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Abstract

:

The significance of lower limb perfusion asymmetries remains unknown in healthy individuals. Our study aims to understand how factors such as posture, sex, age, and body weight relate to perfusion. Data from studies previously published by our group, including experiments using laser Doppler flowmetry as the gold standard for perfusion measurements in baseline, (various) challenge, and recovery phases was assembled from a total of 139 healthy participants. Body position was shown to be a primary determinant of perfusion asymmetry, especially in women. Effects of sex and age were also analyzed. In a supine position, perfusion asymmetries seemed to relate negatively in the aged group of participants, where challenge and recovery seemed to follow different processes. In the upright position, young men and women have shown comparable distributions and asymmetry ratios at baseline and recovery. In the aged group, differences between sexes were observed at baseline, but again, the course of the asymmetry ratios with challenge was essentially similar in men and women. Our analysis suggests that ageing is a critical determinant in our upright study sample, as higher baseline asymmetries and longer recoveries after challenge were linked in older males with higher body mass index (BMI).
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1. Introduction


Asymmetries in arterial blood pressure between paired limbs and peripheral vascular disease (PVD) have been identified and reported for more than 100 years [1,2,3,4]. These findings were primarily obtained from limited clinical and anatomical observations; however, technological advances have enabled much more thorough study [5,6], fueled as well by the current notoriety of PVD, the third global cause of cerebrovascular stroke [7,8]. A relationship between arterial geometry of the radial, mesenteric, and femoral arteries and local hemodynamics has been established in PVD [9,10], while bilateral perfusion asymmetries in healthy young women were explained by hemodynamic and arterial morphometric changes in paired legs [9,10,11]. Recent observations on the impact of flow-related stress (shear-stress, turbulence, pulsatility) on local microcirculation suggests that all of these might differently modulate the course of pathological processes and explain the uneven perfusion impairment in these patients [12,13,14].



In the absence of vascular disease, the significance of these asymmetries has not been thoroughly investigated. Blood flow has long been primarily related to muscle mass [15], while increased levels of circulatory stress seem to produce more asymmetries and influence the development of vascular and muscle-perfusion lesions [5,6,7,8]. Direct relationships between hemodynamics and muscle activation and force generation have also been proposed to explain this scale of strength or force competence between the preferred (or dominant) and the contralateral (non-preferred) limb [16,17,18,19,20,21]. In sports medicine and rehabilitation, muscular asymmetries have gained particular relevance in regard to strength and conditioning [20]. An inverse relationship between force asymmetry and muscular performance has been reported [21,22,23], and interlimb differences have been suggested to involve higher non-contact injury risk likely accentuated by the sporting activity [21,24]. Recent data indicated that comparable amounts of blood flow are necessary for distal muscle activation in dominant and nondominant limbs, even for common activities as gait [25,26]. This “preference” asymmetry has been regarded as a variable in rehabilitation when one of the limbs is injured [16,17,18,19,20]. Footedness has been reported to follow handedness in right-handed people and assumed as a dominance criteria [20,27], although a wide variety of tests have been proposed to verify this preference [18]. Evidence also suggests that some differences are sex-related, and several reviews have focused on the impact(s) of distal perfusion impairment in known clinical conditions [28,29,30,31]. In vascular medicine, sex is regarded as an important independent variable, while hemodynamical adaptive responses to many stressors, including exercise, appear to be different between males and females [30]. Lower vasoconstriction and vascular resistance were observed in female skeletal muscle compared to males, along with an increased resistance to fatigue [32]. In the lower limb, healthy females consistently showed lower perfusion values than males, while higher skin microvascular reactivity to vascular occlusion was recently reported in the female upper limb [29,32].



To the best of our knowledge, no review has approached the physiological significance of lower limb asymmetries in regular dynamic activities in the absence of disease. Our group’s research has been centered on the identification of adaptive homeostatic responses to distal changes in microcirculatory dynamics. We have detected baseline perfusion asymmetries in healthy participants, of both sexes and different ages, submitted to different procedures meant to (temporarily) modify peripheral perfusion in the lower limb. From massage [33,34,35] to the venoarteriolar reflex [36], plantar flexion [37], unipodal squat/hemi-squat, and walking [38,39], we were able to identify and follow each hemodynamical adaptive process impacting not only local perfusion but also systemic hemodynamics in humans as in mice [36,40]. Therefore, the aim of the present analysis was to collectively assess the association of sex, age, and body mass index (BMI) with perfusion asymmetries at rest and in the recovery period after a controlled challenge from the studies published previously by our group (Table 1). A deeper understanding of the physiological significance of these asymmetries is essential, we believe, to improve our knowledge of pathogenesis and therapeutics.




2. Methods


This experimental study focuses on a convenience sample of 139 healthy participants of both sexes selected as part of separate projects involving the study of the perfusion adaptive responses to different circulatory challengers (Table 1 and Table 2).



2.1. Participants


Data were collected from participants included in previous studies regarding perfusion of the human lower limb, sharing specific predefined inclusion/non-inclusion criteria [33,34,35,36,37,38,39,40]. Participants were all non-athletes reporting regularly low physical activity and absence of any metabolic disease (diabetes, dyslipidaemia). Blood pressure (systolic—SYS; diastolic—DIA, in mmHg), height (centimeters), and weight (kg) were registered. Body mass index (BMI) was calculated. Vascular status, defined by the ankle–arm index (ABI), a common indicator of vascular health [41,42], was also registered. All participants were normotensive, non-smokers, and free of any medication or food supplementation. The consumption of vasoactive beverages (e.g., caffeine and alcohol) was restricted prior to measurements. Participants were duly informed of the objectives of each study, including all methods and technologies to be used. All study procedures followed the principles established by the Helsinki Declaration and subsequent amendments [43] and were previously approved by the Lusofona School of Health Sciences Ethics Committee.




2.2. Experiment


Table 1 summarizes the protocols of each of the previously published studies. All study measurements were taken by the same operators, in the same facilities, with controlled room temperature (25 ± 1 °C), humidity (40–60%), and light to minimize any environmental effects on the participants and measuring systems.



Regardless of the objectives within the design of each of the studies listed in Table 1, limb perfusion was always recorded in in three sequential phases:




	
Phase I, corresponding to the baseline measurements; Phase II, corresponding to the application of the specific challenger in each protocol, chosen to modify perfusion; and Phase III, corresponding to recovery. Each phase had a duration of 5 to 10 min.








Challengers were categorized as follows:




	
Passive—The application of superficial massage to the leg with participants in a supine position. A trained therapist applied an effleurage procedure (a variant of the so-called “Swedish Massage”) to participants lying on a padded exam table. These protocols involved 56 participants (mean age {SD} 32.64 {16.64}; 50% female). Details on these protocols are shown in Table 1 and results have been published elsewhere [31,33,34,35].



	
Active—Quasi-static and dynamic movement in an upright position. With participants (n = 83, mean age {SD} 28.01 {9.10}; 50.6% female) beginning standing in the upright position, the impact of quasi-static (plantar flexion, squat, and hemi-squat) or dynamic movement (step-in-place and walking) on perfusion was analyzed. Further notes on these protocols are shown in Table 1 and complete results published elsewhere [37,38,39].









2.3. Variables of Interest


The principal common outcome variable was perfusion. All perfusion-related variables were obtained from sensors placed in both feet using various optical technologies. All studies shared the use of laser Doppler flowmetry (LDF) (Perimed PF5010 System, Stockholm, Sweden), considered the “gold standard” for perfusion evaluation [38,39]. Data were quantified in terms of blood perfusion (BP) expressed in arbitrary units (BPUs). Outcome variables such as mean perfusion from both legs and legs’ ratios were calculated. Blood pressure, height, and weight were obtained, and BMI calculated for all participants. Age and sex were obtained through the inclusion questionnaire.



For the regression models, some variables were categorized. Age was categorized in two groups—young (<30 years) and aged adults (>30 years old), as there were no differences in mean age among the participants in different protocols, but a positive correlation with perfusion was observed. Furthermore, although the men within the studies were taller and heavier than women, differences in BMI across protocols were not significant. Thus, a new variable was designed according to two BMI categories—normal weight (BMI < 25.0), and overweight/obese (BMI ≥ 25.0). A categorical variable for individual mean perfusion at baseline was also designed, dividing the individuals into quartiles (Q1 to Q4), where the lower quartiles (Q1–Q3) corresponded to individuals with lower perfusion and the 4th quartile (Q4) corresponded to individuals with the highest perfusion.




2.4. Statistical Analysis


Statistical analysis was performed with SPSS v.22.0 (IBM Corp., Armonk, NY, USA). A 95% level of confidence was adopted. Parametric (t-test for independent samples, one-way ANOVA, with post-hoc Tukey’s HSD for pairwise comparison of multiple samples) or non-parametric tests (Mann–Whitney for independent samples, Wilcoxon signed rank test for paired samples, and Kruskal–Wallis for pairwise comparison of multiple samples) were performed, depending on the previous verification of normality of data distribution by the Shapiro–Wilk test, to assess differences between variables. The effect size (r) for non-parametric tests was also computed [44] (check Supplementary Materials). Binomial logistic regressions were performed to evaluate the association of independent variables to the perfusion values and asymmetries of the lower limbs.





3. Results and Discussion


Our studies’ population shared common characteristics (Table 2). Complementary characterization of participants is shown as Supplementary Material (Tables S1–S5). Although 99.3% of participants (138/139) presented different LDF values between right and left limbs at baseline and following recovery, these differences were not statistically significant (Figure 1). A positive correlation (p < 0.001) between age and perfusion, both at baseline and recovery was found, meaning that aged individuals tend to show higher perfusion variations in the lower limbs in the absence of disease. This tendency is in line with previously published studies [7,28,35,39,45,46]. Considering the perfusion means from both limbs of each participant, regression models reveal that at baseline, higher perfusions are associated with being male, higher BMI, and being older than 30 years. However, the fully adjusted model shows that only sex is significantly associated with higher perfusions in the lower limb (Table 3). This finding implies that at baseline (or resting), men are more likely to present a higher perfusion value. On the other hand, considering the full adjusted model in the recovery phase, higher perfusions are significantly associated with older individuals (Table 3). This suggests that in recovery, older individuals are more likely to show higher perfusion values in the lower limbs.



Regarding the perfusion asymmetry, we consistently noted a higher perfusion prevalence in the right foot in men before and after the challenge in both supine and upright positions. In women, this asymmetry was less obvious (Figure 1). To facilitate comparison, a simplified measure of this asymmetry was defined for each participant as a ratio obtained by the dominant/contralateral quotient, assuming the higher foot perfusion criteria for the dominant limb versus the lower foot perfusion as the contralateral limb [18,19,27]. To assess the relative influence of different variables on these perfusion asymmetries, we categorized the perfusion asymmetry ratio into quartiles, where the first to third quartiles (Q1–Q3) represent individuals with the lowest asymmetries and the fourth quartile (Q4) represents individuals with the highest asymmetries. The regression model for this new variable shows that individuals in the supine position were more likely to show higher ratios, i.e., greater limb asymmetries (OR: 2.957 [1.343–6.510]; p = 0.007).



Body position was regarded as a variable in the assessment of skin perfusion, as we analyzed and compared data from supine and upright positions. However, regression models adjusted for body position demonstrated that none of our variables of interest were significantly associated with higher ratios at baseline (data not shown). Taking this analysis further, however, we found a broadly similar profile in men and women when considering all individuals and the evolution of their perfusion asymmetries during the applied protocols (Figure 2). We noted that the upright position reduces the median in both sexes in all experimental phases. These reductions are particularly noted at baseline and clearly expressive in women (p = 0.009). Moreover, in the upright position, data from men was apparently more homogeneous in the other experimental phases compared to women, whose data dispersion was much more expressive in all phases (Figure 2). We know that postural changes from upright to seated or horizontal involve huge variations of pressure in the lower limbs [32,47,48]. No matter the known physiological differences between sexes at baseline, our analysis has shown that challenges evoked a similar evolution of pre-existing perfusion asymmetries in both men and women. The lower stress conditions of decubitus (supine) position in the lower limb allow the physiological adaptive mechanisms to function adequately no matter the anatomo-physiological differences between sexes. In the upright position, the response to the increase of circulatory stress seems to be better managed in men as shown by the data homogeneity and faster recovery than women.



Although the regression model for asymmetry revealed no significant differences (Table 3), a deeper look into this overview suggests that these asymmetries resolve differently according to age and sex. Baseline in supine positions have shown similar medians in younger individuals, although more homogeneous in men (Figure 3a). Age changed these baseline distributions, moving medians in opposite directions with a marked dispersion in men (Figure 3b). The evolution pattern in challenge and recovery phases revealed a similar profile in both sexes in young individuals (Figure 3a), in line with the observations illustrated in Figure 2. Again, the reduction of circulatory stress likely facilitated the adaptive mechanisms involved, although some differences persist as young men seemed to recover faster than young women. In the aged group, these profiles changed considerably. In men, asymmetries increased continuously through recovery, while in women the asymmetry ratio decreased (Figure 3b).



In the upright position, young men and women had comparable distributions and asymmetry ratios at baseline that increased similarly with challenge. In recovery, female values were already near baseline, which again suggests that the adaptive response to challenge is different in young men compared to young women (Figure 4a). In contrast, inverse asymmetry medians were observed in the aged group at baseline, higher for men and lower for women, with inversed data dispersion around the median (Figure 4b). However, in both sexes, the challenge reduced data dispersion and increased the median asymmetry ratio, followed by a similar decrease in recovery (Figure 4). Gender-related differences have been associated with the prevalence of vascular disease (e.g., PAD, Raynaud disease) [8,28,49,50] and with the vascular risk associated with diabetes [51,52], although the potential mechanisms involved have not been identified. Recent research suggests that the physiological response to long-term exercise programs vary between males and females [30]. Our data seem to indicate that in the presence of these (baseline) differences, the response of physiological systems to different challenges is broadly similar between sexes (Figure 2, Figure 3 and Figure 4). Significant research has been published on the effect of age, recognizing its role as a main variable in cardiovascular health [39,45,46]. Recent data have shown that perfusion is age dependent, and that movement reduces dorsal foot perfusion in depth, depending on the movement intensity [39]. Our current analysis reveals that posture substantially modifies the evolution of perfusion asymmetries during the experiments in aged individuals, especially in the supine position. However, the upright profiles from males and females were very similar (Figure 4).



Some limitations should be recognized in this study: (a) our regression results cannot be extrapolated to the general population as they only reflect the convenience sample gathered from our studies in those specific experimental conditions; it is fair to think this modest sample size may have played a role in limiting the significance of some of the statistical comparisons conducted—a post-hoc power analysis revealed that both for supine (n = 56) and upright (n = 83) positions, the sample size was adequate for detecting differences in perfusion across phases (power of 95.9% and 99.8%, respectively); (b) dominance seems to have paramount relevance, recommending its verification by reference methods; and finally (c) flow-related variables were obtained with single-point measurements of LDF in different sites in the foot. To this final limitation, however, all results were confirmed by the simultaneous application of other technologies (data available within each published paper) [33,34,35,36,37,38,39,40].




4. Conclusions


Lower limb intra- and interindividual perfusion baseline differences exist, associated with sex and age as main determinants. Our results suggest that essential (perfusion) adaptive mechanisms seem to operate similarly in the absence of disease. Nevertheless, in the present sample analysis, ageing was the most important determinant when upright, where older individuals (principally males, with higher BMI values) show higher asymmetry ratios at baseline and longer recoveries after challenge. The pathophysiological significance and potential predictive utility of these limb asymmetries should be further explored.
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Figure 1. Perfusion differences between dominant and contralateral (non-dominant) limbs obtained in each phase (baseline, challenge, and recovery) of the experimental protocols. Median blood perfusion values registered via LDF BP (blood perfusion) are shown by sex considering body position (supine or upright). Statistical differences were assessed by the Wilcoxon signed rank test; * p < 0.05. 
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Figure 2. Evolution of the perfusion asymmetry defined by the dominant/contralateral limb ratio in all male (a) and female (b) participants during the experimental supine and upright protocols course; * p < 0.05 (see text). 
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Figure 3. Evolution of the perfusion asymmetry defined by the dominant/contralateral limb ratio during the supine experimental protocols course in younger (a) and aged (b) participants (see text). 






Figure 3. Evolution of the perfusion asymmetry defined by the dominant/contralateral limb ratio during the supine experimental protocols course in younger (a) and aged (b) participants (see text).



[image: Symmetry 13 02348 g003]







[image: Symmetry 13 02348 g004 550] 





Figure 4. Evolution of the perfusion asymmetry defined by the dominant/contralateral limb ratio during the upright experimental protocols course in younger (a) and aged (b) participants (see text). 
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Table 1. Summary of experimental settings of each study included in the present analysis. All studies included perfusion measurement in both feet.
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	References
	Participant Profile
	Reference Measuring Technology
	Measurement Sites
	Protocol Duration (Three Phases)
	Challenge

(Ph2)





	Gregorio et al. [31]
	Healthy, young, both sexes
	LDF
	2nd toe, plantar, both feet
	Ph1—10 min

Ph2—5 min

Ph3—10 min
	Massage



	Rocha et al. [33]
	Healthy, aged, both sexes
	LDF
	2nd toe, plantar, both feet
	Ph1—10 min

Ph2—5 min

Ph3—10 min
	Massage



	Rocha et al. [34]
	Healthy, young, both sexes
	LDF
	2nd toe, plantar, both feet
	Ph1—10 min

Ph2—5 min

Ph3—10 min
	Massage



	Rodrigues et al. [35]
	Healthy, young, both sexes
	LDF
	2nd toe, plantar, both feet
	Ph1—10 min

Ph2—5 min

Ph3—10 min
	Massage



	Florindo et al. [37]
	Healthy, aged, both sexes
	LDF
	Dorsal, 1st metatarsal, both feet
	Ph1—10 min

Ph2—1 min

Ph3—5 min
	Plantar flexion



	Nuno et al. [38]
	Healthy, young, both sexes
	LDF
	Dorsal, 2nd–3rd toe root, both feet
	Ph1—10 min

Ph2—5 min

Ph3—10 min
	Hemi-squat; squat



	Florindo et al. [39]
	Healthy, young and aged, both sexes
	LDF
	Dorsal, 1st metatarsal, both feet
	Ph1—10 min

Ph2—5 min

Ph3—10 min
	Walking
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Table 2. Participants’ characteristics and their differences (parametric one-way ANOVA test, with post-hoc Tukey’s HSD for pairwise comparison of multiple samples was used when normality of the data was confirmed by Shapiro–Wilk test; ⸸—non-parametric Kruskal–Wallis test was used if the data were not normally distributed; * p < 0.05).
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	MEN
	Massage
	Plantar

Flexion
	Step-in-Place
	Hemi-Squat
	Squat
	Walking
	p





	N (%)
	28 (40.6)
	9 (13.0)
	12 (17.4)
	4 (5.8)
	4 (5.8)
	12 (17.4)
	-



	Median Age, years (min—max)
	20.5 (18.0–66.0)
	30.0 (21.0–55.0)
	22.5 (18.0–32.0)
	31.5 (20.0–32.0)
	31.5 (20.0–32.0)
	31.5 (19.0–58.0)
	0.563



	Mean Weight, kg (SD)
	76.1 (10.0)
	75.9 (15.3)
	77.1 (6.3)
	68.0 (6.7)
	68.0 (6.7)
	75.5 (6.6)
	0.398



	Mean Height, meters (SD)
	1.8 (0.1)
	1.8 (0.1)
	1.8 (0.1)
	1.7 (0.0)
	1.7 (0.0)
	1.7 (0.1)
	0.211



	Mean BMI, kg/m2 (SD)
	23.9 (2.9)
	24.6 (4.1)
	24.7 (1.2)
	22.8 (1.8)
	22.8 (1.8)
	25.0 (1.4)
	0.446



	Mean SYS (SD)
	118.2 (11.8)
	116.0 (14.6)
	123.0 (13.6)
	124.0 (7.4)
	124.0 (7.4)
	124.2 (17.7)
	0.570



	Mean DIA (SD)
	74.4 (9.2)
	75.1 (9.0)
	71.5 (8.2)
	67.0 (6.7)
	67.0 (6.7)
	71.4 (7.3)
	0.324



	Median ABI (min—max)
	1.1 (1.0–1.3)
	1.2 (1.1–1.8)
	1.1 (1.0–1.2)
	1.0 (1.0–1.1)
	1.0 (1.0–1.1)
	1.1 (1.0–1.2)
	0.008 *



	WOMEN
	
	
	
	
	
	
	



	N (%)
	28 (40.0)
	9 (12.9)
	11 (15.7)
	4 (5.7)
	4 (5.7)
	14 (20.0)
	-



	Median Age, years (min—max)
	23.0 (18.0–62.0)
	26.0 (21.0–59.0)
	23.0 (20.0–31.0)
	22.0 (21.0–22.0)
	22.0 (21.0–22.0)
	22.5 (19.0–44.0)
	0.463



	Mean Weight, kg (SD)
	60.5 (9.1)
	72.9 (15.5)
	57.8 (8.7)
	61.3 (10.7)
	61.3 (10.7)
	60.7 (10.2)
	0.043 *



	Mean Height, meters (SD)
	1.6 (0.1)
	1.6 (0.1)
	1.6 (0.1)
	1.7 (0.1)
	1.7 (0.1)
	1.6 (0.1)
	0.597



	Mean BMI, kg/m2 (SD)
	22.9 (3.3)
	27.7 (6.4)
	21.4 (2.8)
	21.8 (2.1)
	21.8 (2.1)
	22.8 (3.0)
	0.007 *



	Mean SYS (SD)
	113.0 (13.8)
	123.7 (11.0)
	115.9 (8.2)
	122.0 (7.6)
	122.0 (7.6)
	114.5 (14.4)
	0.218



	Mean DIA (SD)
	74.1 (7.2)
	83.2 (8.5)
	72.1 (11.2)
	63.0 (7.9)
	63.0 (7.9)
	68.5 (6.6)
	<0.001 *



	Median ABI (min—max)
	1.1 (1.0–1.3)
	1.2 ⸸ (1.0–1.4)
	1.1 (0.9–1.2)
	1.0 (1.0–1.0)
	1.0 (1.0–1.0)
	1.0 (0.9–1.2)
	0.001 *







Note: BMI—body mass index; SYS—systolic pressure; DIA—diastolic pressure; ABI—ankle–brachial index.
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Table 3. Association of individuals’ perfusion, at baseline and recovery phases of experimental protocols, with the independent variables of interest.
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Perfusion at Baseline (4th Quartile)

	
Perfusion at Recovery (4th Quartile)




	

	
OR [95% CI] (p-Value)

	
aOR [95% CI] (p-Value)

	
OR [95% CI] (p-Value)

	
aOR [95% CI] (p-Value)






	
SEX

	

	

	

	




	
Men

	
2.4 [1.1–5.4] (0.030)

	
2.6 [1.1–6.3] (0.032)

	
1.8 [0.8–3.8] (0.159)

	
1.6 [0.7–3.8] (0.281)




	
Women

	
1

	
1

	
1

	
1




	
BMI, kg/m2

	

	

	

	




	
less than 25

	
0.4 [0.2–0.8] (0.013)

	
0.5 [0.2–1.3] (0.173)

	
0.4 [0.2–0.8] (0.013)

	
0.6 [0.2–1.4] (0.198)




	
more than 25

	
1

	
1

	
1

	
1




	
AGE, years

	

	

	

	




	
less than 30

	
0.4 [0.2–0.8] (0.010)

	
0.4 [0.2–1.0] (0.064)

	
0.2 [0.1–0.5] (<0.001)

	
0.3 [0.1–0.6] (0.003)




	
more than 30

	
1

	
1

	
1

	
1








Notes: OR: unadjusted odds ratio; aOR: for sex, adjusted odds ratio with age, BMI, PSYS, PDIAS, body position; for BMI group, adjusted odds ratio with age, sex, PSYS, PDIAS, body position; for age group, adjusted odds ratio with sex, BMI, PSYS, PDIA, body position. (BMI—body mass index; SYS—systolic pressure; DIA—diastolic pressure; ABI—ankle–brachial index.)
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