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Abstract. In a recent study, we showed that major depressive disorder is associated with an alteration in 
large-scale statistical properties of locomotor activity data, which we measured continuously with an 
actigraph [Nakamura et al., 2007]. This finding had the potential to lead to an objective evaluation and 
diagnosis of depression. However, whether this alteration is associated with momentary changes in 
depressive mood remained unknown. The present study addresses this question. We examine 35 healthy 
individuals by simultaneously monitoring locomotor activity and momentary mood state over 7 
consecutive days. We evaluate the relationship between the momentary moods measured using an 
ecological momentary assessment technique and 30 min locomotor activity prior to each assessment, 
generating normal and detrended statistics up to the 4th moments. The mean (r=-0.23, p<0.001), 
detrended standard deviation (SD) (r=-0.11, p<0.02), and detrended skewness (r=0.10, p<0.02) of 
activity data all show statistically significant correlations with depressive mood. The multiple 
regression model incorporating the mean and detrended SD is also statistically significant (R=0.25, 
p<0.0001), indicating that continuously lower levels of activity, or “resting periods” [Nakamura et al., 
2007], are likely associated with higher depression scores. We thus find characteristic alterations in the 
locomotor activity pattern with depressive mood that can momentarily be captured objectively. 
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1. Introduction 
Momentary micro-fluctuations in behavioral data, specifically those of locomotor activity capturing 

bodily acceleration counts in a continuous fashion, are considered to reflect the dynamics of 
physiological systems organizing human behavior, and can be used to probe behavioral disorders, 
including psychiatric illnesses [Teicher, 1995]. Indeed, alteration in locomotor activity is one of the 
cardinal signs in psychiatric disorders, and many psychiatric disorders, including depression, have 
diagnostic criteria which are evaluated through an assessment of altered locomotor activity [American 
Psychiatric Association, 2000]. For instance, one of the known disease signs in depression is 
psychomotor retardation, involving a recognizable alteration in locomotor activity, such as a slowing 
down of movement, which is observable by others [Teicher, 1995]. 

Recently, we studied statistical properties of locomotor activity data in patients with major 
depressive disorders [Nakamura et al., 2007], and found that the locomotor activity of the patients, in 
contrast to that of healthy controls, exhibits intermittent bursts in the activity counts with more episodes 
of slowing down or cessation of movement. This was reflected in a significantly smaller power law 
exponent in the large-scale (from > 7-day data) distributions of lower periods of activity, or what we 
defined as “resting periods”, in the patients [Nakamura et al., 2007]. 

While this finding is thought to be important because it may lead to an objective evaluation and 
diagnosis of depressive disorders, whether changes in depressive mood are “momentarily” associated 
with an alteration in statistical properties of locomotor activity remains unknown. Put differently, 
whether there are momentary behavioral correlates with mood, which can be expected to vary 
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considerably as a result of internal and/or external stimuli under the conditions of daily life, is yet to be 
determined.  

Such fluctuations in subjective mood sensation are best evaluated using a method to capture 
momentary symptoms in a natural setting; this is achieved by computerized ecological momentary 
assessment (EMA) [Stone, et al., 1994; 2002]. EMA involves sampling instantaneous levels of state 
variables, such as mood and fatigue, at multiple points in time as they are experienced in daily life 
[Stone, et al., 1994]. Thus, the purpose of this study is to evaluate the relationship between momentary 
depressive mood measured by EMA and the (local) statistical properties of simultaneous locomotor 
activity. We hypothesized that, even in the healthy subjects studied, changes in depressive mood are 
momentarily associated with the alteration in some local statistical properties of locomotor activity. 

2. Methods 

2.1. Participants and Procedures 
Locomotor activity data were acquired from 35 adolescent subjects (junior high school students; 

male 7, female 28, age 13.5±0.5 years) over 7 consecutive days. All of the participants wore on the 
wrist of their non-dominant hand a small watch-type activity monitor equipped with a computer 
(Ruputer Pro, Seiko Instruments, Chiba) [Yamamoto et al., 2005]. The activity monitoring device is 
analogous in performance to the Actigraph Mini-Motionlogger (Ambulatory Monitors Inc., Ardsley, 
NY), which has frequently been used in studies of locomotor activity [Teicher et al., 1995]. The 
acceleration counts (zero-crossing counts) for each 10 sec were used for the analyses. 

The computerized wrist monitor device is also capable of recording an EMA of mood state. The 
participants were required at randomly selected intervals during the study period to complete EMA 
questionnaires, which included an indication of the currently experienced moods. The participants were 
instructed to wear the activity monitor at all times, except while bathing or during rigorous exercise 
such as physical education classes. They were also requested to record the times when they took off the 
device, went to bed, and woke up. Written consent was obtained from all the participants and their 
parents, and the study was approved by the local research ethics committee. 

 

2.2. Ecological Momentary Assessment 
In this study, EMA techniques are utilized to examine momentary moods in daily life. EMA allows 

the study of behavior, psychological states and physiological reactions at multiple points in time as they 
are experienced in daily life. Collecting data in natural settings can enhance the data's validity, avoiding 
the pitfalls of retrospective recall, known highly to distort self-report data collection. The participants 
completed measures of current moods by using the EMA technique during the study period. They were 
instructed to answer the (entire) contents of the EMA questionnaire, promoted by beeps at times 
randomly selected within ±10 min of the predefined times (13:00, 16:30, 20:00). The participants 
completed each questionnaire by controlling a joystick to scroll through the length of a bar scale 
displayed on the watch screen (the 0-100 Visual Analog Scale rating with 21 steps).  

The EMA questionnaire covered the momentary mood states ― nine items in the “Depression and 
Anxiety Mood Scale” [Fukui, 1997], referred to as DAMS. The DAMS is composed of nine adjectives 
representing mood states (Vigorous, Gloomy, Concerned, Happy, Unpleasant, Anxious, Cheerful, 
Depressed, Worried), and is designed to measure anxious and depressive moods as independently as 
possible. From these nine items, three factors can be ascertained: total anxiety (sum of Concerned, 
Anxious, Worried scores), total positive mood (sum of Vigorous, Happy and Cheerful scores), and total 
negative mood (sum of Gloomy, Unpleasant, Depressed scores). By combining the last two mood 
scores (negative minus positive mood scores), the total depressive mood score is calculated. The mood 
scores were normalized to range [0,100]. In this article, we report the results for three depressive mood 
scores only. 
 

2.3. Data Analysis 
We obtained 609 complete EMA recordings from the 35 adolescent subjects. In order to analyze 

the relationship between momentary moods and simultaneous patterns of activity data, we selected 30 
min (180 points) of activity data before each EMA. Activity data during periods when the participants 
were not wearing the device, or containing consecutive zero data (of more than 10 min duration or more 
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than 20% of the sample length) were excluded from the analysis. Taking this into account, we obtained 
527 sets (N=35) of activity data with the corresponding EMA. 

In order to assess the validity and reliability of the EMA tests, correlations among different mood 
scores were calculated; randomly answered questionnaires would result in a lack of consistency in such 
a correlation pattern. 
 

2.4. Correlations with Local Activity Statistics and Multiple Regression Model 
We adopted the following normal and detrended statistics, to serve as indices for quantifying 

patterns of activity data. For the normal statistics, mean, standard deviation (SD), skewness and 
kurtosis were calculated from each 30 min long activity data segment. In order to obtain the detrended 
statistics ―which are more robust in withstanding non-stationarity of the local mean caused by daily 
activity―, we firstly divided the activity data into boxes of equal length n, and removed the local trend 
in each box by fitting a polynomial function of a specified degree m. Then, from the detrended data, 
statistics up to the 4th moments (detrended SD, detrended skewness, detrended kurtosis) were 
calculated. The results obtained did not depend on the choice of the degree of detrending polynomials 
between 1 to 3 or the box sizes between 4 to 32. Such stable behavior suggests that the 7 statistics 
above sufficiently well characterize activity patterns. In this article, we use a reference box size of 80 
sec (i.e., 8 points in each box) and display results where the first degree polynomial trends have been 
eliminated. Finally, Pearson's correlation coefficients r between the statistical indices and momentary 
mood scores were calculated. Throughout this study, a value of p<0.05 was accepted for statistical 
significance of the results. 

Furthermore, in order to construct a model for providing momentary moods from simultaneous 
activity data for each EMA, we used a multiple regression modeling approach. In constructing a model, 
we considered 7 statistical indices introduced in the above. A stepwise multiple regression procedure 
was used semi-automatically to build a regression model by successively adding or removing variables 
based on the p-values of the estimated coefficients. 

3. Results 

3.1. Correlation among Mood Scores 
The relationship between momentary mood scores is summarized in Table 1. Depressive mood 

shows positive correlation with negative mood (r=0.73, p<0.01), and negative correlation with positive 
mood (r=-0.75, p<0.01). The correlation between positive and negative moods is not significant, 
indicating that both mood scores are orthogonal to each other. These results are the expected responses 
of DAMS and suggest that the EMA tests were properly performed by the participants in the study.  
 

Table 1. The correlation coefficients among depressive mood scores.  

 Depressive Mood Negative Mood Positive Mood 

Depressive Mood 1   

Negative Mood 0.73* 1  

Positive Mood -0.75* -0.09 1 

* ; p<0.01 
 

3.2. Correlations of Statistical Indices with Depressive Mood 
The results of correlation coefficients between local statistical indices of locomotor activity and 

momentary depressive mood scores are summarized in Table 2. The mean (r=-0.23, p<0.01), detrended 
SD (r=-0.11, p<0.05), and detrended skewness (r=0.10, p<0.05) of activity data show significant 
correlations with depressive mood. The results do not depend on the choice of the order of detrending 
polynomials between 1 to 3 or box sizes between 4 to 32. Further to confirm whether the observed 
significant correlations reflect within-individual, momentary relationships between these statistical 
indices and depressive mood scores, we randomly shuffled activity indices for each individual and re-
evaluated the correlation coefficients from the pooled data. Consequently, none of the activity indices 



124 
 

showed a significant correlation with depressive mood. As a reference, we also show correlations of 
locomotor activity indices with negative and positive mood scores in Table 2. 
 

Table 2. Correlation coefficients between local activity statistics and momentary moods. 

 Mean SD Skewness Kurtosis Detrended 
SD 

Detrended 
Skewness 

Detrended 
Kurtosis 

Depressive Mood -0.23† -0.08 0.07 -0.03 -0.11* 0.10* 0.02 

Negative Mood -0.14† -0.10* 0.04 -0.08 -0.10* 0.02 -0.09 

Positive Mood 0.19† 0.02 -0.07 -0.04 0.07 -0.14† -0.12† 

 † ; p<0.01 , * ; p<0.05 
 

In order to estimate the level of momentary depressive mood from simultaneous activity data, we 
constructed a multiple regression model. Firstly, stepwise multiple regression analyses of depressive 
mood scores and independent variables, which correspond to 7 statistical indices, were conducted in 
order to construct the best multivariable regression model. In Table 3, the coefficients and associated p-
value of the selected regression model are shown. In this model, all the coefficients for mean (-0.58,  
p<0.001) and detrended SD (-0.16, p<0.01) were significant. The multiple correlation coefficient R was 
also highly significant (R=0.25, p<0.0001). 
 

Table 3. Results of Stepwise Regression Analysis for Depressive Mood. 

Intercept mean detrended SD 

63.9 (p<0.001) -0.58 (p<0.001) -0.16 (p<0.01) 
R=0.25 (R2=0.064),  p<0.0001 
 

Furthermore, in order to investigate the properties of the model, simulated depressive mood scores 
are plotted on a color map as a function of the mean and detrended SD (Fig. 1). On this map, the 
intensity of depressive mood score is coded in a color scale. Four example activity records with typical 
locomotor activity patterns are also shown in Fig. 1 (a-d). The corresponding locations of these data on 
the color map are indicated and labeled a, b, c and d. As the most pronounced behavior in our model, 
when the mean goes towards the smaller value, the estimated depressive score tends to be higher. One 
can confirm this tendency by comparing the raw data shown in Fig. 1 (a) and (d). The burst-like feature 
of the activity pattern, that keeps the mean lower and detrended SD higher, also results in a relatively 
higher depressive mood score (see Fig. 1 (b) as compared to Fig. 1 (c)).  

While its influence is not as strong as that of detrended SD, the positive detrended skewness also 
contributes to the burst-like intermittency and to higher depressive mood scores (see Table 2). Thus, in 
terms of estimation, a model incorporating all the three indices (the mean, detrended SD and detrended 
skewness) would also be important. 
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Figure 1. Depressive mood score simulated from the multiple regression model and the corresponding contour 
lines plotted on a color map as a function of the mean and detrended SD. Four sets of raw activity 
data of typical locomotor activity patterns are also shown. The corresponding locations of these data 
are labeled a, b, c and d on the color map. 

4. Discussion 
Nakamura et al., [Nakamura et al., 2007] recently reported that locomotor activity in patients with 

major depressive disorders, in contrast to that of healthy controls, exhibits intermittent bursts in the 
activity counts, with more episodes of slowing down or cessation of movement. They showed this by 
studying cumulative distributions of the so-called resting periods, in which the activity counts are 
successively lower than a pre-defined threshold value, e.g., the overall mean of non-zero counts (though 
the choice of the threshold has almost no effect on the results). Such a distribution of the resting periods 
constructed from > 7-day data was shown to follow the power law P(x≧a) ~ a-γ, with the average 
γ=0.96 for healthy (adult) subjects, while the value γ=0.78 for the depression patients was significantly 
lower than the former [Nakamura et al., 2007]. The smaller γ implies that the patients statistically and 
systematically, i.e., in the power law fashion, have greater frequencies of longer resting periods than the 
healthy controls.  

Thus, while major depressive disorders have in the past been evaluated/diagnosed exclusively on the 
basis of patients' subjective symptoms [American Psychiatric Association, 2000], there is now the 
possibility objectively to support the evaluation/diagnosis by using a quantitative parameter 
characterizing resting period distribution derived from locomotor activity data. However, as the patients 
in this previous study were always symptomatic (consistently complaining of depressive mood), 
whether the statistical properties of locomotor activity correlated with specific symptoms, such as 
depressive mood, remained unknown. 

In the present study, we examined locomotor activity for a population of healthy adolescent 
subjects, of whom the average γ=0.96 was shown not to be significantly different from healthy adult 
subjects [Nakamura et al., 2008]. An advantage in the study of this group is that by using EMA, the 
subjects were simultaneously measured for momentary mood states, which are expected to vary 
considerably during daily life, so the relationship between the momentary depressive mood and the 
(local) statistical properties of locomotor activity could be studied. 

Consequently, we found a characteristic pattern of alteration of locomotor activity related to 
depressive mood; the locally decreased mean together with decreased SD but with increased skewness 
is associated with increased depressive mood scores. As the lower mean together with the decreased 
fluctuations but with positive skewness most likely constitutes the resting periods, i.e., periods with 
successively lower counts (between intermittent bursts), such a result is considered to be compatible 
with the global tendency of having greater numbers of longer resting periods in patients with major 
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depressive disorders [Nakamura et al., 2007]. In addition, the results of the present study may lead to 
the continuous and objective evaluation and detection of episodes with slowing down and cessation of 
movement, reminiscent of psychomotor retardation. Such an application, if successfully implemented, 
would be useful in monitoring and/or predicting periods with exacerbating depression, which would 
have great implications for suicide prevention. 
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