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 Dementia is one of the three primary diseases that increases the level of nursing care 
required for the elderly. Dementia can lead to an increased burden not only on those who 
have contracted it, but also their families and the surrounding environment; initiatives for 
preventing dementia and slowing the decline of cognitive function are expected to reduce 
these burdens. This study focuses on phototherapy as an alternative non-pharmaceutical 
treatment for dementia. This study examined the activity of elderly dementia patients to 
determine the effect of phototherapy on their circadian rhythms. A total of 15 dementia 
patients within the age range of 86.3 ± 6.2, were selected as subjects, and the data were 
collected using a wristwatch data logger (Actiwatch2). The phototherapy consisted of 5,500 
lux intensity light exposure from 7 a.m. to 9 a.m., and data measurements were taken for 
three 14-day periods, i.e., before, during, and after phototherapy. Frequency analysis using 
discrete Fourier transform and nonlinear analysis called Hurst exponential and translation 
error were used to analyze the activity data. Compared to before phototherapy, the Hurst 
exponent values during phototherapy showed a significant increase in value (p<0.05) and 
the translation error values showed a trend of decreasing. The increase in the Hurst 
exponent values seen in the present experiment suggests that phototherapy may have 
improved the cyclicality of the circadian rhythm. However, when the phototherapy ended, 
the subjects' Hurst exponent values returned to the previous levels observed prior to 
phototherapy, and no significant differences in data were found before or after 
phototherapy. Thus, phototherapy, a possible treatment of sleep disorders, is also effective 
in promoting regularity in circadian rhythms in elderly dementia patients to a certain 
extent. 
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1. Introduction  

In recent years, advances in medical technology and an 
improved nutritional standing of individuals has increased life 
expectancies globally. As the population is aging, the number of 
elderly people who require nursing care is increasing. 
Additionally, the cost of care, including insurance premiums, is 
also increasing, which is problematic. Dementia is one of the three 
main diseases that leads to nursing care requirements for the 
elderly. Dementia is defined as "a condition in which cognitive 
functions that had previously reached normal levels continually 
decline as a result of an acquired brain disorder, inhibiting the 
sufferer's day-to-day activities and social life." However, the 

method for diagnosing dementia is not defined, and current 
medical science does not consider complete recovery from 
dementia as a possibility [1]. Because dementia results in an 
increased physical, mental, and emotional burden not only on the 
patient who contracts it, but also on their families and surrounding 
communities, there are increasing expectations for initiatives to 
prevent the onset of dementia and delay the decline of cognitive 
function. 

The symptoms of dementia can be broadly categorized into two 
groups: core symptoms and peripheral symptoms. Core symptoms 
are the main symptoms of dementia, and they include disorders of 
thinking, decision-making, and executive functions. Peripheral 
symptoms related to these include behavioral and psychological 
symptoms, such as hallucinations, delusions, wandering, 
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aggressive language, and violence. These symptoms are also called 
behavioral and psychological symptoms of dementia (BPSD). 
While visual hallucinations are associated with Lewy body 
dementia, and roaming behavior is associated with frontotemporal 
dementia, BPSD and core symptoms of dementia are not clearly 
separated by disease type [2-4]. Currently, a complete recovery 
from dementia is considered impossible; the core symptoms of 
dementia cannot be completely cured. Depending on whether 
appropriate pharmaceutical therapy and care methods are 
implemented, BPSD can be reduced in some cases and exacerbated 
in others [5]. Accordingly, the goals of rehabilitation implemented 
for dementia patients include psychological stability and 
improvement of BPSD. 

A variety of non-pharmaceutical treatments for dementia have 
been proposed. Some examples include therapeutic exercise, 
reminiscence therapy, phototherapy, and music therapy. However, 
therapeutic exercise is the only effective treatment with established 
evidence. This is not because there is a lack of evidence for other 
treatments, but because not enough qualitative research has been 
conducted to derive evidence; as a result, they cannot be properly 
evaluated [6]. This study focuses on accumulating evidence for 
phototherapy as an alternative non-pharmaceutical treatment. 

Phototherapy is a treatment method used for sleep disorders. 
Having 1-2 hours of exposure to a bright light over 2,500 lux in 
intensity, the central nervous system's production of the sleep 
hormone melatonin is suppressed, which has the effect of restoring 
a biological circadian rhythm. Because the human biological clock 
consists of approximately a 25-hour cycle, if individuals live in an 
environment without a sense of time, the phases of the circadian 
rhythm of body temperature controlled by melatonin and other 
hormones fall behind as the days progress [7, 8]. When light is 
transmitted from the retina to the supraoptic nucleus via the optic 
nerve, this information is used to adjust the phases of the biological 
clock. High-intensity light is the most powerful factor contributing 
to the adjustment of the human biological clock to a 24-hour 
circadian rhythm [9,10]. Because elderly dementia patients have 
trouble maintaining their sleep patterns due to factors such as 
frequently waking from sleep, they are at a high risk for disrupted 
sleep-wake patterns [11]. This is due to age-related changes in the 
supraoptic nucleus and decreased secretion of melatonin. Prior 
research suggests that exposure to high-intensity light in the early 
morning hours, when the circadian fluctuation of the body 
temperature shifts from falling to rising, can sync the sleep-wake 
patterns of dementia patients to an afternoon-night rhythm [12, 
13]. However, the majority of these existing studies used 
questionnaires and sleep journals for the evaluation of sleep 
patterns after phototherapy, and there are few examples of 
quantitative data analyzed using numerical methods. 

This study evaluates the effects of phototherapy on the 
circadian rhythms of elderly dementia patients using a portable 
activity measurement device system called Actigraph. The 
Actigraph system is being used in many sleep studies in recent 
years [16, 17]. Determining whether subjects are awake or asleep 
based on the body movement measurement results of the Actigraph 
system has a high rate of correlation to a polysomnogram [14, 15]; 
the device is also easy to wear, reducing the burden on both, 
subjects and researchers, making it easier to take measurements for 
a prolonged time period. In this study, activity volume 

measurements were taken for 14 days prior to, during, and after 
phototherapy, for a total of 42 days. This was then evaluated using 
frequency and non-linear analysis. 

2. Materials and Methods 

Study participants included a total of 15 elderly dementia 
patient residents at geriatric health service facilities within Toyama 
Prefecture, ages (mean ± SD) 86.3 ± 6.2. The study was thoroughly 
explained to the subjects in advance, and they gave their written 
consent to participate. In addition, in cases where it was uncertain 
whether this consent was truly based on the will of the subject, 
consent was received by proxy. This study was implemented after 
obtaining approval from the Toyama Prefectural University 
Research Ethics Committee (R1-2). 

Actigraph measurements were taken using a wristwatch type 
data logger, an Actiwatch2 by Philips Respironics. The 
Actiwatch2 uses an accelerometer signal for the level and 
frequency of body movements, and can record body movement 
activity counts in intervals of 60 s. For each subject, the study 
protocol consisted of activity count measurements for a 42-day 
period. This was broken up into three 14-day blocks before, during, 
and after phototherapy. Measurements started at 3:00 p.m. for all 
subjects, and during the phototherapy block, they were exposed to 
a 5,500 lux intensity light from 7:00 a.m. to 9:00 a.m. 

3. Data Analysis 

The chronological data for activity counts (below: AC 
chronological data) was analyzed using discrete Fourier transform 
(DFT) for frequency analysis, and both Hurst exponent and 
translation error methods were used for nonlinear analysis. 

The translation error values estimated using the Wayland 
algorithm were used as quantitative evaluation indicators for the 
smoothness of the embedded attractor trajectory in the phase space 
[18, 19]. Although there exists an alternative method for focusing 
on the smoothness of the embedded attractor trajectory in the phase 
space called the Grassberger-Procaccia algorithm, it has 
drawbacks including the requirement of a large volume of data, as 
well as being sensitive to noise and interference in stacked 
chronological data. 

An outline of the Wayland algorithm is shown below. For a 
vector 𝒙𝒙(𝑡𝑡0) at time 𝑡𝑡0, the closest vector 𝐾𝐾 may be determined, 
Followed by measuring the Euclidean distance between the two 
vectors. These vectors are written as: 𝒙𝒙(𝑡𝑡𝑖𝑖) (𝑖𝑖 = 0,1,⋯ ,𝐾𝐾). When 
𝜏𝜏 time step has elapsed, 𝒙𝒙(𝑡𝑡𝑖𝑖) moves to 𝒙𝒙(𝑡𝑡𝑖𝑖 + 𝜏𝜏𝜏𝜏). At this time, 
the change in trajectory over time is approximated as 𝒗𝒗(𝑡𝑡𝑖𝑖) =
𝒙𝒙(𝑡𝑡𝑖𝑖 + 𝜏𝜏𝜏𝜏) − 𝒙𝒙(𝑡𝑡𝑖𝑖) . If the direction dispersion of 𝒗𝒗(𝑡𝑡𝑖𝑖)  is 
calculated, the degree to which the directions are in line and the 
time development appears deterministic, can be quantitatively 
evaluated. Equation (1) provides directional variance: 

𝐸𝐸𝑡𝑡𝑡𝑡𝑎𝑎𝑛𝑛𝑛𝑛 =
1

𝐾𝐾 + 1
�

|𝒗𝒗(𝑡𝑡𝑖𝑖) − 𝒗𝒗�|
|𝒗𝒗�|

𝐾𝐾

𝑖𝑖=0

 ( 1 ) 

𝒗𝒗� =
1

𝐾𝐾 + 1
�𝒗𝒗(𝑡𝑡𝑖𝑖)
𝐾𝐾

𝑖𝑖=0

 ( 2 ) 
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where 𝐸𝐸𝑡𝑡𝑡𝑡𝑎𝑎𝑛𝑛𝑛𝑛 is the translation error. In order to determine the 
 𝐸𝐸𝑡𝑡𝑡𝑡𝑎𝑎𝑛𝑛𝑛𝑛  error arising from the selection of 𝒙𝒙(𝑡𝑡0) , 𝑀𝑀  randomly 
selected values of 𝒙𝒙(𝑡𝑡0) must be used to calculate the median value 
of 𝐸𝐸𝑡𝑡𝑡𝑡𝑎𝑎𝑛𝑛𝑛𝑛 a total of 𝑄𝑄  times, and the mean of these 𝑄𝑄  median 
values expresses the translation error. For this study, the 
coefficient conditions selected were (𝑀𝑀, 𝑄𝑄, 𝐾𝐾) = (51, 4, 10). If the 
trajectory of the attractor reconstructed in the embedded space is 
smooth, this shows that the chronological data is deterministic. 
Translation error takes a positive value, and a value close to 0 
indicates that the mathematical model for generation of the 
chronological data is deterministic, while a large value indicates a 
probabilistic model. Specifically when the target is the Brownian 
motion, the translation error value is expected to equal 1. 

Next, the Hurst exponents are a scale for bias in non-linear 
Brownian motion; they indicate the extent to which data deviates 
from the Brownian motion, expressing the degree of bias in 
changing trends [20]-[21]. If the Hurst exponent value is 0.5, this 
indicates Brownian motion in chronological data. This is the base 
value, and values closer to 0 indicate a discontinuity while values 
closer to 1 indicate a continuity. R/S analysis is one of the analysis 
methods Hurst devised for calculating the Hurst exponent. Eq. (3) 
is provided as a rudimentary model for explaining the random walk 
process in Brownian motion: 

𝑅𝑅 = 𝜏𝜏
1
2 ( 3 ) 

where 𝜏𝜏  is an arbitrary time period and 𝑅𝑅  represents the 
fluctuation range during that time period. With respect to Eq. (3), 
Hurst divided the range of observed values by standard deviation 
intervals in order to standardize the applicable time scale. This 
allows for the creation of a dimensionless scale that can be used 
for comparisons. Hurst provided Eq. (4) as a generalized version: 

𝑅𝑅∗

𝑆𝑆
= 𝑎𝑎𝜏𝜏𝐻𝐻 ( 4 ) 

Here, 𝑅𝑅∗ is the range of deviation within an arbitrary time period, 
𝑆𝑆 is the standard deviation, 𝐻𝐻 expresses the Hurst exponent, and 𝑎𝑎 
is a constant. In this study, log �𝑅𝑅

∗

𝑆𝑆
�  values corresponding to 

log(𝜏𝜏) for both logarithmic graphs were plotted, and a straight line 
was applied to the scatter plots drawn using the least-squares 
method. The slope of this line was taken as an estimated value for 
𝐻𝐻. In addition, intervals ranging from 400 to 600 units of 60 were 
used as the time period T values for R/S analysis. 

Because the AC chronological data acquired in this study was 
sampled in 60-s increments, there were a total of 20,160 
chronological data points for each 14-day block. For each of the 
14-day blocks, before, during, and after phototherapy, a 720-point 
width moving average was calculated after the high frequency 
components were removed from the data. 

4. Results 

Figure 1 depicts an example of a typical AC chronological data 
series recorded by the Actigram system for the 14-day block before 
phototherapy. Among the elderly dementia patients, although there 
were some subjects whose activity counts showed regular activity 
(Figure 1a, Figure 1c), data for others confirmed irregular activity 

(Figure 1b, Figure 1d). Next, DFT was used to analyze the 
frequency of the waveforms for AC chronological data recorded 
by the Actigram system before, during, and after phototherapy 
time blocks. In addition, the power spectrum shown in Figure 2 is 
normalized so that the total equals 1. Among the elderly subjects 
with regular circadian rhythms, the peak frequency of the power 
spectrum was close to 1 cycle per day (cpd). For those with 
irregular circadian rhythms, however, no power spectrum peak 
frequency near 1 cpd could be confirmed by visual examination. 
Using this data, the power spectral density (PSD) range before, 
during, and after phototherapy was calculated as 0.8-1.2 cpd. The 
mean value of results for the 15 subjects are depicted in Figure 3 
below. The mean values for PSD fluctuated by around 0.17, 
decreasing during the phototherapy time block. Next, a one-way 
analysis of variance was conducted for each of the three time 
blocks, and when a main effect was observed, multiple 
comparisons were performed using the Bonferroni method. 
Results showed significant lower mean values for PSD during 
phototherapy than those before the phototherapy time blocks (p < 
0.05). 

 
Figure 1: Typical example of AC chronological data recorded by the Actigram 
(during the 14-day period prior to phototherapy). Example of an elderly person with 
a regular (a) and irregular (b) circadian rhythm. After moving average for a regular 
(c) and irregular (d) circadian rhythm. 

 

 

 

 

 

 

 
Figure 2: AC time series frequency analysis (14-day period prior to phototherapy). 

Example of an elderly person with a regular (a), and irregular (b) circadian 
rhythm. 

Next, the translation error and Hurst exponent values for the 
AC chronological data for the three 14-day periods before, during, 
and after phototherapy were used for analysis. The mean results 
for the 15 subjects are depicted in Figure 4 and Figure 5. The 
translation error before the phototherapy block was around 0.32, 
with fluctuating values. However, the translation error decreased 
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to around 0.28 during the phototherapy block, then increased again 
to approximately 0.32 following the phototherapy block. This was 
followed by a one-way analysis of variance for the values before, 
during, and after phototherapy. The results indicated insignificant 
effects for translation error. The Hurst exponent value for the block 
before phototherapy was approximately 0.8, with fluctuating 
values. However, the exponent increased to approximately 0.89 
during the phototherapy block, then finally decreased to 
approximately 0.82 in the after phototherapy block. Next, a one-
way analysis of variance was conducted for each of the three time 
blocks, and when a significant effect was observed, multiple 
comparisons were performed using the Bonferroni method. The 
results indicated a significant increase in the Hurst exponent values 
during the phototherapy block compared to the before 
phototherapy block (p < 0.05). 

 
Figure 3: PSD mean values (mean ± SD) 

 
Figure 4: Translation error mean values (mean ± SD) 

 
Figure 5: Hurst exponent mean values (mean ± SD) 

5. Discussion 

The effectiveness of high-intensity phototherapy for the 
treatment of seasonal affective disorder (SAD) was first reported 
in 1982 by Rosenthal et al. Since then, it has become the most 
popular treatment for SAD. High-intensity phototherapy modifies 
the phases of circadian rhythm, and it has been reported effective 
for sleep disorders related to old age, as well as dementia [22]. On 
the other hand, according to the "2017 Dementia Patient 
Treatment Guidelines" (Japan Society of Neurology), the only 
non-pharmaceutical therapy for dementia with established 
evidence for its effectiveness is therapeutic exercise. Although a 
variety of non-pharmaceutical treatment methods are being 
conducted at many facilities and day services, evidence for their 
effectiveness is currently weak across the board. However, this is 
not because the effectiveness of other non-pharmaceutical 
treatments is poor, but because there has been limited scientific 
evaluation of these treatments until now. Additionally, the 
majority of prior studies relative to phototherapy used 
questionnaires and sleep journals for the evaluation of sleep 
patterns after treatment, and there are few examples of 
quantitative data analyzed using numerical methods. 

This study conducted an experiment focused on quantitative 
chronological activity data for before and after phototherapy as an 
initiative for accumulating evidence on these non-pharmaceutical 
treatments. Quantitative chronological activity data 
measurements were taken using a wristwatch type data logger, 
Actiwatch2made by Philips Respironics, for a total of 15 subjects, 
all elderly dementia patient residents at geriatric health service 
facilities at Toyama Prefecture. Frequency analysis using discrete 
Fourier transform and nonlinear analysis called Hurst exponential 
and translation error were used to analyze the activity data. The 
periodicity and regularity of the time series can be quantitatively 
confirmed by using these analytical indicators. Data 
measurements were carried out for 14 days each before, during, 
and after phototherapy. The results indicated that both, PSD and 
Hurst exponent values for 0.8-1.2 cpd data either decreased or 
increased during phototherapy compared to before phototherapy 
(p < 0.05). Hurst exponents express deviation from Brownian 
motion, and can be used to evaluate the continuity of 
chronological data. Continuity refers to the characteristic of rising 
trends continuing to rise, and falling trends continuing to fall in 
chronological data values. In the case of dementia, stronger 
symptoms are expected to cause more of an extreme failure of the 
circadian rhythm cycle, and the increased Hurst exponent values 
seen in this experiment suggest that phototherapy could have 
improved the circadian rhythm cycle in the subjects. However, 
when phototherapy ended, subjects' Hurst exponent values 
returned to the previous levels observed prior to phototherapy, and 
no significant differences were found when comparing data 
before and after phototherapy. This trend was also confirmed by 
the PSD values for 0.8-1.2 cpd data. The translation error values 
were approximately 0.3 with some fluctuation, and determinism 
in the patients' activity was confirmed. Although no significant 
differences were found in the measurement data from before and 
after phototherapy, translation error values tended to decrease 
during phototherapy. This indicates that the determinism of the 
chronological data increased, suggesting that the circadian 
rhythms of the elderly dementia patients became smoother. 
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Although the peak frequency of the power spectrum for elderly 
subjects with regular circadian rhythms was around 1 cpd, as in 
the healthy subjects, no power spectrum peak could be confirmed 
for the irregular rhythm subjects. Because the effects of 
phototherapy may differ between the regular and irregular 
circadian rhythm subjects, there should be an increased number 
of subjects for future studies to evaluate methods, such as 
circadian rhythm periodicity and MMSE scores, and further 
divide elderly dementia patients into groups for analysis. 

6. Conclusions 

This study collected quantitative chronological activity data 
for three 14-day periods before, during, and after phototherapy, 
for a total of 42 days of measurements. Frequency analysis and 
nonlinear analysis were then used for evaluation. The results 
confirmed that phototherapy, a treatment method used for sleep 
disorders, is also effective to a certain extent for promoting a 
regular circadian rhythm in elderly dementia patients. 
Additionally, the study confirmed that this effect was lost when 
phototherapy ended. Furthermore, the power spectrum data 
acquired from the frequency analysis confirmed that elderly 
dementia patients can be grouped with both, regular and irregular 
circadian rhythms. Further consideration is necessary to 
determine whether phototherapy is effective for both groups in 
light of control experiments. Future studies may use methods, 
such as circadian rhythm periodicity and Mini-Mental State 
Examination (MMSE) scores, to further divide the elderly 
dementia patients into groups. Moreover, the trends confirmed in 
this study must also be evaluated to determine whether they have 
the potential for preventing dementia and delaying cognitive 
decline. 
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