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Abstract

The Compendium of Physical Activities reports that walking at 2.5 mph associates with 

absolutely-defined moderate intensity (i.e., ≥3 metabolic equivalents [METs]). However, it is 

unclear whether this speed threshold is accurate during overground walking and/or across the adult 

age-span. This study aimed to identify optimal and heuristic speed thresholds associated with 3 

METs during overground walking across age groups. Healthy adults (n=248, 21–85 years of age, 

49% women) performed a 5-minute self-paced overground walking trial. Speed was measured 

using an electronic gait mat, and oxygen uptake was measured using indirect calorimetry and 

converted to METs. Optimal and heuristic thresholds and classification accuracy metrics were 

determined and compared using ROC curve analyses. Speed thresholds (95% CIs) associated 

with 3 METs for the whole sample, young (21–40 years), middle-aged (41–60 years) and older-

aged (61–85 years) groups were 1.29 (1.25, 1.33), 1.30 (1,26, 1,35) and 1.25 (1.21, 1.29) m/s, 

respectively. Overall, 3 mph and 5 km/h performed better than 2.5 mph and 4.5 km/h in balancing 

both sensitivity and specificity (higher Youden’s Indices). Overground walking speeds associated 

with 3 METs were similar across age groups. A heuristic threshold of 3 mph or 5 km/h may better 

identify absolutely-defined moderate intensity overground walking.
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1. Introduction

Current public health physical activity (PA) guidelines recommend that adults should 

accumulate at least 150–300 minutes per week of moderate-intensity PA (i.e., ≥ 3 metabolic 

equivalents [METs]; 1 MET = 3.5 mL O2/kg/min) to attain health benefits (2018 Physical 

Activity Guidelines Advisory Committee, 2018; World Health Organization, 2020). Walking 

is an essential component of many activities of daily living and requires little skill and 

low cost, thus making it an ideal choice for most individuals to achieve PA guidelines 

(Morris & Hardman, 1997). With the wide-spread availability of wearable technologies 

(e.g., cell phones or smartwatches), individuals can now easily self-monitor and modulate 

their walking speed in order to meet recommended intensity levels (Saevereid et al., 2014). 

However, it is unclear “how fast is fast enough” to reach a moderate intensity during 

overground walking.

The Compendium of Physical Activities reports that walking at 2.5 mph (activity code 1717) 

is associated with a metabolic cost of 3 METs (Ainsworth et al., 2011). However, this 

speed was derived from a limited number of studies (n = 9) mainly conducted in younger 

adults (mean age: 22.4 – 36.6 years). Further, four studies employed a treadmill walking 

protocol (Anjos et al., 2008; Barkley & Penko, 2009; Dal et al., 2010; Dufour, 1984), and 

five studies reported energy expenditure of walking (around 3 METs) under free-living 

conditions without corresponding speed values (Brun et al., 1981; de Guzman, 1978, 1984, 

1979; Torún et al., 1982). Another widely used resource to estimate walking intensity or 

speed is the American College of Sports Medicine (ACSM)’s metabolic equation (VO2 

[mL O2/kg/min] = 0.1*speed [m/min] + speed*grade*1.8 + 3.5) ( American College of 

Sports Medicine, 1980). Solving this equation for 3 METs yields a speed of 2.6 mph. 

However, this equation was developed using data collected from three trained men during 

level treadmill walking (Dill, 1965). Considering the potential differences in metabolic cost 

under various walking conditions (Dal et al., 2010; Parvataneni et al., 2009) and/or age 

categories (Mian et al., 2006; Peterson & Martin, 2010), the speed cut-point(s) enacted from 

controlled treadmill protocols among younger participants might be not representative of all 

ages during overground walking. For example, Parvataneni et al. (2009) reported a higher 

oxygen uptake (mean difference: 2.59 mL/kg/min, or 0.74 METs) for treadmill compared 

to overground walking among middle-aged and older adults. This difference might be 

explained by the distinct muscle activation and joint movement patterns adopted under 

the two different walking conditions (Lee & Hidler, 2008). As such, simply applying the 

above-mentioned treadmill-based speed thresholds during overground walking may result in 

lower energy expenditure than expected. In addition, older adults typically have a higher 

energy expenditure at a preferred or set walking speed compared to young adults due to 

an increased coactivation of antagonist muscles to ensure adequate joint stability during 

walking (Peterson & Martin, 2010). Thus, a lower speed threshold for moderate intensity 

may be appropriate for older adults. Other anthropometric factors, such as body mass index 

(BMI) (Browning & Kram, 2005), may also affect the generalizability of a single speed 

threshold when universally applied.

In an effort to translate technical definitions of intensity (i.e., VO2, METs) into lay language, 

moderate intensity is commonly described by public health guidelines as “brisk walking” 
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at ~3 to 4 mph (2018 Physical Activity Guidelines Advisory Committee, 2018; Pate et 

al., 1995). However, this term is subjective and may result in a wide range of enacted 

speeds (and thus intensities) when instructing individuals to walk briskly (Murtagh et al., 

2002; Parise et al., 2004). Moving beyond this apparently vague descriptive terminology, 

there is a need for an evidence-based moderate intensity speed threshold that balances both 

accuracy across the adult lifespan and utility for public health application under varied 

settings. Therefore, the current study aimed to identify both the optimal and heuristic (i.e., 

evidence-based, practical, rounded) walking speed thresholds associated with absolutely-

defined moderate intensity (i.e., ≥ 3 METs) during overground walking among young (21–

40 years), middle- (41–60 years) and older-aged (61–85 years) adults. Furthermore, we also 

evaluated potential factors (i.e., age, height, weight, BMI, waist circumference, leg length, 

and walk ratio) that might contribute to misclassification when using the identified speed 

thresholds.

2. Methods

2.1 Study design and setting

The current study is a secondary data analysis of the CADENCE-Adults study 

(ClinicalTrials.gov #NCT02650258). The CADENCE-Adults study is a laboratory-based, 

cross-sectional investigation of the relationship between cadence and metabolic intensity 

in adults aged 21–85 years. Data used for this analysis were collected in the Physical 

Activity and Health Laboratory, Department of Kinesiology, University of Massachusetts 

Amherst from Jan 2016 to August 2019. The study protocol was approved by the University 

of Massachusetts Amherst Institutional Review Board. Informed consent was obtained 

from all participants before data collection. The eligibility criteria, complete methodology, 

procedures, primary aims, and results of the original study are reported elsewhere (Tudor-

Locke et al., 2019; Tudor-Locke et al., 2020; Tudor-Locke et al., 2021).

2.2 Participants

The original study recruited 10 men and 10 women for each 5-year age group ranging 

from 21 to 85 years (i.e., 21–25 years, 26–30 years, etc.) to ensure a sex- and age-balanced 

sample that would minimize these sources of bias. Full details of the sample size calculation 

relevant to the original study’s inclusion/exclusion criteria, and risk stratification are 

available elsewhere (Tudor-Locke et al., 2019; Tudor-Locke et al., 2020). Briefly, eligible 

participants were ambulatory and generally healthy, and not taking medications that would 

affect physiological responses to exercise.

2.3 Procedures and measures

A full description of the procedures and equipment used in this study are presented in a 

previous report (Tudor-Locke et al., 2019). Briefly, demographic (age, sex, race/ethnicity) 

and anthropometric data (height, weight, BMI, waist circumference and leg length) 

were self-reported or collected, respectively, using standardized procedures. Participants 

completed a single 5-minute overground walking trial at a preferred (normal, usual) walking 

pace in a level indoor hallway, looping back and forth across a 13-m distance between 

two cones. Participants were instructed to walk at their normal pace, just as they usually 

Zheng et al. Page 3

J Sports Sci. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02650258


do in their daily life such as walking to their car or around a shopping center. Walking 

speed (m/s) was measured using an electronic mat (GAITRite®, CIR Systems Inc., Sparta, 

NJ; dimensions are 7.0 m [L] *0.9 m [W] *0.0032 m [H]) placed centrally between 

the two cones. This GAITRite system has previously been demonstrated to be valid and 

reliable to measure gait parameters at preferred speed (intra-class correlation coefficient: 

0.99, repeatability coefficient: 1.4% for speed measure) (Webster et al., 2005). The cones 

were placed 3 m beyond the mat on either end to minimize the effects of acceleration/

deceleration on the measured preferred walking speed; thus the total distance between two 

cones was 13 m. Note, since the electronic mat did not collect the speed during turnings, 

the measured walking speed was considered as congruent with continuous straight-line 

overground walking at a self-selected pace. Oxygen uptake (VO2, mL/kg/min) was measured 

using a portable, validated indirect calorimeter (Oxycon Mobile, Vyaire Medical Inc., 

Chicago, IL) and exported in 5-second epochs. The system has been shown to accurately 

(relative difference from the Douglas Bag Method of −1.4 to +2.6%) and reliably measure 

oxygen uptake (coefficient of variation of 2.8 to 5.8%) across a range of workloads (~25 to 

220 Watts, and workload at VO2max) (Rosdahl et al., 2010).

2.4 Data processing and analytic sample

Gait spatiotemporal parameters (speed, step length, cadence) were analyzed and exported 

using the GAITRite® software. Walk ratio (WR) was calculated by dividing step length 

(mm) by cadence (steps/min), and expressed in mm/steps/min (Rota et al., 2011). Custom 

MATLAB (The MathWorks, Natick, MA) and R (Version 3.6.1, R Core Team, Vienna, 

Austria) scripts were used to combine and process sample characteristics, gait variables 

and metabolic data. We averaged the VO2 values during the last 2 minutes (2:45 to 4:45) 

of the 5-minute walking trial to obtain an approximate steady-state oxygen uptake, with a 

15-second offset to minimize the impact of changes in oxygen uptake that might occur if 

the participant were to slow down in anticipation of the end of the 5 min trial (Aguiar et 

al., 2019). VO2 values were then converted to METs (dividing by 3.5 mL/kg/min). Moderate 

intensity was defined as ≥ 3 METs and < 6 METs. Individuals who reached ≥ 6 METs 

(vigorous intensity) were removed from the dataset (n = 2). Additionally, data from 10 

participants were removed due to equipment malfunction (n = 9) or early termination of 

the walking trial (n = 1) due to pre-defined safety criteria. The final analytic sample was 

composed of 248 participants (21–85 years, 49% women) with complete measures of sample 

characteristics, gait variables and VO2 data. The final analytic dataset and data dictionary are 

provided in the Supplementary material 1.

2.5 Statistical analysis

Sample characteristics are presented as mean (standard deviation), range (min-max), or 

mean (95% confidence intervals [95% CIs]) by age groups where appropriate. The 95% CIs 

were interpreted as significantly different if there was no overlap between two confidence 

intervals, and not significantly different if the confidence interval for one group overlapped 

the point estimate of the other group (Greenland et al., 2016). Correlations between speed 

and intensity were calculated using Pearson’s r.
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Receiver operating characteristic (ROC) curve analyses were performed for the 

whole sample (N = 248) and separately for the three age groups: young (21–40 

years; n=75), middle-aged (41–60 years; n=79) and older-aged (61–85 years; n=94). 

Optimal speed thresholds with 95% CIs were determined using Youden’s Index (J = 

Sensitivity + Specificity −1) and bootstraps with 20,000 replicates (Youden, 1950). The 

threshold corresponding with the maximum Youden’s Index was chosen to optimize 

prevalence-independent summary measures of sensitivity and specificity. Where applicable, 

classification accuracy for each speed threshold was evaluated by sensitivity, specificity, 

overall accuracy, area under the curve (AUC; interpreted as excellent [≥ 0.90], good [0.80–

0.89], fair [0.70–0.79], and poor [< 0.70]) (Metz, 1978), positive predictive value (PPV) 

and negative predictive value (NPV). The overall performance of the identified threshold(s) 

as a classifier of moderate intensity were also summarized using a confusion matrix of 

true positive (TP; i.e., ≥ speed threshold and ≥ 3 METs), false positive (FP; i.e., ≥ speed 

threshold, but < 3 METs), true negative (TN; i.e., < speed threshold and < 3 METs) and false 

negative (FN; i.e., < speed threshold, but ≥3 METs).

To further explore the potential factors contributing to misclassification in our sample, we 

also performed one-way analyses of variance (ANOVA) with post-hoc Tukey’s HSD tests 

to compare participant characteristics (i.e., age, height, weight, BMI, waist circumference, 

leg length, and walk ratio) based on classification (i.e., TP, TN, FP, and FN groups) using 

the identified age-specific thresholds. The data were checked for violations against the 

assumptions for ANOVA using Normal QQ plot and Levene’s Test. Where applicable, 

Cohen’s d effect sizes were calculated using raw group means and pooled standard 

deviations to examine magnitude of difference between two groups (Cohen, 2013). The 

significance level was set at p < 0.05.

Using the obtained optimal speed threshold (in m/s) for the whole sample, we next 

compared classification accuracy metrics for potential heuristic thresholds associated with 

moderate intensity when converted it into commonly used speed units (mph and km/h) 

for ease of interpretation. Consistent with previous reports (Tudor-Locke et al., 2021), 

when selecting the most appropriate heuristic threshold associated with moderate intensity, 

we favored a declared tolerance for FN vs. FP. In other words, we tolerated individuals 

exceeding a moderate intensity when below the speed threshold (i.e., FN), while seeking to 

minimize the probability of individuals being below a moderate intensity when above the 

speed threshold (i.e., FP). In practice, this places more importance overall on the specificity 

value of the threshold. All analyses were performed in R (version 4.1.1), and the “pROC” 

package was used for ROC curve analyses.

3. Results

3.1 Participant characteristics

Descriptive and bout characteristics of the analytic sample (N = 248) are summarized in 

Table 1. The sample was approximately evenly distributed by sex (48.8% female), and 

predominantly Caucasian (79%). The average self-selected walking speed was similar across 

age groups during the overground walking trial; mean values (95% CIs) for young, middle-

aged, and older adults were 1.29 (1.25, 1.33), 1.30 (1,26, 1,35), and 1.25 (1.21, 1.29) m/s, 
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respectively. Older adults tended to walk at a lower intensity (3.3 [3.2, 3.4] METs) than 

young adults (3.5 [3.4, 3.7] METs). The overall sample prevalence of achieving ≥ 3 METs 

was 75%, and was higher in young adults (78.7%) compared to middle-aged (77.2%) and 

older adults (70.2%). Figure 1 displays the relationship between preferred walking speed 

and intensity during overground walking for the whole sample separated by age groups. 

Strong positive correlations between speed and intensity were observed in the whole sample, 

young, middle- and older-aged groups (r = 0.74, 0.69, 0.83, and 0.71, respectively).

3.2 Moderate-intensity overground walking speed thresholds across age groups

Table 2 presents the results of ROC curve analysis for optimal speed thresholds related to 

absolutely-defined moderate intensity across three age groups. The optimal speed thresholds 

(95% CIs) associated with 3 METs for the whole sample, young, middle-aged, and older-

aged groups were 1.28 (1.13, 1.33), 1.28 (1.07, 1.38), 1.25 (1.13, 1.33) and 1.23 (1.11, 1.33) 

m/s, respectively. For the middle- and older-aged groups, overall accuracy values for the 

respective speed thresholds were both over 70%, sensitivities and specificities were between 

71.2–88.9%, and AUC values for middle- and older-aged groups were excellent (Metz, 

1978). However, we observed relatively lower sensitivity (54.2%), overall accuracy (60.0%) 

and AUC (68.6%) in young adults.

3.3 Comparison of characteristics based on classification (TP, TN, FP and FN)

Table 3 presents the confusion matrix of classification accuracy metrics using the identified 

age-specific moderate-intensity speed thresholds. Given 75% of the sample achieved ≥ 3 

METs, 25% of the participants who walked above 3 METs were misclassified as FN (n 
= 62). Comparisons (means [SDs]) of descriptive characteristics are presented in Table 

4. There was a significant main effect of classification on BMI, waist circumference and 

walk ratio (p = 0.007, 0.007 and 0.002, respectively). Specifically, participants who were 

classified as TN had a significantly higher mean BMI compared to the TP and FN groups 

(mean difference [95% CIs] = 1.8 [0.3, 3.4] and 1.9 [0.1, 5.0] kg/m2, p = 0.01 and 0.03, 

Cohen’s d = 0.48 and 0.51, respectively); while both TN and FP groups had a greater mean 

waist circumference than that in the FN group (5.5 [0.08, 10.8] and 9.3 [0.04, 18.6] cm, p 
= 0.01 and 0.03, d = 0.50 and 0.94, respectively). Moreover, the mean walk ratio of those 

classified as TP was significantly higher compared to the TN and FN groups (0.4 [0.09, 0.4] 

and 0.3 [0.02, 0.6], mm/steps/min, p = 0.005 and 0.03, d = 0.55 and 0.13, respectively). No 

significant differences were observed for height, weight, or leg length (p-values > 0.05).

3.4 Heuristic moderate-intensity speed threshold during overground walking

The classification accuracy metrics for the candidate moderate intensity heuristic speed 

thresholds using commonly used units of speed (2.5 vs. 3 mph, and 4.5 vs. 5 km/h) are 

presented in Table 5. Compared to 2.5 mph, the 3 mph threshold had higher specificity 

(95.2% vs. 45.2%), PPV (96.6% vs. 83.3%), and Youden’s Index (0.41 vs. 0.37). Similarly, 

higher specificity (98.4% vs. 75.8%), PPV (98.6% vs. 89.1%) and Youden’s Index (0.42 

vs. 0.35) were found for 5 km/h than 4.5 km/h. Moreover, both 2.5 mph and 4.5 km/h 

had higher FP rates (13.7% and 6.0%, respectively) than their counterparts, meaning that 

individuals were more likely to be walking below 3 METs when at 2.5 mph or 4.5 km/h. 
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Thus, overall, the 3 mph and 5 km/h thresholds performed better at classifying moderate 

intensity among the whole sample.

4. Discussion

The identified speed thresholds (95% CIs) associated with absolutely-defined moderate 

intensity ranged between 1.23 to 1.28 m/s, and trended lower for older adults. We also 

observed significant differences in BMI, waist circumference and walk ratio based on 

classification (TP, TN, FP, and FN groups), indicating these factors might contribute to 

misclassification using the identified aged-specific speed thresholds. Moreover, for public 

application, our results supported a heuristic threshold of 3 mph and 5 km/h (compared 

to 2.5 mph and 4.5 km/h) as an evidence-based, heuristic speed threshold for moderate-

intensity overground walking that minimized the probability of misclassification, especially 

the FN rate.

The identified age-specific thresholds demonstrated good-to-excellent overall performance 

in the middle- and older-aged groups (AUC values > 0.8), but lower overall accuracy was 

found in the young group (AUC = 0.69). The difference in the probabilities of achieving 

(or not) the identified speed thresholds and intensity was expected as the prevalence of 

achieving ≥ 3 METs was distinct across age groups, i.e., highest in young adults but lowest 

in older adults (78.7% vs. 70.2%). Notably, all of the optimal speed thresholds identified in 

the current study were > 2.5 mph, the corresponding speed for 3 METs catalogued by the 

PA Compendium (Ainsworth et al., 2011). Although 2.5 mph fell on/inside the lower CI for 

most age-groups, the higher optimal thresholds and upper CIs suggested that a faster speed 

may be required to elicit a moderate intensity during overground walking. As alluded to 

previously, this discrepancy might be the result of interpreting previous research that varied 

in terms of walking conditions and age categories. Similar to the findings in middle-aged 

and older adults by Parvataneni et al. (2009), Dal et al. (2010) also reported that when 

walking at a same speed, there was a 6% greater oxygen cost (i.e., volume of oxygen 

taken up per kilogram body weight per unit distance) under treadmill condition compared to 

overground walking (0.158 vs. 0.148 mL/kg/m; p < 0.05). Based on Lee & Hidler (2008), 

individuals modified muscle activation patterns (e.g., greater hip extensor moments but 

less dorsiflexor and knee extensor moments) and subsequently joint moments and powers 

(e.g., greater propulsion forces but less braking forces) to maintain relatively constant limb 

kinematics and spatiotemporal gait parameters, which might lead to a higher metabolic cost 

than overground walking. Furthermore, previous studies showed that the speed-intensity 

relationship was also shaped by the sample characteristics (e.g., age). Both Mian et al. 

(2006) and Peterson & Martin (2010) reported an elevated energy cost (per unit distance) 

of walking in healthy older adults than young adults (23% and 31% higher, respectively). 

In the current study, age-specific speed thresholds trended lower from young to middle- and 

older-aged participants, however, all thresholds were within the 95% CIs across age groups 

(1.07–1.38 m/s). Thus, our results may support using a single heuristic threshold for all age 

groups when making general recommendations for moderate-intensity overground walking 

across the adult age span.
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We compared anthropometric and bout characteristics using the identified age-specific 

speed thresholds to determine the characteristics of those who were correctly classified 

vs. misclassified. The relatively greater mean BMI and waist circumference in the TN group 

was not surprising - previous studies have demonstrated that obesity was associated with a 

slower preferred walking speed (Fernández Menéndez et al., 2019; Malatesta et al., 2009), 

thus individuals who had greater BMI or waist circumference might also walk slower at their 

self-selected pace, leading to less energy expenditure when walking at that pace. In addition, 

individuals classified as obese are known to have a relatively lower resting MET value 

(Aadland & Anderssen, 2012), and using a standardized MET value (3.5 mL/kg/min) may 

underestimate their energy expenditure. In turn, this may result in a potential differential 

misclassification across BMI categories (e.g., higher FN rate). However, when using 

standardized METs herein, we did not observe any major differences in misclassification 

(FN and FP) rates among individuals classified as overweight or obese compared to 

individuals classified as normal-weight (32%, 32% vs. 37% respectively). To address the 

potential for inter-individual variability in resting metabolic rate, previous studies (Hall 

et al., 2013; Kozey et al., 2010) have suggested the calculation of individualized METs 

as an alternative approach to standardized METs (i.e., individualized METs = task VO2 / 

resting metabolic rate). Although the present study did not include a measure of true resting 

metabolic rate, we did measure the oxygen uptake of three 5-min seated tasks (resting 

quietly, watching a movie, and computer work). Means [SDs] of the sitting metabolic rate 

for obese, overweight, and normal-weight groups were 2.6 [0.6], 2.9 [0.5], and 3.4 [0.7] 

mL/kg/min, respectively. With this caveat in mind, we conducted an exploratory analysis 

of individualized METs (calculated using the average metabolic rate of seated tasks) to 

determine any effects on misclassification rates (Supplementary material 2). Briefly, when 

using individualized METs, the optimal speed threshold was lower for the obese group 

(1.02 m/s) compared to the overweight (1.20 m/s) and normal-weight (1.21 m/s) groups. In 

addition, we observed higher misclassification rates among the obese and overweight groups 

compared to the normal-weight group for the two heuristic thresholds (3 mph: 84.0%, 61.4% 

vs. 45.9%; 5 km/h: 84.0%, 70.3% vs. 51.6%, respectively). We noted that this exploratory 

analysis should be interpreted with caution for several reasons: 1) the sample of obese 

individuals was small (n = 25) relative to the remaining sample; 2) participants had a mean 

BMI of 25.6 kg/m2, so we cannot examine how extreme values of BMI might influence 

misclassification (e.g., the original study excluded individuals with BMI <18.5 kg/m2 or 

> 40 kg/m2); and 3) there were few FP cases overall, especially among the obese group 

(n = 0), which impacts the calculation of classification accuracy metrics. Moreover, the 

greater waist circumference in FP vs. FN groups also indicated that central adiposity might 

influence the probability of reaching 3 METs even among misclassified individuals. To date, 

previous studies have predominately focused on BMI as a factor when investigating the 

effect of obesity on the speed-intensity relationship. Given the significant group differences 

(based on classification) observed in the current analysis, other obesity-related indicators 

(e.g., waist circumference) should also be considered in future studies.

Interestingly, we also found that while walking at or above moderate intensity, those who 

were misclassified as FNs (i.e., below the speed threshold) had a lower walk ratio compared 

to the TP group (i.e., equal or above the speed threshold), indicating that the walk ratio 
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might influence the intensity of walking at a self-selected pace, and also contribute to 

misclassification of the speed thresholds. Since the walk ratio (i.e., the relationship between 

step length and cadence) remains invariant across speed(s) during unconstrained overground 

or treadmill walking, it represents an innate tendency for locomotor self-optimization that 

minimizes the metabolic cost of walking and gait variability (Ducharme et al., 2018). 

Herein, it is plausible that individuals with lower walk ratios in these groups might 

compensate for shorter step length or relatively poor quality of gait control (Rota et 

al., 2011), thereby increasing their metabolic cost even while walking below the speed 

thresholds. Future efforts might also explore whether other spatiotemporal parameters of gait 

(e.g., gait variability) contribute to the misclassification of the speed thresholds related to 

specific benchmark intensity values.

In addition, we considered 2.5 vs. 3 mph and 4.5 vs. 5 km/h as two sets of candidate 

heuristic thresholds based on our obtained optimal thresholds and previous studies 

(Ainsworth et al., 2011; Parise et al., 2004) for public health application. We herein report 

lower specificity and PPV values when using the 2.5 mph or 4.5 km/h among the whole 

sample, meaning that individuals were more likely to be misclassified as FPs (i.e., ≥ 

speed threshold but < 3 METs). This type of misclassification is particularly undesirable 

- in practice, individuals might assume they are walking at a moderate intensity based 

on meeting/exceeding the required speed threshold(s) but their actual intensity is below 

3 METs. Note, although higher accuracy values were observed for 2.5 mph or 4.5 km/h, 

relying only on accuracy is misleading as it is determined by the proportion of true 

results (TP and TN), and is often considered a poor metric for measuring performance 

in unbalanced datasets (Devarriya et al., 2020). In contrast, the 3 mph and 5 km/h thresholds 

had a higher Youden’s Index than their counterparts, which reflects better performance 

in balancing both sensitivity and specificity. Furthermore, using 3 mph as an example, 

there was a trade-off in sensitivity (54.2–71.2% vs. 46.2%) and specificity (78.2–88.9% vs. 

95.2%) when comparing it to the identified age-specific thresholds. In other words, more 

individuals were classified as TPs but less as FPs while walking at 3 mph and 5 km/h. Thus, 

to reduce the risk of misclassification, especially FPs, we recommend 3 mph and 5 km/h as 

heuristic thresholds for moderate-intensity overground walking. Such a heuristic threshold 

could be applied in situations where implementing age-specific thresholds is inconvenient 

(e.g., limitation of equipment or lack of information), or when absolute precision is less 

important (e.g., making general recommendations to the public).

The present study has several strengths. First, we used criterion standards to assess 

overground walking speed and intensity (validated electronic gait mat and indirect 

calorimetry). Second, given the relatively large sex- and age-balanced sample, these findings 

are generalizable for both men and women across different ages. Third, unlike the majority 

of previous studies that used constraints to manipulate walking speed or other bouts 

characteristics (e.g., rhythmic auditory cueing) (Ducharme et al., 2018), we implemented 

a preferred or self-selected walking pace protocol which is more representative of the natural 

walking pattern performed in free-living settings (Holt et al., 1995) and also minimizes 

the potential for additional metabolic cost due to the constraints placed on preferred 

gait (Dal et al., 2010). To our knowledge, this is the first study to provide age-specific 

moderate-intensity speed thresholds, and to explore the potential factors that contributed to 
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misclassification of individuals. Nevertheless, several limitations should be acknowledged. 

First, there were less data points in FP, FN and TN classifications compared to TP due 

to the prevalence of preferred walking speed and intensity above the identified optimal 

speed thresholds and/or moderate intensity (3 METs). This may have impacted some of the 

classification metrics that are based on prevalence (e.g., accuracy). Second, the results from 

the current analysis are limited to preferred walking speed. Moreover, the use of a short 

track and the back-and-forth nature of our walking protocol may also add some variability 

(e.g., extra energy expenditure during turns) to the underlying speed-intensity relationship, 

yet this variability is difficult to quantify in the present study. Future work should investigate 

the speed-intensity relationship across a wide range of speeds (i.e., slow, preferred, fast) and 

also with varying walking conditions (i.e., continuous walking vs. walking with directional 

changes. Lastly, we only investigated the speed thresholds corresponding with absolute 

moderate intensity based on its prevalent use in physical activity guidelines. Future research 

should also investigate other benchmark values in terms of relative intensity (e.g., heart rate 

reserve).

5. Conclusion

Optimal age-specific overground walking speeds associated with absolutely-defined 

moderate intensity ranged from 1.23–1.28 m/s, and trended lower for older adults. Notably, 

all thresholds were greater than the Compendium of Physical Activities threshold (2.5 mph), 

suggesting that a faster speed is required among all age groups to attain moderate intensity 

during overground walking. A heuristic threshold of 3 mph or 5 km/h performed better 

overall in balancing both sensitivity and specificity, and is therefore suggested for use in 

public health guidelines and application among adults across the age span.
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Figure 1. 
Scatter plot of walking speed (m/s) and intensity (METs) values observed during overground 

walking at a self-selected preferred walking pace for the whole sample and separated 

by age group. The shapes of the data points represent the classification of bouts as true 

positives (open circles), true negatives (open triangles), false positives (filled circles), and 

false negatives (filled triangles). The dotted line represents absolutely-defined moderate 

intensity (≥ 3 METs). The dashed line in each subplot represents the identified age-specific 

moderate-intensity walking speed (1.28, 1.25 and 1.23 m/s for healthy young, middle-aged 

and older adults, respectively).
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Table 2.

Walking speed thresholds (m/s) for moderate intensity based on ROC curve analyses

Threshold (95% CIs), m/s Sensitivity (%) Specificity (%) Accuracy (%) AUC PPV (%) NPV (%)

Young 1.28 (1.07, 1.38) 54.2 81.2 60.0 0.69 91.4 32.5

Middle-aged 1.25 (1.13, 1.33) 73.8 88.9 77.2 0.90 95.7 50.0

Older-aged 1.23 (1.11, 1.33) 71.2 78.2 73.4 0.83 88.7 53.7

Whole sample 1.28 (1.13, 1.33) 58.1 88.7 65.7 0.82 93.9 41.4

Note: Young, middle- and older-aged represents participants 21–40, 41–60 and 61–85 years, respectively. Abbreviations: AUC, area under the 
curve; CI, confidence interval; mph, mile per hour; NPV, negative predictive value; PPV, positive predictive value; ROC, Receiver operating 
characteristic.
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Table 3.

Confusion matrix displaying the classification of moderate intensity (≥ 3 METs) using the identified age-

specific speed thresholds

Age Group ≥ Age-specific speed thresholds
≥ 3 METs

Yes No

Young
Yes 32 (42.7%) 3 (4.0%)

No 27 (46.0%) 13 (17.3%)

Middle-aged
Yes 45 (56.9%) 2 (2.5%)

No 16 (20.3%) 16 (20.3%)

Older-aged
Yes 47 (50.0%) 6 (6.4%)

No 19 (20.2%) 22 (23.4%)

Note: Values represent n (%). Young, middle- and older-aged represents participants 21–40, 41–60 and 61–85 years, respectively. Percentages are 
calculated as [cell value / total number of bouts] * 100. Abbreviations: METs –metabolic equivalents (1 MET = 3.5 mL/kg/min). Abbreviations: 
METs, metabolic equivalents (1 MET = 3.5 mL/kg/min).
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Table 4.

Comparisons of characteristics based on classifications (Mean [SD])

Variables True positives
a

(n = 123)
True negatives

b

( n = 51)
False positives

c

( n = 11)
False negatives

d

( n = 63)
F value P

Age (years) 53.1 (17.2) 55.7 (18.7) 55.9 (23.3) 49.2 (20.0) 1.3 0.27

Height (cm) 170.1 (9.3) 168.1 (9.2) 171.0 (10.0) 168.3 (8.3) 1.5 0.21

Weight (kg) 73.5 (14.3) 76.7 (16.2) 78.8 (8.9) 71.2 (10.0) 2.0 0.11

BMI (kg/m2) 25.1 (3.6) 27.0 (4.3) 27.0 (3.0) 25.1 (3.1) 4.1 0.007**

Waist Circumference (cm) 85.1 (11.1) 89.2 (12.0) 93.1 (9.6) 83.7 (10.0) 4.1 0.007**

Leg length (cm) 80.7 (5.5) 79.4 (5.7) 80.3 (6.4) 79.6 (4.8) 0.9 0.45

Walk Ratio (mm/steps/min) 6.5 (0.8) 6.1 (0.6) 6.2 (0.8) 6.2 (0.7) 5.1 0.002**

Note: Values are presented as mean (SD).

a
True positives: ≥ age-specific threshold(s) and ≥ 3 METs

b
True negatives: < age-specific threshold(s) and < 3 METs

c
False positives: ≥ age-specific threshold(s) but < 3 METs

d
False negatives: < age-specific thresholds but ≥ 3 METs.

Abbreviations: BMI = body mass index; SD = standard deviation.

**
p < 0.01.
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