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Abstract

Insomnia is a common sleep disorder, especially for seniors. WASO (time
awake after sleep onset), a component of insomnia, tends to increase with
age. There are also many variations in WASO for seniors. To better under-
stand the nature of insomnia, an equation was developed to predict WASO
using maximum oxygen uptake (VOimax) as a measure of fitness associated
with aerobic exercise. Predictions from the equation matched measured val-
ues with an R? = 0.98. The results were highly significant (p < 0.001). A
second equation was used to predict VO as a function of age and relative
fitness (a measure of aerobic fitness independent of age). The two equations
were combined to predict WASO as a function of age, gender, and relative
fitness. Based on these results, it appears that aerobic exercise to improve rel-
ative fitness can be used to reduce WASO. The WASO model explains the
numerous reports of reduced WASO associated with long-term exercise pro-
grams. The model also explains why WASO increases with age and why high
WASO values associate with early death.
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1. Introduction

Insomnia is one of the most common sleeping disorders as people age [1] [2]
[3]. Estimates range from 10 to 15 percent [2] to 35 percent [3] for general pop-
ulations. For women only, 40 percent has been reported [3]. Walker (2017) [1]
has discussed the two major components of insomnia: failure to go to sleep as
measured by SOL (sleep onset latency) and failure to stay asleep as measured by
WASO (time awake after sleep onset). The focus of this paper is WASO.

In addition to not feeling refreshed from sleep when WASO is high, high le-
vels of WASO are associated with a protein, tau. Tau has been associated with an

increased risk of developing Alzheimer’s disease [1] [4]. Ju et al [4] have re-
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ported a link between Alzheimer’s disease and two proteins, tau and amyloid-/£.
They relate the increase in tau to reduced and disturbed sleep. When WASO is
high, the quantity and quality of sleep are often insufficient to purge tau from
the brain during sleep [1]. They also relate the amyloid-f protein to the loss of
slow-wave sleep. The decline of slow-wave sleep and the increase in WASO both
occur as a person ages. One may not cause the other, but both may be a function
of other variables that change with age, such as maximum oxygen uptake. There
is little doubt that lack of sleep or loss of certain sleep components increases
proteins in the brain that elevate the risk of developing Alzheimer’s disease as a
person ages. It appears that understanding the nature of WASO might be useful
in understanding, evaluating, and reducing the risk of Alzheimer’s disease.

Wallace et al [5] reported that high WASO was associated with increased
mortality risk.

Dolezal et al. [6] reviewed the literature from January 2013 to March 2017 re-
lating sleep components including WASO to exercise. They reported that exer-
cise is usually beneficial for sleep. They found that 29 out of 34 studies (85 per-
cent) concluded that exercise improves sleep quality or duration. They also
noted that exercise intervention showed the most robust results for middle-aged
and elderly adults. Their final conclusion was that “sleep and exercise exert sub-
stantial positive effects on one another.”

Eleven of the 34 studies measured WASO. In seven of these 11 studies, a de-
crease in WASO was reported in association with exercise. There were no re-
ported increases. Types of exercise varied. Some studies reported exercise over a
period of time suggesting an improvement in fitness. Measures of fitness, how-
ever, were usually lacking. Even with several studies in recent years, there ap-
pears to be no clear mathematical relationship between fitness and WASO.

Ohayon et al. [7] analyzed 66 sleep data sets and found that WASO increases
at an increasing rate as people age. They used an exponential equation to predict
the trend of the measured values. While there was much scatter in their results
reported in graphical form, there is clear evidence that WASO increases at an
increasing rate as people age. They did not include exercise or aerobic fitness as
part of their analysis. Based on the more recent studies reporting WASO, it ap-
pears that exercise leading to improved fitness might be a missing variable in
addition to age.

It seems clear that a mathematical model is needed in an attempt to explain
both age and fitness effects on WASO. The objective of this present work is to
develop a mathematical relationship that includes both age and aerobic fitness to
predict WASO.

2. Methods
2.1. Connecting WASO to Maximum Oxygen Uptake

As a starting point, a measure of fitness is needed. One measure, VOomay, inte-

grates the performance of both heart and lungs [8] to provide oxygen to muscle
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tissue and the brain. This variable increases with aerobic exercises, such as run-
ning, cycling, and swimming [8] [9]. After prolonged training of a couple of
months at a constant intensity of aerobic exercise, VOimax, Will plateau indicating
a new steady-state level of aerobic fitness [9]. A detailed study by Saltin et al [9]
demonstrated that aerobic fitness as measured by VO,m.x decreases during a pe-
riod of bed rest and increases in response to increased aerobic exercise until a
plateau is reached. Because VOjma is @ measure of heart and lung capacity, it
should be a good measure of fitness both integrating and smoothing out the dai-
ly variations associated with exercise.

It is also known that VOam.x decreases as a person ages [8] [10] [11]. Figure 1
illustrates the decline of aerobic fitness as a function of age for women. This data
set also illustrates the effect of aerobic training on VOinax. A similar relationship
for men is shown in Figure 2.

The predicted values shown in each figure are from the following equation:

VO, —1074RF[1-2 |16 1)
120

where VOsmax = aerobic fitness (ml-kg™'-min™")
RF = relative fitness (fraction of upper limit)

(1.00) upper limit, Olympic class skier or runner

(0.82) approximate upper limit for endurance training

(0.67) endurance training

(0.50) active (upper boundary for sedentary)

+ Endurance Trained
= Sedentary
—— Upper Boundary
—— Endurance Trained
Sedentary
—— Lower Boundary

VO2max (ml.kg'l.min'l)

0 20 40 60 80 100 120
Age (yr)

Figure 1. Reduction of VOumax for women as a function of aging and fitness lifestyle. Data from Tanaka
et al [10].
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+ Endurance Trained
= Sedentary
—— Upper Boundry
—— Endurence Trained
Sedentary
—— Lower Boundary

20 40 60 80 100 120
Age (yr)

Figure 2. Reduction of VOumx for men as a function of aging and fitness lifestyle. Data from Pimentel

etal [11].

e (0.45) estimate for control or average population (1/4 endurance training &
3/4 sedentary)

e (0.38) sedentary

e (0.22) approximate lower limit for sedentary

e (0.00) non-active bed rest

A = age (years)

G = gender coefficient (males: 10.5; females: 3.5) ml-kg™'-min™!

The only difference between male and female maximum oxygen uptake is the
gender factor. The slope is the same for both males and females at the same rela-
tively fitness. Predictions from Equation (1) matched the measured values for
women with an R? = 0.85 and for men with an R* = 0.75. Both results were high-
ly significant using the t distribution to predict the probability of type I error (p
< 0.001). Equation (1) will be used later in the development.

2.2. Heart Health and Expected Life

A low value of maximum oxygen uptake (aerobic fitness) is associated with an
increased risk of heart disease and early death as illustrated in Figure 3 and Fig-
ure 4. The information in these two figures clearly illustrates the importance of
aerobic fitness on heart health and longevity. Predictions in both of these figures
are based on the cube of VO, It will be shown later that WASO is also a func-
tion of the cube of VOsmax.

Predictions in Figure 3 were made with the following equation:

R 1003 _Cir Spf @)
= vo

2max
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where R = risk of fatal heart disease
N, = number of years from the beginning of the analysis
Cr = constant for heart risk for men
A;= age at year 1

i=year number

12.00
2 10.00 o
< O Quartile 1
2 )
a Predicted
= O Quartile 2
[
E H'edic-ted
= o Quartile 3
= Predicted
= edicte:
= O Quartile 4
f’ Predicted
=

20

Year

Figure 3. Measured and predicted risk of fatal heart disease as a function of age and maximum
oxygen uptake. Data from Sandvik et al [12].

1.00
LES000 o R2=0.96 for all
(] Qo but last 6 points
0.95 o0
R2=0.76 all running
points
o % R2=0.99 all adjusted
c running points
S 0.85 O 9P
; e Simulated Control
= 0.80
E e Simulated running
o 0.75
o R2=0.98 for ®  Control
7 :
0.70 control predictions.
o Running
0.65
Simulated running
0.60 adjusted
0 5 10 15 20
Time (years) Data from Chakravarty et al.,
2008 Arch Intern Med.

Figure 4. Probability of living as a function of age and maximum oxygen uptake. Data from
Chakravarty et al [13].
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Sandvik et al [12] reported a study involving 1960 Norwegian men. They di-
vided the men in their study into four fitness quartiles. Their measured results
reveal that fitness has a major effect on the risk of fatal heart disease. Aerobic
fitness was not reported. The predicted VO;m. from Equation (1) was used with

Equation (2) to estimate the risks of fatal heart disease as follows:
3

Ny
R= 1002 Cu

A (3)
111074 RF(l—A‘j+G
120

A value of 0.34 for C; was determined by minimizing the least squares be-
tween predicted and measured risk values for the second quartile that was set as
a sedentary fitness condition. This calibration was used in a similar analysis to
determine the relative fitness for each of the other three quartiles. A comparison
between predicted and measured risk values resulted in the R? values shown in
Table 1. All results were highly significant (p < 0.001). The relative fitness values
are provided in Table 1. The average of all four fitness quartiles was 0.42, which
is in the high sedentary range for Equation (1). The top quartile of fitness has a
0.52 value, which is in the lower range of endurance training for Equation (1) as
calibrated for both men and women in Figure 1 and Figure 2. These fitness val-
ues are relative to the assumed average sedentary condition for fitness of quartile
2. While there is uncertainty about the exact relative fitness to use for each quar-
tile, the cube relationship in Equation (1) along with the age variable describes
the change in risk well over the 16-year time period in the study [12].

A similar cubic relationship was found to work well in predicting the proba-
bility of living. The probability of living or surviving is one minus the probability
of death. The equation for the probability of surviving is expressed as follows:

3

Ny
P :l_z 0.427

Aiz
11 107.4RF 1—i +G
120

where P, = probability of surviving
0.427 = calibration based on 21 years of data published in 2008 [13]
A value of 0.67 for endurance training was used to model the runners in the

study by Chakravarty et al [13]. The exact relative fitness is unknown. As a

Table 1. Relative fitness estimated from the data from Sandvik ef al [12].

Fitness Quartile Relative Fitness R? Values Description
4 0.52 0.95 Physically active
3 0.40 0.92 Sedentary (high)
2 0.38 0.93 Sedentary
1 0.36 0.98 Sedentary (low)
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member of a running club; they are physically active and should be in the upper
range of both Figure 1 and Figure 2. A weighted average of % sedentary and %
endurance-trained was used to model the control group. This weighted average
is the same distribution of sedentary to endurance-trained (top quartile of fit-
ness) as determined from the data of Sandvik et al [12]. Results from this mod-
eling with the measured data are shown in Figure 4. It was observed in Figure 4
that a break in the trend of the running group appeared about 15 years into the
study. It was assumed that this break occurred because most of the runners gave
up their running commitment after they reached an age of 70 plus years. The
control calibration for relative fitness of 0.45 was used instead of the 0.67 for
endurance-trained after this breakpoint.

The control or average value for the control population in this analysis is 0.45
compared to the average value of 0.42 obtained by analyzing Sandvik ef a/ data
[12]. These values differ by seven percent. Sandvik et a/. [12] studied Norwegian
Men—maybe a climate less conducive to physical exercise compared to the study
by Chakravarty for people in California. Measured data from both studies are
predicted well with a cube relationship of aerobic fitness.

The Gy value of 0.34 is less than the 0.427 calibration in Equation (4). The risk
for death from heart disease should be less than the risk for all causes of death.

The purpose of the analysis of the data in Figure 3 and Figure 4 was to illu-
strate that at least some of the risks affecting human health can be related to the
inverse cube of maximum oxygen uptake. The use of linear regression to look for
correlations for these relationships may reveal correlations but obviously a weak
model as a prediction tool. Using only linear analysis and not having a
well-defined measure of fitness in many studies may be the reason that sleep data
is generally improved by exercise but has somewhat weak correlations. The hy-

pothesis at this point is that WASO is an inverse cube function of aerobic fitness:

3
WASO = (—CWASO j TST (5)
2max
where Gyaso = a constant (15.3 ml-kg™'-min™")

TST = total sleep time (min)

WASO = time awake after sleep onset (min)

Sleep literature was reviewed looking for measured values of WASO and
VOimax- To eliminate the effects of daily exercise, measurements of WASO from
non-exercise or low-exercise days were used. WASO and VO;n.x data are pro-
vided in Table 2. To obtain a wide range of ages, a study by Hayashi et al [14]
with measured WASO was used with estimated values of VO,m.x using Equation
(1) and relative fitness of 0.45—the same as the control population in Figure 4.

These data were obtained from a mixture of cultures, genders, and ages.

3. Results

Data from Table 2 were used to test the relationship in Equation (5). A value of

15.3 ml-kg™-min™" was found for Cwaso. A comparison between measured and
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Table 2. Reported measured WASO and predictions from Equation (5).

Source

(mekg emin?)  WASO (min)  WASO (min) (min)

VO2max Measured Predicted Total Sleep Age (yrs) Gender

Shapiro et al 1981 [15]
Passos et al 2011 [3]
Passos et al. 2011 [3]
Passos et al. 2011 [3]
Passos et al 2011 [3]

Hayashi et al 1982 [14]

Hayashi et al 1982 [14]

55.8 7.5 9.0 435 20.7 100% M
26.0 75.2 64.5 317 48.0 78% FM
29.2 52.5 50.7 353 42.3 80% FM
30.7 50.5 43.5 352 48.0 78% FM
31.6 30.7 40.3 355 42.3 80% FM
21.17 167.0 172.0 451 82.1 67% FM
50.4° 12.2 12.8 456 20.9 100% M

*VO2max estimated for mixed 5 male and 10 female (G = 5.83) and relative fitness = 0.45 (control population). "V Oamax estimated
for young male (G = 10.5) and relative fitness = 0.45 (control population).

200
®)

150
)
g
=

& 100
=
=
g

A~ @)
50
©)
0
0 50 100 150 200
Measured (min)

Figure 5. Comparison of measured and predicted WASO with Equation 5. Data from
Table 2.

predicted WASO values is shown in Figure 5. From this comparison, an R* =
0.98 was obtained. This result is highly significant (p < 0.001).

The study by Passos et al [3] provides clear evidence that maximum oxygen
uptake is a variable that affects WASO. In their study, they selected people who
reported difficulties with insomnia. WASO and VO,u.x were measured both be-
fore and after an aerobic exercise program was started. After a period of time,
VOimax increased and WASO decreased. The range of change in this study was
limited but seems to fit the same trend of other data in Table 2 (Figure 5). Be-
cause of the excellent agreement between measured and predicted WASO with

Equation (5), it can be concluded that VO,m. accounts for differences in age,
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gender, and aerobic fitness.

While the inverse cube of VO« seems to model the variations in WASO well,
this variable is usually unknown to most people. Equation (1) relates VO,max to
age, gender, and relative fitness. By using Equation (1) to estimate VO;m. in Equa-
tion (5), WASO can be estimated in terms of age, gender, and relative fitness:

3

WASO = Cusso A TST (©)
107.4 RF(l—) +G
120

Equation (6) was used with relative fitness of 0.26 (low relative fitness), 0.82
(upper relative fitness limit), and 0.45 (an average population relative fitness
value) to predict values of WASO as a function of age (Figure 6). A gender fac-
tor of 7.0 (average of male and female) was used because the measured data were
for a mix of male and female subjects.

Total sleep time as a function of age was obtained from Figure 2 by Ohayon et
al [7]. Measured WASO values as a function of age were obtained from Figure 1
e of Ohayon et al [7]. These values also are shown in Figure 6.

Predictions for average relative fitness (0.45) lie within the bulk of the re-
ported measured values of WASO without specific calibration of relative fitness
to match measured data. The lower boundary for WASO based on the upper
limit of endurance training closely matches the lower boundary of the measured

data. The upper boundary of the measured data seems to have the same shape as

200

180

160

140

o Measured
RF =0.26
e RF = 0.45
—RF=0.82

120

100

WASO (min)
()} o]
(=] (=)

N
=

20

0 20 40 60 80 100

Age (yrs)

Figure 6. Illustration of effects of gender, age, and relative fitness on WASO. Measured data from Ohayon
etal [7].
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the predicted value base on a relative fitness of 0.26, a low sedentary value. Based
on Equation (6), some people with a lower limit of 0.22 for relative fitness would
have a higher value of WASO than shown in Figure 6. People with such low
values of relative fitness were probably eliminated from most if not all sleep stu-
dies because of other medical complications.

Based on predictions of WASO for females compared to males, women should
have greater problems of insomnia than men associated with the aging process.
This matches the report in reference [3] that women have 40 percent insomnia
complaints compared to 35 percent of the general population.

Also, note that all of the measured WASO data reported by Ohayon et al [7]
are within the upper and lower boundaries for the predicted WASO using the
relative fitness boundaries. The predictions for females have a wider range of
WASO values than males for any age. The predicted WASO values for females
are especially sensitive to the relative fitness input to Equation (6). Finally, note
that WASO predictions are low for both males and females at high values of rel-
ative fitness. These simulated results imply that maximum oxygen uptake has a
major effect on sleep efficiency.

With Equation (6), it is now possible to numerically relate WASO to relative
fitness, age, and gender. The results from Equation (6) support the statement
from Dolezal et al [6] that exercise is usually beneficial for sleep. It supports
their statement that exercise intervention has the most robust results for mid-
dle-aged and elderly adults. The differences in WASO associated with gender

also seem to match observations reported in the literature for insomnia [3].

4. Discussion

Equations (2)-(6) all contain an inverse cube of VOzm.. Heart health and lon-
gevity are directly related to the inverse cube of aerobic fitness. Likewise, WASO
is directly related to the inverse cube of aerobic fitness. This non-linear inverse
cube relationship is one reason why linear correlations are not high between fit-
ness and WASO.

The fact that some health risks, longevity, and WASO are all a function of the
inverse cube of aerobic fitness may explain why long sleepers have an elevated
risk of health issues and early death [16] [17]. Low maximum oxygen uptake
certainly elevates risk factors for health and early death. Low aerobic fitness also
increases WASO which increases time in bed to obtain needed sleep. When sur-
veys are used to obtain sleep length, they typically measure time in bed instead
of actual sleep time and may indirectly measure low aerobic fitness.

No attempt was made to look for differences in WASO associated with gender
other than the variable G in Equation (1). Nevertheless, Equation 6 predicts
higher values of WASO for women than for men of the same age and relative
fitness. This gender effect seems to explain why insomnia reports are higher for
women than men. This relationship of higher WASO for women than men has

also been reported for men and women after experiencing trauma [18]. In Fig-
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ure 2 of Kobayashi and Mellman [18], the percentage of WASO for women is
approximately double the value for men. This ratio is similar to the ratio for
predictions of WASO for women and men for average relative fitness (0.45).

Based on Equation (6), three factors are major contributors to high values of
WASO: age, gender, and relative fitness. Fortunately, relative fitness can be im-
proved by aerobic exercise. By providing a prediction tool (Equation (6)), people
can learn to better manage insomnia.

As discussed at the beginning of this paper, insomnia has two components:
SOL and WASO. The focus of this paper was WASO. Nevertheless, it was ob-
served in some of the measurements reported in the literature [2] [3] that high
values of SOL are associated with high values of WASO. Sleep onset latency may,
thus, in some cases be a function of maximum oxygen uptake.

In contrast, several studies on sleep found that elderly people have increased
WASO but little or no increase in SOL compared to young adults [19] [20] [21]
[22]. Carskadon and Dement [19], for example, reported for elderly volunteers a
value of only 12 minutes for average MSLT (multiple sleep latency test). Sleep onset
latency is the value of MSLT measured at bedtime. The volunteers had 126 minutes
of WASO. Thus, the WASO was high as expected in association with age, but the
MSLT was low. They [19] suggest that one reason MSLT and, thus, SOL might be
low for the elderly, is respiratory disturbances that reduce sleep amount leading to
some sleep debt. Certainly, people with sleep apnea tend to fall asleep quickly but
have difficulty in obtaining a restful night of sleep. Low VO, associated with high
WASO also tends to associate with reduced respiratory function.

Sleep onset latency data provided by Ohayon et al [7] show little if any in-
crease in SOL with age. Also, MSLT measured by Carskadon and Dement (1987)
[19] revealed a cycle throughout a 24-hour period but little difference between
young and old adults. Why some studies seem to suggest a connection between
aerobic fitness and SOL and others do not is unknown. To complete a full analy-
sis of age, gender, and aerobic fitness effects on insomnia, a study is needed to
evaluate SOL as a function of aerobic fitness.

Finally, it is logical that high levels of WASO are associated with increased
mortality risk as reported by Wallace e al [5]. Risk of fatal heart disease (Figure
3), risk of death from all causes (Figure 4), and increase in WASO (Figure 5 and
Figure 6) are all associated with the inverse cube of aerobic fitness. Aerobic fit-
ness as measured by maximum oxygen uptake decreases as we age, which results

in an increase of WASO with age.
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