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A B S T R A C T   

Despite the acknowledged relationship between the usual (preferred) walking speed (UWS) and 
health, there is currently no practical method available to reliably and accurately detect slight 
changes in UWS. This study aimed to explore whether either of the following two phenomena 
occurs during continuous daily walking in various periods: (a) Similarity between the most 
frequent cadences in the two periods. (b) The occurrence of the most frequent cadence in at least 
one of the two periods during the other period, with a frequency close to that of the most frequent 
cadence. In August 2021, invitations to participate in the study were extended via email to 
participants that took part in the Japan COVID-19 and Society Internet Surveys (JACSIS). A 
mobile phone application that collected step data during continuous walking was provided to the 
participants, and data were collected from December 1, 2021, to January 31, 2022. While 1022 
participants installed the phone application, only 505 had measurement data for ten days or more 
in each of the two months of the study duration. The cadence during continuous walking was 
automatically measured daily from 05:00 to 21:00. Most participants exhibited at least one of the 
phenomena mentioned above, confirming a common, notably frequent, invariant cadence over 
time. Overall, this method allows for the identification of minor reductions and lower bounds of 
decline in UWS. This study illustrates the potential for tracking a decreasing trend in UWS. Early 
detection of a downward trend permits individuals to take timely remedial action, as recovery is 
relatively easy, and the confirmation of even a slight recovery bolsters recovery motivation.   

1. Introduction 

As individuals age, there is a tendency to gradually decrease their usual walking speed (UWS), also known as preferred walking 
speed [1], due to the declining walking ability associated with aging [2,3]. However, considerable differences exist among individuals’ 
experiences. UWS has been strongly linked to physical health and mortality in numerous studies [4–17]. In the majority of these 
studies, speed has either been assessed through self-reporting instruments or by conducting empirical studies where participants 
demonstrate their ability to walk a short distance at their usual pace. 

Particularly for individuals in the middle-aged group or those in the pre-frail* stage, changes in UWS tend to be gradual. Here, 
middle age refers to the period from about 40 to 60 years old, and pre-frail refers to the stage before becoming frail. 

As a result, a measurement method that can accurately detect a slight annual rate of change in people’s UWS is desirable for early 
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identification and intervention and to motivate them by affirming the possibility of recovering their walking speeds. However, as the 
walking speed diminishes, the changes occur gradually and are difficult to measure; thus, minimizing the measurement error becomes 
highly important. Among the existing measurement methods, many exhibit error margins that are too large to precisely capture subtle 
changes in walking speed. For example, in a scenario where an actual speed change of − 3% occurs, and the ratio of the standard error 
to the speed (SE-coefficient) is 2 % at both the beginning and end of the measurement period, and the error is according to a normal 
distribution, the measured value change is likely to fall between − 6% and 0 %, with a relatively high chance of being positive. This 
implies that the measurement results are unreliable when the goal is to detect minor changes. 

Notably, while measuring the walking speed, even if individuals attempt to walk at their UWS, the bias associated with their 
awareness of the measurement cannot be eliminated, and the deviation between the actual UWSs and measured values cannot be 
estimated [18]. Additionally, variations in the physical conditions, temperature, and other walking environments between the 
beginning and end of the measurement period contribute to the challenges experienced. Moreover, the limited number of daily 
measurements adds to the complexity, making it challenging to achieve an SE coefficient of <2 % (Supplement 3). 

The walk ratio is a coefficient defined as the ratio of step length to cadence, reported to remain constant during continuous walking, 
even as the walking ability remains unchanged [19–25]. Walking speed can be calculated by multiplying the step length by cadence. 
When the walk ratio is constant, the walking speed becomes proportional to the square of the cadence. In the context of this study, 
walking will be exclusively referred to as ‘continuous walking.’ 

Consequently, the cadence at the most frequent walking speed (MFWS) is distinctive due to a constant walk ratio. In the context of 
this study, this cadence is referred to as the most frequent cadence (MFC). Similarly, the cadence during UWS is also unique and is 
subsequently referred to as the usual walking cadence (UWC) in this study. 

As cadence declines, the walk ratio either remains constant or decreases; if it increases, this implies the step length increases when 
walking at the same cadence. However, research has shown that such occurrences are unlikely [26]. Therefore, changes in the UWS 
and MFWS can be detected by changes in the UWC and MFC. 

To effectively detect the trend of a slight change in an index, the fluctuation of the index and SE of the measured values must be 
minimal. To apply this principle to UWC, both the usual fluctuation of UWC and the SE of the UWC measurement method need to be 
small. 

We could not find any prior studies on the frequencies or fluctuations in UWS, we presumed that UWS occurs frequently in daily life 
and typically maintains a stable value due to its inherent nature. If UWS occurs frequently and maintain a stable value, there should be 
a notable frequent cadence. To verify the presence of notable frequent cadence that is invariant over time in daily life, the following 
conditions were assumed for two different non-overlapping time periods, A and B.  

1) When both MFWSs were UWSs, and both MFCs were UWCs, the probability that the MFCs in periods A and B were similar was high.  
2) If the MFWS was UWS in Period A but not in Period B, and if walking speeds close to those of the UWS in Period A also frequently 

occurred in Period B, cadences close to the MFC in Period A also frequently occurred in Period B.  
3) When both the MFWSs are not UWS, their relationship may be weak. 

Thus, in this study, the following hypotheses were tested, involving the occurrence of one of the following two phenomena 
observed in the participants’ measured values during the two periods.  

1) The MFCs of the two periods are close.  
2) The MFC in at least one of the two periods also occurred in the other period at a frequency close to that of the MFC in that period. 

However, it is important to acknowledge that several confounders may have been present due to health conditions, and external 
factors may have changed between the two periods. 

Nevertheless, if we assume that the standard error of the MFC measurements is large, significant fluctuations will occur in the 
measurements, thereby increasing the probability that the MFCs will not be close at different periods. Consequently, the probability of 
observing these two Phenomena would be low. If this hypothesis is substantiated, it implies that the SE of the measurement is small. 

However, if either of these two phenomena is observed in the majority of the participants, it confirms the presence of a notably 
frequent cadence that remains constant over time. As this distinctive cadence diminishes with aging over an extended period, the 
changes in cadence enable the detection of changes in UWS. We believe that utilizing these observed phenomena for detecting speed 
changes would enhance the applicability of the existing academic knowledge regarding the relationship between walking speed and 
health, which will be more beneficial for people’s health by enabling the detection of speed changes over time. 

2. Materials and methods 

2.1. Ethics 

The present study adhered to the principles of the Declaration of Helsinki and was approved by the appropriate ethics committee of 
Chiba University (approval number: 2493, June 2, 2021). All participants provided written informed consent. 

This research was conducted as an adjunct study to the main nationwide Japan COVID-19 Society Internet Surveys (JACSIS: 30,000 
participants, 18–79 years old). Participants were recruited from the JACSIS study. In August 2021, invitations to participate in the 
study were extended to JACSIS participants via email, and 1022 individuals agreed to participate. Participation criteria was 20 years of 
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age or older. 
The protocol and aim of this study were clearly communicated to the respondents, who, in turn, provided written consent to 

participate. As an appreciation for their involvement, each participant was offered an incentive of 500 JPY (approximately 4 USD). 

2.2. Study period 

The study was conducted during the following periods: December 1–28, 2021 and January 4–31, 2022. The interval between 
December 29, 2021, and January 3, 2022, was excluded because it coincided with the New Year holidays when everyday routines were 
likely to be disrupted. 

2.3. Cadence data collection method 

We developed an application for iPhone devices that calculates the cadence from stored information based on the number of steps. 
As iPhone devices automatically record step counts taken at different times during the day, when participants opened the designed 

application, their devices automatically calculated the cadence distribution for five days using their time-specific step count infor-
mation, and the derived information is transmitted to the server. 

Notably, the participants were not involved in the calculation process. To prevent overburdening the application, the calculation 
specifically focused on the steps taken between 5:00 and 21:00. 

2.4. Summary of participants and criteria 

Out of the 1022 participants who downloaded the application, 761 provided measurement data for both December and January. 
Among them, 505 participants had data available for at least ten days during both months. Ultimately, the data from 505 participants 
were included in this study. 

2.5. Definition of the continuous walking segment and cadence 

For this study, the number of steps taken in 15 s (s) was used as the measurement unit. A continuous walking segment lasting 15 s 
with a constant cadence was defined as three consecutive 5-s step counts between 5:00 and 21:00, satisfying the condition outlined 
below. 

From the three consecutive 5-s step counts (A, B, and C), only the 15-s step counts were extracted where the absolute values of A-B, 
B–C, and C-A were within 1. 

This condition ensured that the gait cycle remained within a specified range for 15 s, defining it as a continuous walking segment 
with a constant cadence. Thus, all data collected during this study exhibited a constant cadence (Supplement 1). 

Notably, when the cadence in the UWS drops to ≤100 steps/min, the impact of the decrease in stride on walking speed becomes 
more pronounced [19,21]. Therefore, the significance level was set at > 100 steps/min. Additionally, maintaining body balance was 
considered challenging at a constant cadence of ≤80 steps/min for over 15 s in daily life (even though such instances were rare) [19, 
27]. As a result, participants with cadences falling below this threshold were excluded from the study. 

Fig. 1. Explanation of Most Frequent Cadence (MFC) and Frequency of MFC Vertical axis: number of measurements (frequency). Horizontal axis: 
cadence (steps/minute) Solid line: December; Dotted line: January; Dashed line: December and January. 

K. Shiina et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e29969

4

2.6. Verification of step count for 15 s 

The step-count accuracy for 15 s during continuous walking, as defined in Section 2.5, was assessed using the actual step-count 
information measured with a timer (as the gold standard). The total number of samples taken was 118, and the range of actual 
steps recorded in 15 s varied from 22 to 35 steps. The absolute difference between the terminal measurement value and the actual step 
counts for 15 s was as follows: 66 samples had no difference, 46 samples had a difference of 1, 6 samples had a difference of 2, and there 
were no samples with a difference of 3 or more. The difference between the means of these measurements was 0.7 % (Supplement 2 
and Fig. S1). The intracorrelation coefficient (1,1) was 0.974, and the standard deviation of the difference between the iPhone 
measurement value and the actual step count was 0.773 (equivalent to 2.8 % for an average of approximately 27.3 steps). 

In accordance with the normal distribution, it was determined that 99 % of the measurements fell within 2.58 times the variance, 
which, for an average of approximately 27.3 steps, equated to 7.1 %. Based on this, the required sample size was calculated to be 106. 

Given that the application calculates thousands of 15 s intervals daily, even if the threshold was exceeded in one interval, the 
subsequent 15 s interval within the threshold was captured. Consequently, the distribution of cadences using a 15 s step count 
accurately reflected how the actual cadences were distributed. Importantly, it is worth noting that the iPhone terminal measurement of 
step count was validated to be precise during continuous walking with a constant gait cycle, and the step-count accuracy was very low 
when the fluctuation of the gait cycle was significant. 

2.7. Definition of most frequent cadence (MFC) 

Fig. 1 illustrates two samples of cadence distribution over two months. The MFCs were defined as the most frequently occurring 
cadences each month, as shown in Fig. 1. The unit of distribution was four steps/minute. 

In the left graph, the participant generally walked at a cadence ranging from 124 to 128 steps/min across both months, occasionally 
walking with a cadence falling in the middle of that range. On the right, the graph depicts a participant who consistently walked at a 
cadence rate of 128 steps/min in both December and January. 

While the actual MFC was a continuous number, the data in this study represent the actual cadence substituted in units of four 
steps/minute, introducing an error due to the unit of four steps/minute. 

2.8. Analysis method 

The testing of the hypothesis that the MFC represents the most frequent actual cadence involved the following procedure.  

1. Defining the requirement that satisfies the hypothesis using MFC.  
2. Identifying participants who met the criteria based on the defined requirement.  
3. Testing the hypothesis by evaluating the proportion of the 505 participants who met the criteria. 

3. Results 

3.1. Data overview 

On average, one-third to one-half of the total daily steps were recorded as continuous walking. Table 1 presents an overview of all 
measurements. 

With thousands of measurements taken over four weeks, the SE of the measurements was significantly reduced. Particularly, the 
frequency of cadence occurrence both before and after MFC exceeded 52 % in all measurements, indicating that a specific cadence 
occurred frequently. 

Table 1 
Data overview.  

Attributes of participants (age) 116: 20s, 141: 30s, 126: 40s, 68: 50s, 39: 60s, 6: 70s, 9 were adults and did not disclose their age. 
Attributes of participants (gender) 258: men, 239: women, 

8 chose not to reveal their gender. 
Item December 

1st – 28th 
January 
4th – 31st 

Unit 

Mean of measured days 18 20 Days 
Steps per day 6373 ± 3564 6282 ± 3949 steps/day 
Number of measurements per day 258 ± 175 260 ± 211 times/person 
Number of measurements in 4 weeks 4829 5337 times/person 
Mean frequency of MFC in 4 weeks 1121 1250 times/person 
Mean frequency of (MFC – 4 steps/minute) 728 833 times/person 
Mean frequency of (MFC + 4 steps/minute) 681 740 times/person 
Rate of the above 3 frequencies 52.3 52.9 %  
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3.2. MFC characteristics and requirements definition  

1. The absolute value of the difference in MFC between both months was 3.72 ± 5.95 steps/minute. This indicates that for most 
participants, the MFC occurred within a limited range of 4 steps/minute in both months. In other words, most people walked at 
similar cadences during both months.  

2. The frequency in January of the same cadence as MFC in December divided by the frequency of MFC in January was 88.5 % ± 18.3 
%, and similarly, the frequency in December of the same cadence as MFC in January divided by the frequency of MFC in December 
was 88.2 % ± 19.2 %. These results showed that although the MFC in one month differed from those in the other months, most 
participants experienced a cadence equal to the MFC in both months. 

These two phenomena, despite being distinct, support our hypothesis. Based on the above mean and SD calculated values, the 
inclusion criteria for participants were as follows. 

Definition 1. The absolute difference in MFC between both months was within 4 steps/min, less than mean + SD divided by 2. This 
increment was the smallest for all measurements. 

Definition 2. The frequency of the same cadence as the MFC in one month was ≥79 % of the MFC frequency in the other month, 
equal to mean− SD divided by 2. This rate is considered sufficiently close to support Hypothesis 2. 

Participants who observed at least one of these phenomena were selected, and the hypothesis was tested with a proportion of the 
505 participants. 

3.3. Validation 

From the wide distribution of the MFC ranging from 84 to 140 steps/min, 391 participants were categorized under Definition 1, 
with an absolute difference of 4 steps/minute, and 445 participants were categorized under Definition 2 (over 79 %). Excluding 
duplicates, a total of 461 participants (91.28 %) out of the 505 met either Definition 1 or 2, as illustrated in Figs. 2 and 3. 

For the 44 participants who did not fit either definition, the number of measurements for at least one month was considered 
negligible in 8. Furthermore, based on the probability of 91.28 % and the sample size of 505, the population existence probability was 
estimated to be 91.28 % ± 2.46 % (95 % CI). Thus, based on our calculations, with a probability of 91.28 %, the required number of 
samples is 488, which we considered sufficient for a large majority. Therefore, this hypothesis was validated. 

Additional validation using the Kernel Density Estimation yielded similar results (Figs. 4 and 5). A total of 374 participants fell 
under Definition 1, and 456 participants fell under Definition 2. Excluding duplicates, 462 (91.45 %) of the 505 participants fell under 
Definitions 1 or 2, further validating the hypothesis for most participants. 

4. Discussion 

4.1. Early change detection 

Definitions 1 and 2 in Section 3.2 were deemed sufficiently stringent for verification, and our results confirmed the presence of a 
notably frequent cadence that remained invariant over time. This characteristic facilitated the detection of small changes in the UWS in 
daily life through a large number of measurements. However, it is important to note that while these definitions were robust for 
verification, certain exceptions were inevitable. 

Fig. 2. Cases of Definition 1 (8 samples, 391 participants) Solid line: December; Dotted (thin) line: January; Dashed line: December and January.  
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Under these conditions, our findings indicated that the fluctuation over time and SE of the MFC were both minimal. In Definition 1, 
where the MFCs of both periods are similar, these values can be reliably identified as the UWC with a high probability. Similarly, in 
Definition 2, the applicable MFC can also be identified as a UWC with a high probability. Thus, we considered that frequent UWSs 

Fig. 3. Cases of Definition 2 (8 samples, 445 participants) Solid line: December; Dotted (thin) line: January; Dashed line: December and January.  

Fig. 4. Sample of measurement dispersion and kernel density estimation.  

Fig. 5. Results of Definitions 1 and 2 using Kernel Density Estimation (462 participants).  
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during continuous walking may have caused these unknown phenomena; otherwise, an alternative UWS would have been required. 
Moreover, they were observed repeatedly during long-term measurements. 

Furthermore, while MFC may sometimes differ from UWC, such as when walking with companions or during consciously brisk 
walking, such as in the case of exercise habits, if these two phenomena are repeatedly observed in long-term measurements, UWCs can 
be identified with a high probability across many MFCs, allowing the tracking of their transitions. 

Changes from the non-frail to pre-frail* stages result in reduced cadence, with prominent parameters for the latter stage, including 
reduced cadence and increased step-width variability [26–28]. The UWC, typically around 120 steps/min when healthy, declines to 
<100 steps/min during aging. During this time, the MFC also decreases from approximately 120 steps/min to ≤100 steps/min, 
allowing the aging process to be traced. 

The change in the UWS is the squared change in the UWC multiplied by the change in the walk ratio. Assuming that the walk ratio is 
constant or decreases when the UWC falls, the rate of change of the square of the UWC indicates the lower bound of the decline in UWS. 
Particularly, when a slight decline in UWC can be detected numerically, which occurs often in the early stage, it allows for the detection 
of a UWS slowdown in the early stage. What makes this possible is the existence and identification of a notably frequent cadence that 
remains unchanged over a period of time. 

4.2. Limitations 

This study has some limitations. First, despite validating this hypothesis, it is important to acknowledge that there may be cases in 
which both MFCs with similar values are not necessarily equal to the UWC. Second, this study did not track the progression of 
decreased cadence over time, and therefore, the feasibility of this hypothesis should be further confirmed in future studies with larger 
sample sizes and long-term data. 

5. Conclusions 

This study demonstrated the possibility of tracing a decrease in UWS, amidst considerable variability in individuals. Furthermore, 
the early detection of a downward trend in UWS provides individuals with advanced notice when recovery is still relatively easy. 
Additionally, we found that confirming even slight recovery contributes to maintaining motivation for rehabilitation efforts. 

* We considered middle age to be between the ages of 40 and 60, as described in Britannica, although, the age period is somewhat 
arbitrary, differing greatly from person to person. The definition of pre-frail stage follows from reference [27], which is according to 
the study “Early identification of frailty: Developing an international delphi consensus on pre-frailty". 
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