since all subjects were very attentive during the protocol and especially in the changes between phases [21-22]. To explain the differences found in the PPG waveform amplitude we found a study that reported a rapid and transient increase in blood flow peaks, within approximately five cardiac cycles, in young healthy humans during aerobic exercise [3]. 
The gastrocnemius sEMG results has shown a significant increase during phase 2 (p=0.003) suggesting its active contribution during the gait cycle related to the gradual and alternating recruitment of motor units. However, when comparing phase 3 (recovery) with baseline (phase 1), we found that muscle activity is still significantly elevated (p=0.010), probably due to the maintenance of a higher physiologic postural tone. The gastrocnemius muscle is considered one of the most important muscles in functional control and stabilization of the standing position with reference to a set of natural base and differential oscillation signal patterns, identified as key determinants in muscle rest [23]. We found two studies that address muscle stiffness and tone after exercise, and in one study, differences were recorded in 5 minutes after the end of exercise [24]. In the second study different results were found for two groups that performed different exercises. They found an increase in muscle stiffness after training (intensive exercise) for one group while in the second group (isometric training), after exercise there was no difference for baseline values [25]. More studies are needed to look at whether residual tonus remains immediately after a muscle activity end.
The CBRC changes between sexes revealed significant differences in the phases 2 and 3 (p=0.011 and p=0.006) with higher values for men (table 2). In an investigation comparing blood red cell passage values in the upper limb antecubital region, the authors identified higher values for men compared with women [26]. However, other studies on microcirculation did not find differences between genders [27], so further studies seem to be necessary to compare responses among healthy individuals with different physiological characteristics. 



Conclusion
[bookmark: _GoBack]The TiVi technique allows to identify the concentration of red blood cells over a period of time in which the subject performs one or more tasks. In our experimental conditions, we were able to identify microcirculation changes caused by the marking step activity and probably sex related. More studies are needed to understand the behaviour of the microcirculation during activity and we recognize that the assessment of the movement CBRC may be indicative of the circulatory dynamics, in the feet in relation to movement.
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Tables and Figures / Tabelas e figuras
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Figure 1. Example of the region of interest (ROI) to evaluate the CRBC during the 3 phases of the protocol
 Figura 1. Exemplo da região de interesse (ROI) para a avaliação da CCVS durante as 3 fases do protocolo


Table 1. Results (mean ± standard deviation) of variables for each phase of the protocol. F – Female; M – Male; N/A – Not Applicable; Statistical comparison for resting phase. * - statistically significant (p < 0.05). 

Tabela 1. Resultados (média ± desvio-padrão) de cada variável de cada fase do protocolo. F – Feminino; M – Masculino; NA – Não Aplicável; Comparação estatística para a fase de repouso. * -estatisticamente significativo (p < 0.05).

	
	
	Phase 1 / Fase 1
	Phase 2 / Fase 2
	Phase 3 /Fase 3

	Gender/Género
	 
	F
	M
	Total
	F
	M
	Total
	F
	M
	Total

	CRBC (AU)
CCVS (UA)
	mean/média
	252.9
	323.3
	284.9
	228.9
	309.0
	265.3
	233.5
	327.1
	276.0

	
	Sd/dp
	23.3
	70.9
	60.2
	15.8
	49.2
	55.8
	16.3
	55.8
	61.3

	
	p
	0.144
	-
	0.011*
	0.016*
	0.006*
	0.113

	sEMG (rms) racio
	mean/média
	0
	0
	0
	0.9
	1.1
	0.98
	0.1
	0.07
	0.09

	
	Sd/dp
	0
	0
	0
	0.5
	1.5
	1.0
	0.2
	0.1
	0.1

	
	p
	1
	0.855
	0.003*
	0.929
	0.01*

	PR /FP
	mean/média
	73.5
	62.2
	63
	
	
	
	75.7
	66.8
	71.6

	
	Sd/dp
	3.33
	4.44
	6.9
	
	N/A
	
	2.94
	9.04
	7.6

	
	p
	-
	
	0.005*

	PPG /FPG
	mean/média
	28
	23
	26
	
	
	
	32
	25
	29

	
	Sd/dp
	7.18
	4.88
	6.80
	
	N/A
	
	9.97
	5.09
	8.62

	
	p
	0.247  
	
	     0.329	       0.016*
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