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ABSTRACT 
Introduction. The human lower limb is widely used as a model to study in vivo microcirculatory physiology and 
pathophysiology. It is a preferential target for critical co-morbidities (overweight, diabetes, peripheral vascular 
disease). Movement and activity are consistently regarded as beneficial, but the related adaptive physiology is 
still poorly understood. Our goal was to better identify the foot microcirculatory changes after a regular walking 
gait activity in healthy subjects of different ages. Methods. Twelve healthy participants of both sexes, with normal 
Body Mass Index (BMI )and Ankle-Brachial Index, were selected and grouped according to age – Group I (21.0 ± 1 
y.o.) and Group II (55.8 ± 3 y.o.). The protocol involved two phases of 5 minutes duration each - Phase 1, a static 
standing position, and Phase 2, 5 min walking with a comfortable pace on a pre-established circuit.  Perfusion 
changes were assessed in the dorsal region of both feet before (baseline, Phase 1) and after the gait period 
(Phase 2) by non-invasive optical technologies - Laser Doppler flowmetry (LDF), photoplethysmography (PPG) and 
polarised spectroscopy (PSp). Comparative statistics were performed with a 95% confidence level. Results. All 
instruments detected an asymmetric non-significant perfusion between right and left feet during rest in all 
participants with values in females consistently lower than men. Older participants exhibited lower baseline 
values than the younger group.  Gait evoked a perfusion reduction in all participants relative to Phase 1 detected 
with all technologies, with statistically significant changes recorded with LDF (Group I p=0.033 and Group II 
p=0.028) and PSp (Group II p=0.041). Furthermore, LDF revealed that gait significantly reduced perfusion velocity 
in the older group (p=0.003). Corresponding changes in the younger group were present but discrete.  Recovery 
to baseline levels was also slower in the older group. Discussion/Conclusions.  Our results confirm that perfusion 
is age dependent and demonstrates the clinical relevance of simple dynamic activities such as gait. This reduction 
of the dorsal foot perfusion occurs in depth, being more pronounced with the movement intensity, suggesting a 
wide application potential in early diagnostics as for rehabilitation. 
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Introduction   
The standard bipedal nature of human movement determines a complex adaptive environment between 
muscular activity and haemodynamics, even for daily life routines, that is still poorly understood. Human models 
have been central to look into many of these relationships (1-4) -  the use of in vitro models is not that common, 
although some recent functional models have been developed to assess the impact of perfusion on physiological 
mechanisms  (5). We understand the perfusion reduction in the leg when passing from lying down to sitting (1), 
from which the edema mechanism of the foot and ankle, a normal complication of short duration weight 
displacements, was depicted (2-4). Other adaptive perfusion features related to posture (6,7) or different 
dynamic activities have also been progressively described (8-12).  Conversely, the progressive reduction of activity 
associated with ageing (also related to sarcopenia) and microcirculatory impairment associated with peripheral 
vascular disease (PVD) inflammation or diabetic microangiopathy always accelerate frailty (13,14).    
Research on these thematics have been mostly driven within the perspective of exercise and rehabilitation in very 
specific contexts. Nevertheless, mechanisms responsible for the benefits relating exercise and circulation, 
especially in the lower limb, are far from being clearly characterized (9-12).  An insufficient number of randomized 
clinical trials and the use of a broad array of procedures (type of exercise/activity, duration, frequency), combined 
with different technological options and a diversified interpretation of variables have challenged consensus on 
involved mechanisms.  In the diabetic patient, exercise seems to have positive effects on lower limb 
hemodynamics (15-17) but in the presence of peripheral arterial disease, results seem to depend on the type of 
exercise and the severity of the existing lesions (17-19).  In PVD patients, the impact of exercise seems to be even 
more difficult to establish, except in more moderate cases when claudication is stabilized (18,19). It is interesting 
to note that even in the absence of a specific pathology, the adaptation of the microcirculatory physiology of the 
lower limb and foot according to movement/exercise is not clearly established (8,11,20). However, the decrease 
in walking speed is recognized as a useful indicator of impairment related to the multi-morbidity associated with 
ageing (20,21).  
The negative impacts of the lack of movement/motor activity on our normal physiology are known, either with 
sedentarism or related to some types of cerebrovascular accident or brain trauma (20-23). Passive leg movement 
alone has been indicated to stabilize circulation in the lower limb and prevent syncope in healthy adults (21,22).  
Therefore, while we accept that movement and exercise have true clinical relevance which contributes to the 
preservation of health and well-being, we further believe there is a close relationship between movement-
posture and peripheral perfusion which adapts differently in different dynamic conditions. These aspects of body 
dynamics physiology and its conditioning factors, including age, must be better known.   
Under this view, the present study aims to explore a) the perfusion changes resulting from a normal short 
duration gait activity in b) two groups of healthy individuals of different ages using various light sensors 
measuring perfusion at different skin depths. Finally, we also aim c) to propose a reproducible experimental 
design planned to evaluate and compare these relationships as close as possible to the normal physiological state 
in order to look deeper into these aspects of integrative physiology.  
 
METHODS 
This exploratory study involved a convenience sample of twelve healthy participants selected according to 
predefined inclusion / non-inclusion criteria, primarily comprised of students and collaborators within our 
research unit. All participants reported regular physical activity and absence of any metabolic disease (diabetes, 
dyslipidemia). Vascular status was evaluated by the ankle-arm index (ABI),  a common indicator of vascular health 
(23,24), and Body Mass Index (BMI) values were within the normal range. Participants were normotensive, 
nonsmokers, and free of any medication or food supplementation. Caffeine and alcohol consumption was 
prohibited 24 hours prior to measurements, as well as the use any topical (including cosmetic) application in the 
assessment areas. All young women reported regular menstrual cycles. Female participants were not using oral or 
implanted contraceptives.  
Participants were divided by age. Group I included six young adults (three women and three men, 21.0 ± 1 years 
old and BMI of 22.7 ± 1.6 kg/m2, and Group II six older adults (three women and three men) with 55.8 ± 3 years 
old and BMI of 24.8 ± 1.9 kg/m2, values adjusted for age (25). 
All participants were duly informed about the objectives of the study, including all methods and technologies to 
be used. Procedures followed the principles established by the Helsinki Declaration and subsequent amendments 
(26) and were assessed in advance by the Institutional Ethics Committee.  
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Measurements were done under controlled conditions, including room temperature (25 ± 1°C), humidity (40%-
60%), and uniform lighting, to minimize any environmental effects on participants and measuring systems. After 
10 minutes of adaptation in the standing position, the protocol was sequenced in two phases. In Phase 1, baseline 
recordings were obtained over 5 minutes with participants static while standing with feet separated 10 cm apart. 
A period of walking activity followed in a pre-established circuit in the laboratory area for 5 minutes at a 
comfortable pace. The participants then resumed the starting position, standing still for 5 minutes to register 
post-gait recovery (Phase 2). Probes were removed for the walking period and quickly replaced in the same sites 
once the activity ended. 
Perfusion-related variables were obtained from the dorsal region of both feet, an option demonstrated to reduce 
signal variability (27,28). Three optical technologies were used: 
- Laser Doppler flowmetry (LDF) [Perimed PF5010 System, Stockholm, Sweden], in which the "Doppler effect" 
obtained with red light enables local perfusion to be calculated (29,30) from the speed and number of particles in 
movement (mainly red blood cells) reflecting this light. Data is quantified in terms of  blood perfusion (BP 
expressed in arbitrary units BPU’s), concentration of red blood cells (CRBC also expressed in arbitrary units AU’s) 
and velocity (in cm/sec). The system also allows continuous monitoring of skin temperature, known to affect 
circulation, particularly in the extremities. 
- Photoplethysmography (PPG) [BITalino kit, PLUX Biosignals, Lisbon, Portugal], which allows the measurement of 
small variations of the blood perfusion volume (BPV) (28-31) through the reflected green light, expressed in 
arbitrary units. The PPG wave is a synchronous heartbeat-related pulse wave (AC) and represents the volume of 
blood generating the wave (30,31). 
- Polarized light spectroscopy (PSp), using the Tissue Viability Imaging® (TiVi) system [TiVi8000, WheelsBridge, 
Sweden], which permits the calculation of the concentration of erythrocytes (CRBC) in arbitrary units (AU) as 
evaluated throughout a sequence of photographs taken in the same region of interest (ROI) (32,33). 
These optical technologies use light with different wavelengths, providing different interactions with the tissue 
(34) (Figure 1), which must be considered in the analysis and interpretation of results. 
Heart rate (PR) and blood pressure (BP) were also monitored with a digital sphygmomanometer [Pic 
22012000200 Esfigm Classic Check, Artsana S.p.A, Italy].  
In Phase 1, the perfusion-related variables were obtained in the minute immediately before beginning the 
activity, regarded as the baseline reference. For the recovery period analysis (Phase 2), measurements took place 
after replacing all measuring probes, approximately one minute after the gait period. As mentioned, all probes 
were removed during the gait period and replaced in the recovery.    
In order to denoise and improve the quality of the PPG recordings, a MatLab (Mathworks Inc., Natick, MA, USA) 
filter was applied. This software selects the dominant wave acquired to calculate a probable distribution of the 
pulses of interest, improving accuracy without changing the validity of the signal (35). 
Data were analyzed through descriptive and comparative statistics using SPSS v.22.0 software (IBM Corp. Amrock, 
NY, USA). Data normal distribution was previously tested in both groups by the Shapiro Wilk's test  (Figure 2). The 
intraindividual perfusion variations (right and left foot) as the interindividual comparisons were evaluated using 
the Levene's test for variance equality and with the “t test” for comparing means. The Wilcoxon sign-rank test 
was used for comparison between phases in each group. A 95% confidence level was adopted. 
 
RESULTS AND DISCUSSION 
Table 1 summarizes the global data set. Results are shown as mean + standard deviation.   
The microcirculatory adaptation in orthostatic or semi-static variations have been described. A prolonged 
standing position evokes the mobilization of considerable amounts of blood to the more distal regions of the 
lower limbs. This mobilization decreases the venous return and activates pressure receptors as part of a wide and 
complex interaction between different (central and peripheral) physiological sensors and effectors still far from 
being fully identified and understood (4,6,12,28).  The perfusion adaptation related to movement such as walking 
or running is less known and depicted (3,10,21).  Most of the studies use laser Doppler flowmetry (LDF) as a 
reference method (7,29). Only a few have chosen photoplethysmography (PPG) (7,30) as the measurement 
instrument, and, to the best of our knowledge, only our group hasapplied polarised spectroscopy to further 
explore microcirculatory physiology and skin flowmotion (32,33). In most studies, one single instrument is used to 
measure perfusion. Although based on similar optical principles, each technology uses different wavelength/light 
sources, which results in different interactions between light and tissue, i.e., different microcirculatory 
information (34,36,37), making comparisons of results impossible. By operating with these three systems, we 
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expect to fully characterize all in vivo changes occurring as a consequence of gait in both groups and identify 
differences, if any, attributable to age.  A recently published study (37) suggested that light penetration into the 
skin is a direct function of the wavelength used. The skin penetration capability of LDF is thought to be deeper 
than that of PPG, close to 1 mm (37).  In contrast, polarized light spectroscopy results from the interaction of 
white, incoherent, filtered light with the skin surface (31). It detects red blood cell concentration and not 
perfusion itself, operating in the most superficial layers of the skin. 
At rest (Phase 1), all technologies detected asymmetries between the perfusion-related variables from the left 
and right feet of each participant. This bilateral perfusion asymmetry was expected and reported as non-
significant in healthy subjects (38) as in our groups. A recent study suggested this variation results from small 
morphometric variations of the femoral artery with haemodynamical impact in paired legs (39). As shown in Table 
1, these differences disappear  with movement, likely as a  result of the adaptive cross-talk between movement-
posture and hemodynamic sensors and effectors. These intraindividual  variations also found in the mouse (27) 
have been called “physiological” to distinguish from those that may originate from asymmetric vascular pathology 
of the lower limbs. 
In line with these observations, all systems detected a perfusion reduction in the post-gait period (Phase 2) 
following movement in both groups. In (the younger) Group I, a significant reduction difference (p=0.033) could 
be detected in this period with  LDF perfusion (Table 1).  In Group II, significant perfusion reduction differences in 
the post-gait period could be detected by LDF perfusion (p=0.028)  and velocity (p=0.003), as by PSp 
concentration of red blood cells (p=0.041). Despite the PPG "denoising" procedure, this instrument could not 
detect significant changes in any of the groups. All systems confirmed that by the end of the experiments, 
perfusion had not returned to normal reference values in any of the groups (Table 1).  A non-significant increase 
in systolic and diastolic blood pressure was also detected in Phase 2 in both groups. 
No local temperature variations were detected under the studied conditions.  
This original aspect of our setting, detecting the same outcome with three sets of optical sensors - LDF PPG and 
PSp - clearly suggests that these significant perfusion reductions can only be a consequence of gait. The decrease 
of the more superficial blood flow, revealed by CRBC (PSp) as well as the reduction of the deeper flow means an 
effective mobilization of blood from surface to the deeper effector motor units.  The resulting blood 
sequestration at the thigh and leg effector muscles provides an increased metabolic activity of those motor units  
(10,40). 
Our group recently introduced the study of microcirculatory perfusion dynamics in the human lower limb with the 
"step in place" model (33), applying a similar experimental design with PPG and PSp as measurement 
technologies. In these studies, PPG only allowed the measurement before and after the movement and detected 
no differences of statistical significance. As in the present study, however, the PSp system revealed a significant 
decrease (p <0.007) of the TiVi index (CRBC) following movement, which remained significantly below the base 
value (p <0.028) in the recovery phase.  Pulse rate (p <0.005) and blood pressure increased, with significance only 
for systolic pressure (p <0.003). This study also suggested that a semi-dynamic task such as the step-in-place 
might effectively evoke a lasting response, perhaps not far from that observed with dynamic movements such as 
gait.  
To explore those age-related differences previously referenced, we further compared the most representative 
perfusion-related variables obtained in both groups by LDF and PSp. Each participant limb pair was transformed 
into a single normalized value corresponding to the mean (+ sd) to reduce variability and facilitate analysis (Table 
2). As shown, changes in both phases do not substantially differ between age groups, and gait promotes an 
equivalent statistically significant reduction of perfusion (LDF) in both groups (p=0.046). However, significant 
reductions of blood velocity (p=0.028) detected by LDF,  and of CRBC (p=0.046) detected by PSp following gait 
became very clear. It is known that even in the absence of disease,  ageing involves a progressive stiffening of all 
circulatory structures from macrocirculation (arteries) to microcirculation. This increases the pulsatile stress at 
microcirculation and reduces flow velocity (41). Furthermore, we have noticed that the younger group shows 
higher predominance of one foot perfusion over the other (right-left perfusion ratio analysis, data not shown). 
Thus, we cannot exclude the (non-significant) perfusion asymmetry detected between limbs in Phase I as a 
contributor. However, more information (e.g., load dominance, fine movement preference, vascular anatomy) is 
needed to better examine this interesting direction. 
Our results have also shown that values in female subjects were consistently lower than in males, except for 
CRBC, even if not statistically significant. Gait evoked the described reduction of these variables, again with no 
statistical expression.  Figure 3 shows the perfusion-related changes registered in both sexes using, as before, the 
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mean (+ sd) of the most representative variables to facilitate our analysis.  Differences in prevalence, expression, 
and prognosis in cardiovascular diseases between men and women are known (42), although gender differences 
in vascular and cardiac physiology have been difficult to demonstrate in healthy individuals.  Perfusion-related 
differences between sexes have been described in exercise training and resistance, likely reflecting some 
differences in skeletal muscle perfusion and performance (43,44). However, some sex-related differences seem to 
exist determining different performance fatigabilities. This seems to be particularly relevant in clinical terms since 
it underlines the need to ensure adequate “dosages” in exercise as in rehabilitation to promote adequate 
integrative responses that might not be present (in women) if that dosage is suboptimal (43,45).  
Our results are in line with previous publications demonstrating the importance of this movement-induced blood 
mobilization which seems to be proportional to the intensity of the movement, i.e., more obvious with gait than 
with the "step in place" activity (21,33). The clinical utility of this mobilization could be considerable, as it 
demonstrates that even a low-intensity activity, far from a rigorous training program, broadly impacts 
microcirculatory function. This may offer a more feasible pathway to help prevent the multiple impacts of ageing, 
including  sarcopenia, or to reduce microcirculatory stress, e.g., of diabetes.  We believe these findings are also 
potentially relevant for early diagnosis of gait-related abnormalities underlining the importance of personalized 
rehabilitation programs. 
 
CONCLUSIONS 
By identifying this significant foot skin perfusion reduction resulting from regular gait, we demonstrate the clinical 
importance of dynamic movement as a vascular preventer / promoter of particular importance under the current 
trends of personalized care, including home health. Our findings also draw attention to the interindividual 
perfusion asymmetries between limbs at rest, more pronounced in the younger group participants, indicating 
potential new research directions related to posture and movement preferences. Age is a major determinant 
modifying the response adaption and reducing asymmetries even in the absence of pathology. Analysis also 
suggests different requirements for men and women, another aspect to consider in personalized care.   
Our methodological proposal is technically sound and reproducible, applicable to different conditions such as 
movement time-duration/load exposure. We also estimate that this design, kept as close as possible to the 
normal physiological state, will be easily adapted to other patient profiles (e.g., overweight), and applicable to 
different conditions involving microcirculatory impairment. Results comparisons are crucial to look deeper into 
these adaptive mechanisms, and the methodology used in this exploratory study meets that requirement, 
suggesting a viable analytical approach to microcirculatory treatment and research.  
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Figure Legends: 
 
Figure 1: Representative signal recordings obtained in the present experimental conditions.   Dorsal foot 
perfusion records in one participant obtained from LDF (top) PPG (middle) and TiVi (bottom) systems illustrate 
the different interactions of the light with the tissue. The  final fifteen seconds of Phase 1 and the initial fifteen 
seconds of Phase 2 are shown (see text). 
 
Figure 2: Normal distribution of baseline data for the perfusion related variables obtained from (a) PPG  (b) LDF 
and  (c) TiVi, in Groups I and II (see text). 
 
Figure 3.  
Graphic illustration of the most representative perfusion related variables obtained in male and female 
participants (n =12), independent of age, in the studied experimental conditions. Indicated values represent the 
respective mean (+ sd) of each participant´s limb pair by sex. No significant differences were found (see text).   
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Table 1. Mean lower limb perfusion changes expressed in arbitrary units (BPU, AU) obtained by LDF, PPG and TiVi in all participants’ left and right lower limbs during 
the experimental protocol. Data are expressed as means + standard deviations (sd), followed by p values where applicable; (n =12). Intraindividual statistical 
comparison (t test) between right and left limbs is shown in each phase. In each group, a statistical comparison between phases is also shown (Wilcoxon sign rank 
test;, *p < 0.05; ns – non significant). 
 

 
  

  Phase 1    Phase 2   Phase 1    Phase 2 

    Right Left    Right Left    Right Left    Right Left  

LDF 
Perfusion 

(BPU) 

mean ± sd 10.4 ± 1.9 9.0 ± 1.8  8.9 ± 2.2 7.7 ± 2.2  9.2 ± 1.4 9.4 ± 1.9  8.1 ± 1.7 8.1 ± 1.3 

p-value ns   ns  ns   ns 

≠ phases 
(p-value) 

0.033 *   0.028 * 

  
CRBC  
(AU) 

mean ± sd 16.6 ± 3.8 14.8 ± 2.5  17.6 ± 9.3 18.5± 9.1  11.4 ± 3.0 10.0 ± 2.8  10.7 ± 3.5 9.5 ± 2.4 

p-value ns   ns  ns   ns 

≠ phases 
(p-value) 

0.272   0.583 

 
Velocity  

(cm/ sec) 

mean ± sd 72.5 ± 2.6 90.2 ± 1.4  76.0 ± 2.0 82.8 ± 6.3  92.0 ± 7.7 106.8 ± .4  84.0 ± 13.2 79.3 ± 3.4 

p-value ns   ns  ns  ns 

≠ phases 
(p-value) 

ns   0.003* 

PPG 
 BVP                   
(AU) 

mean ± sd 27.7 ± 8.2 23.4 ± 5.6  23.9 ± 8.0 23.2 ± 6.7   21.3 ± 4.5 18.7 ± 4.8  19.0 ± 6.2 18.2 ± 5.0 

p-value 0.315   0.879  0.352   0.849 

≠ phases 
(p-value) 

ns   ns 

Pulse 
Rate 

mean ± sd 65.0 ± 6.0   66.5 ± 5.8  73.8 ± 10.0   76.2 ± 9.5 

 (bpm) 
≠ phases 
(p-value) 

ns   ns 

PSp 
CRBC  
(AU)  

mean ± sd 
322.5 ± 

66.0 
289.3 ± 

60.8 
 295.1 ± 

63.8 
297.7 ± 

71.1 
 270.2 ± 

35.9 
253.6 ± 

44.6 
 244.9 ± 36.2 227.2 ± 22.0 

p-value 0.480   0.987  0.493   0.331 

≠ phases 
(p-value) 

ns   0.041 * 

SysP 
(mmHg) 

mean ± sd 118.7 ± 11.7   121.2 ± 13.7    113.8 ± 19.9    114.0 ± 17.5 

≠ phases 
 (p-value) 

ns   ns 

DiastP 
 (mmHg) 

mean ± sd 68.7 ± 8.9   69.3 ± 8.1   70.2 ± 5.1    74.2 ± 9.8 

≠ phases 
(p-value) 

ns   ns 
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Table 2. Comparing most representative perfusion related variables obtained as a function of age in the present 
experimental conditions.  Each participant´s (n =12) limb pair was transformed in one single normalized value 
corresponding to their mean (+ sd).  Comparison  between groups and study phases is followed by p values where 
applicable (ns – non significant; *p < 0.05). 
 

 
  

  Phase 1 
    

Phase 2 

    Group I Group II     Group I Group II 

LDF mean (+ sd) 9.7 (1.4) 9.3 (1.5)     8.3 (2.0) 8.1 (1.0) 

Perfusion 
(BPU) 

≠ group (p-value) 0.589 
    

0.937 

  ≠ phase(p-value) _ _     0.046* 0.046* 

Velocity mean (sd) 81.4 (18.1) 99.4 (8.6)     79.4 (21.7) 81.7 (15.1) 

(cm/ sec) ≠ group (p-value) 0.093     0.583 

  ≠ phase(p-value) _ _     0.345 0.028* 

PSp mean (sd) 305.9 (56.1) 261.9 (36.3)     296.4 (64.2) 236.1 (19.2) 

CRBC ≠ group (p-value) 0.818     0.589 

(AU)  ≠ phase(p-value) _ _     0.075 0.046* 
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