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Abstract 
It is well established that during REM (Rapid Eye Movement) sleep, the brain 
processes emotions associated with stress and traumatic events. When sig-
nificant traumatic exposures overwhelm this system or when REM sleep debt 
occurs, alterations arise that can result in posttraumatic stress disorder (PTSD), 
depression, and/or anxiety. A mathematical model is derived and calibrated 
to simulate this process. The model includes three independent variables: 
number of traumatic exposures, REM sleep debt (immediately before, dur-
ing, and after traumatic exposure), and relative fitness related to aerobic exer-
cise and cardiorespiratory fitness. The model was calibrated with laboratory 
REM sleep measurements and a known number of trauma expressions in a 
video. The number of memory intrusions was used to estimate relative risk of 
developing PTSD. After calibration, the model was applied to published data 
for military personnel on deployment. While exact inputs of REM debt and 
number of traumatic exposures are unknown for the military data, the math-
ematical model predicted results close to published relative risk for PTSD 
using reasonable estimates of these variables. Risks for depression and anx-
iety are often related to exposure to stress and trauma. Various data sources 
were used to calibrate and evaluate the benefits of aerobic exercise and the 
associated cardiorespiratory fitness on risks and treatment for mood, de-
pression, PTSD, and anxiety. The model, supported by measured data in the 
literature, illustrates the importance of lifestyle choices early in life on health 
outcomes later in life.  
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1. Introduction 

Trauma is past emotional experiences interfering with current life. It’s an imprint 
left by experiences on our brain and body. Bessel van der Kolk [1] in his book, 
The Body Keeps The Score, reports that trauma leaves “traces on our minds and 
emotions, on our capacity for joy and intimacy, and even on our biology and im-
mune systems.” He goes on to say, “Trauma, whether it is the result of something 
done to you or something you yourself have done, almost always makes it difficult 
to engage in intimate relationships.” We typically associate severe trauma with PTSD 
(Post Traumatic Stress Disorder) with experiences in war, but trauma also occurs 
in civilian life. Van der Kolk [1] reports that 1/5 Americans are sexually molested 
as a child, 1/4 are beaten as a child, and 1/3 of married couples engage in physical 
violence. Various studies indicate that PTSD occurs 5 to 12 percent over a lifetime 
in the general population [2]-[6]. Osgood et al. [7] reported 9.5 percent of a com-
bat team surveyed 3 months post-deployment to Afghanistan met screening cri-
teria for PTSD. Women have two to three times higher risk of developing PTSD 
than men [8]. Thirty to 40 percent of women 3 months after rape have PTSD [9] 
[10]. Trauma either directly or indirectly affects all of us.  

Trauma associates with and causes much of the diagnosed depression, anxiety, 
white matter hyperintensities (WMH), and strokes that occur throughout life [11]. 
Brown [12] discusses how exposure to stress or traumatic events and embarrass-
ment leads to depression. Thurston et al. [13] studied the relationship between sex-
ual abuse in women and the development of WMH in parts of the brain later in 
life. They found that sexual abuse in young women was associated with increased 
levels of WMH later in life. Giese et al. [14] found a strong correlation between 
WMH and stroke. Gregory [15] developed an equation to predict the increased 
risk of WMH accumulation and stroke occurring as a function of age, traumatic 
events, and other risk factors usually associated with stroke patients. Unless treated, 
trauma early in life can result in major health risks later in life. 

Exposure to trauma early in life as a child or teenager can increase the risk for 
PTSD, depression, anxiety, and even migraine headaches [16]. Migraines are up to 
three times more common in women than in men, and girls are more susceptible 
to the adverse effects of sexual abuse [17]. Traumatic experiences also lead to struc-
tural changes in the brain [18].  

Kornerup et al. [19] reported that risk of stroke increases as the number of 
trauma exposures increases. Their work illustrates the long-term effects of trauma 
exposure and that multiple exposures increase this risk. 

Memory intrusions are a characteristic of PTSD. Memory intrusions can also oc-
cur after watching traumatic footage used in trauma studies. The intrusion response 
increases with the degree of emotional response ([3] [20]. Multiple sensory stim-
ulation (visual and sound) produces more intrusive memories than a single sen-
sory input [3] [21] providing further evidence that signal strength of the traumatic 
emotion affects the intrusive memories that occur after trauma exposure.  

Repantis et al. [22] state that “traumatic events build strong memories.” They 
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also report a close link between REM sleep and the consolidation of emotional 
memories. Sleep or lack of sleep strongly affects consolidation of memories [23] 
[24].  

Sleep consists of stages that occur in cycles. A typical young adult will have 4 or 
5 cycles completed in a night of sleep. A typical sleep cycle takes about 90 minutes 
starting with stage 1 (transition from awake to sleep) followed by stage 2 then stages 
3 and 4 (slow-wave sleep) then back to stage 2 followed by REM sleep. The cycle 
then repeats starting with stage 2. Slow-wave sleep provides the brain an oppor-
tunity to flush waste materials, such as amyloid β and tau when the glial cells 
shrink and, thus, is involved in long-term brain health. Slow-wave sleep has the 
longest durations during the first cycles, then decays down to only brief episodes 
during the latter part of the night. REM sleep durations start with short durations 
followed by longer episodes as sleep progresses.  

Memory consolidation occurs during stages 2, slow-wave, and REM sleep. Van 
Rijn et al. [23] reported that the process of consolidation starts with slow-wave 
sleep during which non-adaptive memories are weakened and adaptive memories 
are strengthened. Walker [24] reports that stage 2 is also involved in the transfer 
process to clear the hippocampus of current memories. Van Rijin et al. [23] report 
that the second step occurs during REM sleep where adaptive memories are inte-
grated with previous memories. Recently acquired memories are stored in the hip-
pocampus and after normal processing important memories are transferred to ne-
ocortical structures [23]. 

Pace-Schott et al. [25] provide the following conclusions: 

Sleep, acting as a modulator of physiological stress and emotional memory, 
is crucial importance in maintaining day-to-day emotional homeostasis and 
long-term mental health. Sleep disturbance predating or acutely resulting 
from a traumatic event, particularly if it develops into chronic insomnia, may 
initiate positive feedback and allostatic mechanisms that impair emotional 
regulation and promote the pathophysiology of PTSD. 

MRI scans can detect a history of emotional scarring or trauma in brain regions 
such as the hippocampus, amygdala, anterior cingulate cortex, and insular cortex, 
which engage in processing emotions and sleep [8] [26]. Nevertheless, it is difficult 
to put a number on this change in terms of risk assessment. Brain chemistry 
changes in association with stress or trauma.  

Objective 

The objective of this work is to provide a mathematical model to simulate the risk 
of developing trauma including the variable REM sleep debt and the number of 
exposures to traumatic events. A third variable, relative fitness, an age-independ-
ent nongender measure of cardiorespiratory fitness [27], will be added to com-
plete a model to predict the risk of trauma, depression, and anxiety in response to 
exercise. 
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2. Methods 

Data for calibration and testing is limited. Precise measurement of sleep compo-
nents associated with individual traumatic events is usually missing and can only 
be estimated after the event through survey questions. People usually are not ex-
pecting to be exposed to traumatic events; thus, sleep information prior to trauma 
exposure is only an estimate and lacks information about sleep stages. Sleep debt, 
especially REM sleep debt may exist from prior sleep behavior. Estimates of sleep 
the night before the event often do not represent the total sleep debt condition. 

Sleep measurements after trauma exposure are also difficult to obtain. Repantis 
et al. [22] report that it is difficult to find acutely traumatized individuals willing 
to accept polysomnography in the first hours after their trauma and initial treat-
ment. 

An alternative method exists where sleep measurements can be obtained in a 
laboratory setting and combined with an artificial exposure to trauma events. Eth-
ically, this exposure must be weak enough not to cause long-term health risks. 
Nevertheless, this procedure produces intrusive memories that can be counted and 
related to symptoms from PTSD. Calibration for the model developed in this pa-
per will be limited to this alternative with sleep measurements. Even this method 
may not address sleep changes that occur after artificial trauma exposure, but this 
process should provide the most reliable calibration of initial trauma exposure 
interacting with sleep measurements. 

There is evidence of a transition period after trauma exposure where symptoms 
associated with trauma decrease. After this period, some people will be symptom-
free. Others will continue to have PTSD with no further short-term change unless 
some form of treatment is administered (Figure 1). REM sleep is expected to be 
part of the memory consolidation process during this period. 
 

 
Figure 1. Transition from a two-week period with high percentage of PTSD symptoms to 
a leveling off for rape of women. Note that non-sexual trauma continues to decline within 
the 16-week measurement period. Data from Mellman et al. [9], Rothbaum et al. [10], and 
Riggs et al. [28]. 
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Note that the reporting of PTSD data in Figure 1 does not start until about 2 
weeks after the trauma occurrence. Also, note that sleep effects could be occurring 
or affecting recovery as much as 2 to 4 months after the trauma event. Another 
advantage of the detailed sleep measurements and exposure to trauma videos is 
that the intrusive memories tend to decay out of memory within one or two weeks. 
This short time period allows the measured sleep information to be more focused 
on the initial trauma. 

Data shown in Figure 1 for real trauma occurring in a civilian environment il-
lustrate much of the nature of trauma studies: limited number of measured points, 
differences associated with sex, and differences associated with type of trauma ex-
posure. The data also illustrates a dynamic effect that occurs with time after expo-
sure. Because of this effect, minor or weak trauma exposures, such as those used 
in controlled experimental studies, are expected to decay to no effect after a rela-
tively short period of time following the study. The assumption in these studies is 
that there is a connection between the initial response and the observed diagnosed 
condition of PTSD or other outcomes associated with trauma. This limitation or 
assumption carries over to any mathematical model that is calibrated on data from 
these laboratory studies. 

2.1. Development 

The change in risk of developing trauma can be mathematically described with 
the following partial differential equation.  

d
dt n RD e tr
τ τ τ τ τ∂ ∂ ∂ ∂
= + + + +
∂ ∂ ∂ ∂

                 (1) 

where, τ = trauma risk (PTSD, depression, anxiety); 
t = time (generally length of life or age); 
n = number of traumatic events; 
rd = REM debt; 
e = aerobic exercise; 
tr = treatment(s) (not evaluated in this paper). 
There is some evidence that genetics also affects susceptibility to trauma [29]. 

Social and economic conditions also affect outcomes [19]. Thus, there may be 
other variables that need to be added later. In theory, the sum of all partial changes 
equals the total change over time. 

2.2. Effect of Number of Trauma Exposures 

The next step is to develop an equation for each partial change in risk and to in-
tegrate over the range of the independent variable to mathematically exit the par-
tial or differential space. A derivation for the first partial term is presented next. 

The change in accumulated trauma can be expressed as a function of existing 
trauma that an individual has times the change in trauma events: 

d d
d d

nC
t t
τ τ=                             (2) 
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where, t = time; 
C = calibration coefficient that may vary with REM sleep debt; 
τ = trauma risk; 
n = number of traumatic events. 
This equation implies that stress effects are cumulative [19] [29] and non-lin-

ear. 
Next, a separation of variables to group all the trauma components leads to 

d dC nτ
τ

=                            (3) 

Note that the dt variables cancel each other. 
Equation (3) can be integrated using boundary conditions for both sides: 

0

d d
T N

i
C nτ τ

τ
=∫ ∫                        (4) 

where, Tτ = final trauma risk; 
i = initial or reference trauma; 
N = number of traumatic events. 
Integration results in 

ln lnT i CNτ − =                        (5) 

Equation (5) can be rewritten as 

ln T CN
i
τ =                          (6) 

The natural log can be removed by taking the exponential of both sides: 

eCNT iτ =                           (7) 

If we now let the variable i have a value of 1.0 for a reference population, Equa-
tion (7) expresses the risk of developing trauma expressed as a risk relative to the 
reference conditions: 

eCNTτ =                           (8) 

When the value for N is zero (no major traumatic encounters), the trauma level 
is one. This is the reference condition. Equation (8) does not contain a sleep vari-
able: only the number of traumatic events. 

The sum of logs results in a product in normal space. Thus, we should be able 
to express the solution of Equation (1) as a product of solutions to each partial 
term in Equation (1).  

Gregory [15] used Equation (8) to model the effect of number of major traumatic 
events on the risk of having a stroke later in life as age increases. The results for 
data reported by Kornerup et al. [19] as part of the Copenhagen City Heart Study 
are shown in Figure 2. Kornerup et al. [19] presented their data in terms of relative 
risk for exposure expressed in ranges of trauma events: 1 - 2, 3 - 4, 5 - 6. Mean 
values were not given. The average of the range limits was used as an estimate of 
each mean. The value of C in Equation (8) is 0.074 based on the data from 
Kornerup et al. [19]. As calibrated, the values predicted with Equation (8) resulted 
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in an R2 value of 0.969. There are only 4 points in terms of statistical significance. 
Nevertheless, with the high R2, the equation has significance based on Student’s test 
(p < 0.01). Number of traumatic events was obtained by a survey for lifetime expo-
sure [19]. The average number of traumatic events was 2.6 for women and 2.4 for 
men in this study. With over 6,000 people in this study, these results indicate that 
the increasing risk of stroke associated with trauma exposure is both non-linear 
and that Equation (8) does a reasonable job of mathematically modeling this risk. 
 

 
Figure 2. Relative risk of stroke for men and women starting at baseline of 59.1 (women) 
and 56.6 (men) years of age. Data from Kornerup et al. [19]. 

2.3. Effect of REM Sleep Loss on Short-Term Stress 

There is evidence that short-term mental health symptoms can be generated 
through loss of sleep, especially REM sleep [30]. While these symptoms may not 
express PTSD, they certainly include anxiety, irritability, and difficulty concen-
trating. The second term in Equation (1) adds the effect of REM sleep debt. 

If we replace n∂  with rd∂  in Equation (1) and use the same development 
procedure as used from Equation (2) through Equation (8), the following equation 
is obtained for the effects of REM debt: 

eKRDTτ =                           (9) 

where, K = calibration coefficient; 
RD = REM sleep debt before, during, and after trauma exposure. 
The study by Dement [30] is interesting. It’s an old study done shortly after the 

discovery of REM sleep. It was known then that dreaming occurs during REM 
sleep. All major sleep components were known by this time. REM could be deter-
mined in two ways: brainwave pattern that looks a lot like being awake and rapid 
eye movement. In this experiment, the participants were allowed to sleep except 
for REM sleep. When subjects began to experience REM sleep, they were awak-
ened to stop REM and then allowed to return to sleep. Dement reported psycho-
logical disturbances. One subject quit the study in an apparent panic attack after 
three days (nights) of REM debt. Two others quit after four nights. They certainly 
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were mentally stressed; temporarily traumatized. Dement’s discussion is not pre-
cise, but it implies that all eight subjects were stressed by the time the study was 
over. One subject went seven days before his night of recovery sleep. 

Data in Figure 3 were calculated by setting relative risk of trauma for zero REM 
debt to 1 (first data point in Figure 3 then adding the increase from the fraction 
of people in the study who experienced experiment-ending trauma). There were 
only eight men (age ≈ 27 years) in this study. One person quit after three days of 
sleep causing REM debt. This produced a fractional increase of 0.125. This value 
added to 1 provided the second data point at three days of REM debt. The next 
point at four days of REM debt was calculated for three out of eight people having 
trauma symptoms (fractional increase = 0.375). Because all subjects in the end 
were stressed, the last point associated with day 7 was set at the upper boundary 
condition of 100 percent affected 2 (1 + 1). Seven of the subjects stopped after five 
nights. The stress risk for 7 out of 8 subjects is 1.875. Dement reported that he was 
not able to achieve a 100 percent loss of REM sleep. He estimated that the real REM 
debt was between 65 and 75 percent. The reported days of REM sleep debt were 
multiplied by 0.7 to estimate the real REM sleep debt used in Figure 3. 
 

 
Figure 3. Short-term mental stress from exposure to REM sleep debt. Data calculated from 
[30]. 
 

While there are only five points in this dataset, only one calibration coefficient 
had to be determined. A value of 0.1477 was determined leading to an R2 value of 
0.916 (p < 0.01). 

Next, it was observed that the total dream or REM time that occurred during 
the first night of recovery also seemed to vary with the number of nights of REM 
debt before recovery. This recovery represented individual response to the REM 
debt. The observed recovery above baseline amount was about 0.1 times the total 
previous REM debt. Dement reported that “the psychological changes disap-
peared as soon as the subjects were allowed to dream.” In other words, dreaming 
during REM sleep removed or treated the traumatic symptoms accumulated dur-
ing REM debt. Now, more than 50 years later it is known that dreaming about our 
troubling events during REM sleep results in memory consolidation that leads to 
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emotional healing [24]. 
If we combine the results so far, we obtain the following equation: 

e eCN KRDTτ =                         (10) 

Simplification results in 

eCN KRDTτ
+=                         (11) 

The increase in trauma risk as predicted with Equation (11) is in general agree-
ment with observations that sleep problems especially with REM sleep increase 
the risk associated with exposure to traumatic events [31]-[33].  

Because REM debt can be removed by REM sleep, this variable can be tempo-
rary. It seems minor compared to the number of traumatic events. But many peo-
ple have REM debt on a continuous basis. Most of the REM sleep occurs during 
the second half of the sleep period. Thus, if people use an alarm clock to get up in 
the morning, they have a degree of REM debt. Most high school students tend to 
go to bed late at night but must get up early to go to school. They, thus, have sleep 
debt, much of which is REM debt. People who have alcohol in their system at 
bedtime will delay the onset of REM sleep proportional to the amount of alcohol 
in the system causing REM sleep debt [34]. These people are often irritable the 
next day which we attribute to hangover. Caffeine in the system behaves much 
like alcohol causing a delay in the onset of REM sleep. Another common factor 
that limits REM sleep is obstructive sleep apnea. Most of us have or will have some 
REM debt as part of our daily routine. 

There is indirect evidence that the C coefficient is a function of REM sleep debt. 
Alkalame et al. [33] ran a controlled experiment using intrusive memories as a 
measure of risk for developing future PTSD. They report that “Intrusive memories 
are a common experience following trauma exposure that can develop into a 
symptom of posttraumatic stress disorder (PTSD).” They used a circadian ad-
vancement over a two-day period to create REM debt. Twenty-seven healthy par-
ticipants aged 25.4 years on average completed the experiment. The participants 
spent four nights in a sleep lab where the various sleep stages were monitored 
including REM sleep. On the fifth day, they watched a trauma film for 12 minutes 
including 11 distressing clips. The subjects were released from the lab but required 
to keep a written diary over the next three days of intrusive memories related to 
the trauma film. 

The results of this experiment were presented in a graph of the number of in-
trusive memories as a function of REM sleep percentages expressed in standard 
deviations from mean REM percentage. Their average REM sleep percentage was 
23.1 with a standard deviation of 4.03. Data were retrieved from their graph for 
five REM points associated with the average and standard deviation multiples. The 
maximum REM amount was used as reference for REM sleep needed and defined 
as the zero REM debt. The reduction in REM sleep for each of the other points 
was divided by this reference REM amount. This fraction was used as the REM 
debt as shown in Figure 4. 
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Figure 4. Measured and predicted intrusive memories as a function of REM debt. Data 
points extracted from Alkalame et al. [33]. 
 

The measurements made by Alkalame et al. [33] included intrusive memories 
from all 11 trauma events. The N value in Equation (11) was set to 11. The simplest 
formulation to include REM debt in this equation and satisfy the boundary con-
dition of intrusive memories at zero REM Debt was to add a REM debt component 
to the C coefficient: 

( )e C jRD N KRDTτ
+ +=                        (12) 

where, j = calibration coefficient for REM debt interacting with traumatic events. 
The data from [33] were used to determine the j coefficient in Equation (12). 

Initially, the value of 0.1477 from the calibration of the Dement [30] data was used 
for coefficients j and K along with the value of 0.074 from the calibration with 
Kornerup et al. [19] data. These calibration values resulted in an R2 value of 0.899, 
which was statistically significant (p < 0.01). There was no loss in degrees of free-
dom because the data of Alkalame et al. [33] were not used for calibration.  

Nevertheless, the prediction for the first data point for zero REM debt overes-
timated the measured value by 14.6 percent. To correct this error, the value for 
coefficient C was reduced to 0.062. This change reduced the R2 to 0.668 and re-
duced the significance level (p < 0.05). 

Because the initial calibration with j set equal to K in Equation (12) was suc-
cessful, the data of Alkalame et al. [33] were used to determine a new value for j 
and K. A value of 0.185 resulted in a new R2 value of 0.977. Even with the loss of 
two degrees of freedom, the relationship was statistically significant (p < 0.01). 

To determine how sensitive the initial data sets were to the new calibration, the 
new coefficients were used in the original data sets. Using 0.062 instead of 0.074 
reduced the R2 for Kornerup et al. data [19] from 0.968 to 0.901. The statistical 
significance remained at p < 0.01. This calibration improved the prediction for the 
first three points but under predicted the value for the upper data point (5.5) of 
traumatic events by 8.1 percent. 
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The 0.185 calibration for j and K was used to predict Dement’s data. The R2 
value dropped from 0.916 to 0.537 (p < 0.1). Dement reported an uncertainty 
about the amount of REM debt. He estimated the real value of REM debt to be 
between 0.65 and 0.75. Changing the average of 0.7 used in the initial calibration 
to 0.65 with a value of 0.185 for K resulted in an R2 of 0.767 (p < 0.01). With the 
lower value for percentage of REM debt adjustment, a new value for K of 0.16 
resulted in the original R2 value of 0.916 (p < 0.01). This value for K reduced the 
R2 value in the Alkalame data set to 0.818 (p <0.01). 

The Dement data set is plagued with uncertainty and has a very small number 
of subjects in the study. Thus, it could be argued that the calibration of C = 0.162 
and K = j = 0.185 with an R2 value of 0.977 is the best calibration. The Alkalame 
et al. [33] data is based on intrusive memories that closely replicate the intrusive 
memory symptom of PTSD. 

One other combination was tried. The 0.074 value was used for C based on data 
from Korornerup et al. [19]. With this value fixed, the j = K coefficient was varied 
to maximize the R2 value with the data set from Alkalame et al. [33]. A value of 
0.162 resulted. This calibration set resulted in an R2 value of 0.915 for the Dement 
data set, 0.968 for the Kornerup et al. [19] data set, and 0.951 for the Alkalame et 
al. [33] data set. All results were statistically significant (p < 0.01). Considering all 
three data sets, these coefficients were accepted as the best values for calibration. 

Even with the limitations of the Dement data set, there appears to be evidence 
that short-term REM debt has a strong interaction with the number of traumatic 
events to predict intrusive memories. Better data sets with high REM debt inter-
acting with the intrusive memory methodology are needed to better evaluate this 
interaction. 

The average REM debt was estimated from an increase of 16.4 minutes of total 
sleep from day one to day two of the study by Alkalame et al. [33]. This increase 
in total sleep time is 3.6 percent. Dement [30] observed that the first night recov-
ery from REM debt was about 10 percent of the total debt. If we assume REM 
recovery is 10 percent and that REM debt is about the same as total sleep debt, 
then the participants in the study by Alkalame et al. [33] had about 0.36 days of 
REM debt. This amount of about 0.4 days of REM debt will be used later as a 
reference condition for the general military population. 

None of these data sets included an exercise or cardiorespiratory fitness measure; 
thus, the third term in Equation (1) was not added at this point in development. 

3. Results 
3.1 PTSD Predictions 

Measurements of REM debt and number of traumatic exposures are usually not 
and may never be known for real mental health data. Nevertheless, indirect esti-
mates are available to get a general sense of the performance of Equation (12). 

Reduced length of sleep certainly is associated with reduced REM sleep. Gehr-
man et al. [35] reported an increase in odds ratio (OR) for 6-hours or less sleep 
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compared to 7 hours of sleep (i = 1.0) for PTSD for deployed military personnel. 
If this were just a one-day reduction, the REM debt would be about 1/7 or 0.143. 
As REM debt increases, the system adjusts, becomes more efficient, and increases 
the REM fraction at the expense of other sleep stages [34]. If we add 0.143 as new 
REM debt each day and subtract for the 10 percent recovery from REM debt times 
the previous day’s REM debt [30], we eventually reach a steady state REM debt 
value of 1.4 days. This is only a rough estimate because the amount of sleep is less 
than but probably close to 6 hours. 

The sleep assessments were done by survey before military deployment. Thus, 
it is unknown if this sleep information occurred during deployment and during 
combat. They also reported insomnia in some personnel. While the real sleep con-
dition for deployed military personnel is unknown, it is assumed that the pattern 
during deployment remained the same as before except at times before and during 
combat when sleep is not a priority and sleep debt, especially REM debt is ex-
pected to increase. 

Your author experienced lights out at 10 pm and lights on at 4 am for a limit of 
6 hours of sleep during his time in Naval bootcamp. He also has heard Army per-
sonnel and Navy Marines report about training missions with no sleep for two 
days. At times, sleep can be very restricted, especially preparing for and during 
combat missions. To illustrate the severity of the restricted-sleep problem, con-
sider that the military uses caffeine gum to partially counter fatigue [36] [37]. In-
structions on a packet of caffeine gum state: 

Chew 1 stick for 5 minutes. If not alert, chew a second stick. Chew a 3rd stick 
if fatigue returns. Do not exceed 3 sticks in 3 hours.  

Caffeine reduces fatigue, but it does not increase REM sleep and may even in-
terfere with sleep when the opportunity occurs. The advantage of caffeine gum is 
that it is easy to carry, and it enters the blood more quickly than a cup of coffee 
[36]. The development and use of caffeine gum implies that extreme lack of sleep 
and decline in alertness are associated with military missions [36] [37]. 

The number of trauma exposures is also unknown. A Google search resulted in 
an estimate of 2 to 3 combat events per soldier but some soldiers may experience 
significantly more events during intense combat. 

Gehrman et al. [35] analyzed data for two groups of military deployments: 
2001-2004 and 2004-2007. The odds ratio (OR) for PTSD and confidence intervals 
(CI) for a sleep duration of less than 6 hours compared to 7 hours were 1.61 (CI: 
1.08 - 2.39) for the first group and 1.81 (CI: 1.18 - 2.77) for the second group, 
resulting in an average OR of 1.71. Predictions from Equation (12) for relative risk 
are presented in Table 1. A value of 0.074 was used for C and 0.162 for j and K in 
Equation (12). 

Predictions at a REM debt of 0.4 days highlighted in green were used in associ-
ation with normal sleep of 7 hours as reference values for computing the relative 
risk for various REM debt values and number of trauma exposures. The computed 
relative risk values are shown in Table 2. 
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Table 1. Predictions of risk for PTSD from Equation (12), coefficient C = 0.074 and coefficients j and K = 0.162. An estimate of 
REM debt (0.4) in a normal population is shown in green. Predictions for an estimated REM debt associated with averaging 6 hours 
of sleep are shown in red.  

 Number of Trauma Exposures 

REM Debt 0 0.5 1 1.5 2 2.5 3 3.5 4 5 

0.0 1.00 1.04 1.08 1.12 1.16 1.20 1.25 1.30 1.34 1.45 

0.1 1.02 1.06 1.11 1.16 1.22 1.27 1.33 1.39 1.46 1.60 

0.2 1.03 1.09 1.15 1.21 1.28 1.35 1.42 1.50 1.58 1.76 

0.3 1.05 1.12 1.19 1.26 1.34 1.43 1.52 1.61 1.71 1.94 

0.4 1.07 1.14 1.23 1.31 1.41 1.51 1.62 1.73 1.86 2.14 

0.5 1.08 1.17 1.27 1.37 1.48 1.60 1.73 1.87 2.02 2.35 

0.6 1.10 1.20 1.31 1.42 1.55 1.69 1.84 2.01 2.19 2.59 

0.7 1.12 1.23 1.35 1.48 1.63 1.79 1.97 2.16 2.37 2.86 

0.8 1.14 1.26 1.40 1.54 1.71 1.89 2.10 2.32 2.57 3.15 

0.9 1.16 1.29 1.44 1.61 1.80 2.00 2.24 2.50 2.79 3.47 

1.0 1.18 1.32 1.49 1.68 1.89 2.12 2.39 2.69 3.02 3.83 

1.1 1.20 1.36 1.54 1.74 1.98 2.24 2.55 2.89 3.28 4.22 

1.2 1.21 1.39 1.59 1.82 2.08 2.38 2.72 3.11 3.55 4.65 

1.3 1.23 1.42 1.64 1.89 2.18 2.51 2.90 3.34 3.85 5.12 

1.4 1.25 1.46 1.69 1.97 2.29 2.66 3.09 3.60 4.18 5.65 

1.5 1.28 1.49 1.75 2.05 2.40 2.82 3.30 3.87 4.53 6.22 

1.6 1.30 1.53 1.81 2.14 2.52 2.98 3.52 4.16 4.91 6.86 

1.7 1.32 1.57 1.87 2.22 2.65 3.15 3.76 4.47 5.33 7.56 

1.8 1.34 1.61 1.93 2.32 2.78 3.34 4.01 4.81 5.78 8.33 

1.9 1.36 1.65 1.99 2.41 2.92 3.53 4.28 5.18 6.27 9.18 

2.0 1.38 1.69 2.06 2.51 3.06 3.74 4.56 5.57 6.79 10.11 

2.1 1.41 1.73 2.13 2.62 3.22 3.96 4.87 5.99 7.37 11.15 

2.2 1.43 1.77 2.20 2.72 3.38 4.19 5.19 6.44 7.99 12.29 

2.3 1.45 1.81 2.27 2.84 3.55 4.43 5.54 6.93 8.66 13.54 

2.4 1.48 1.86 2.34 2.95 3.72 4.69 5.91 7.45 9.39 14.92 

2.5 1.50 1.91 2.42 3.08 3.91 4.97 6.31 8.02 10.19 16.44 

2.6 1.52 1.95 2.50 3.20 4.10 5.26 6.73 8.62 11.05 18.12 

2.7 1.55 2.00 2.58 3.34 4.31 5.56 7.18 9.27 11.98 19.97 

2.8 1.57 2.05 2.67 3.47 4.52 5.89 7.66 9.98 12.99 22.01 

2.9 1.60 2.10 2.76 3.62 4.75 6.23 8.18 10.73 14.08 24.26 

3.0 1.63 2.15 2.85 3.77 4.98 6.59 8.72 11.54 15.27 26.74 
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Table 2. Relative risks predicted with Equation (12) relative to the estimated risk at REM debt of 0.4 days. 

Number of Trauma Exposures 

REM Debt 0 0.5 1 1.5 2 2.5 3 3.5 4 5 

0.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

0.5 1.02 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.08 1.10 

0.6 1.03 1.05 1.07 1.08 1.10 1.12 1.14 1.16 1.18 1.21 

0.7 1.05 1.08 1.10 1.13 1.16 1.19 1.21 1.24 1.28 1.34 

0.8 1.07 1.10 1.14 1.18 1.21 1.25 1.30 1.34 1.38 1.48 

0.9 1.08 1.13 1.18 1.22 1.28 1.33 1.38 1.44 1.50 1.63 

1.0 1.10 1.16 1.21 1.28 1.34 1.41 1.48 1.55 1.63 1.79 

1.1 1.12 1.19 1.25 1.33 1.41 1.49 1.57 1.67 1.76 1.97 

1.2 1.14 1.21 1.30 1.38 1.48 1.57 1.68 1.79 1.91 2.18 

1.3 1.16 1.24 1.34 1.44 1.55 1.67 1.79 1.93 2.07 2.40 

1.4 1.18 1.28 1.38 1.50 1.63 1.76 1.91 2.07 2.25 2.64 

1.5 1.20 1.31 1.43 1.56 1.71 1.87 2.04 2.23 2.44 2.91 

1.6 1.21 1.34 1.48 1.63 1.79 1.97 2.18 2.40 2.64 3.21 

1.7 1.23 1.37 1.52 1.69 1.88 2.09 2.32 2.58 2.87 3.54 

1.8 1.25 1.41 1.57 1.76 1.97 2.21 2.48 2.77 3.11 3.90 

1.9 1.28 1.44 1.63 1.84 2.07 2.34 2.64 2.98 3.37 4.30 

2.0 1.30 1.48 1.68 1.91 2.18 2.48 2.82 3.21 3.65 4.74 

2.1 1.32 1.51 1.73 1.99 2.28 2.62 3.01 3.45 3.96 5.22 

2.2 1.34 1.55 1.79 2.07 2.40 2.77 3.21 3.71 4.30 5.75 

2.3 1.36 1.59 1.85 2.16 2.52 2.94 3.43 4.00 4.66 6.34 

2.4 1.38 1.63 1.91 2.25 2.64 3.11 3.65 4.30 5.05 6.99 

2.5 1.41 1.67 1.97 2.34 2.77 3.29 3.90 4.62 5.48 7.70 

2.6 1.43 1.71 2.04 2.44 2.91 3.48 4.16 4.97 5.94 8.49 

2.7 1.45 1.75 2.11 2.54 3.06 3.68 4.44 5.35 6.44 9.35 

2.8 1.48 1.79 2.18 2.64 3.21 3.90 4.74 5.75 6.99 10.31 

2.9 1.50 1.84 2.25 2.75 3.37 4.13 5.05 6.19 7.58 11.36 

3.0 1.52 1.88 2.32 2.87 3.54 4.37 5.39 6.66 8.22 12.52 

 
At a REM debt of 1.4 days, the predictions for two and three traumatic expo-

sures (1.63, 1.91) are well within the 95 percent confidence interval for the two 
groups (1.08 - 2.77). Statistically, predictions are within the acceptable range of 
measured data. The mean relative risk at 2.5 trauma exposures is 1.76 compared 
to an average of 1.71 for the two measured deployment values. The difference in 
these two values is −2.92 percent error.  
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Gehrman et al. [35] reported another classification (PTSD with insomnia com-
pared to PTSD without insomnia). The sleep amount associated with insomnia 
for this study is unknown. The predicted relative risk for less than 6 hours of sleep 
results in 15.6 percent error compared to the mean value from the two studies. If 
the REM debt is increased to 1.7 days (daily sleep estimate of 5.8 hours) high-
lighted in blue, the prediction for 2.5 trauma exposures results in −0.24 percent 
error. The difference in measured values for the two deployments is also close to 
the range in predictions for 2 trauma exposures and 3 trauma exposures. Because 
there is no reported sleep amount for insomnia, there is no statistical significance 
in this analysis. Nevertheless, the amount of sleep of 5.8 hours and predicted rel-
ative risks seem reasonable. 

Gehrman et al. [35] present one more PTSD data set of interest in evaluating Equa-
tion (12). They report the following data for combat to no combat: group 1, relative 
risk 2.84 (CI: 2.04 - 3.96); group 2, relative risk 3.88 (CI: 2.76 - 5.46). The number of 
trauma exposures for non-combat is unknown but certainly smaller than that for 
combat. A value of 0.5 for number of noncombat exposures was assumed as shown 
in Table 3. If we add this number of trauma exposures to the 2 to 3 trauma exposures 
associated with combat, the most likely N values of interest are 2.5, 3, and 3.5. 

Combat soldiers sometimes train without sleep for two days. They anticipate 
that a confrontation might last two days. After the confrontation is over, the REM 
debt will start to decay but tensions probably remain high with elevated heart rate 
and alertness that will interfere with sleep quality at least for a few days. Combat 
soldiers will often be faced with new traumatic exposures and high REM debt at 
the very time the emotional parts of the brain need REM sleep to process and 
reduce the severity of the traumatic memories.  

Any previous REM sleep debt would be additive to the 2 days of no sleep during 
combat. It seems reasonable that combat soldiers might experience 2 to 3 days of 
REM debt. There are many ways to get the REM debt of 2.5 to 2.6 days. Five hours 
of sleep daily for a period of 23 days or about three weeks accumulate a REM debt 
of 2.6 days using the same process as was used to obtain the 1.4 value associated 
with 6 hours of sleep. Going 9 days with only 4 hours of sleep each day results in 
2.6 days of REM debt. Insomnia for 1.6 hours of REM debt plus a night of no sleep 
also yields 2.6 hours of REM debt. Osgood et al. [7] state: 

Indeed, sleep difficulties are largely unavoidable in an operational contest 
(e.g., rocket fire, limited space, incoming aircraft, and shift changes. 

It seems impossible to know exactly the number of traumatic events or the REM 
debt occurring before, during or after exposure. Matching the OR with predicted 
relative risk and working backwards to evaluate inputs is an alternative to the more 
conventional mathematical modeling procedure. Calibration of Equation (12) was 
achieved from more controlled data sets. The predicted PTSD relative risk for the < 
6 hours of sleep was predicted well with this calibration. There is strong evidence 
that low sleep amounts occur in association with combat. There is insufficient evi-
dence to reject Equation (12) as a model based on the available combat data. 
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Table 3. Predicted relative risk from Equation (12. The gray highlighted values closely match measured values from [35] and appear 
to be associated with high but unknown levels of REM debt. 

 Number of Trauma Exposures 

REM Debt 0 0.5 1 1.5 2 2.5 3 3.5 4 5 

0.0  1.00 1.04 1.08 1.12 1.16 1.20 1.25 1.30 1.40 

0.1  1.00 1.05 1.09 1.14 1.20 1.25 1.31 1.37 1.50 

0.2  1.00 1.05 1.11 1.17 1.24 1.30 1.38 1.45 1.61 

0.3  1.00 1.06 1.13 1.20 1.28 1.36 1.44 1.54 1.74 

0.4  1.00 1.07 1.15 1.23 1.32 1.41 1.52 1.63 1.87 

0.5  1.00 1.08 1.17 1.26 1.36 1.47 1.59 1.72 2.01 

0.6  1.00 1.09 1.19 1.29 1.41 1.53 1.67 1.82 2.16 

0.7  1.00 1.10 1.21 1.32 1.45 1.60 1.75 1.93 2.32 

0.8  1.00 1.11 1.23 1.36 1.50 1.66 1.84 2.04 2.50 

0.9  1.00 1.12 1.25 1.39 1.55 1.73 1.93 2.16 2.69 

1.0  1.00 1.13 1.27 1.42 1.60 1.80 2.03 2.28 2.89 

1.1  1.00 1.13 1.29 1.46 1.66 1.88 2.13 2.42 3.11 

1.2  1.00 1.14 1.31 1.50 1.71 1.96 2.24 2.56 3.35 

1.3  1.00 1.15 1.33 1.53 1.77 2.04 2.35 2.71 3.60 

1.4  1.00 1.16 1.35 1.57 1.83 2.12 2.47 2.87 3.87 

1.5  1.00 1.17 1.37 1.61 1.89 2.21 2.59 3.03 4.16 

1.6  1.00 1.18 1.40 1.65 1.95 2.30 2.72 3.21 4.48 

1.7  1.00 1.19 1.42 1.69 2.01 2.40 2.85 3.40 4.82 

1.8  1.00 1.20 1.44 1.73 2.08 2.49 2.99 3.60 5.18 

1.9  1.00 1.21 1.46 1.77 2.15 2.60 3.14 3.80 5.57 

2.0  1.00 1.22 1.49 1.82 2.22 2.70 3.30 4.03 6.00 

2.1  1.00 1.23 1.51 1.86 2.29 2.82 3.46 4.26 6.45 

2.2  1.00 1.24 1.54 1.91 2.37 2.93 3.64 4.51 6.94 

2.3  1.00 1.25 1.56 1.95 2.44 3.05 3.82 4.77 7.46 

2.4  1.00 1.26 1.59 2.00 2.52 3.18 4.01 5.05 8.03 

2.5  1.00 1.27 1.61 2.05 2.61 3.31 4.21 5.35 8.63 

2.6  1.00 1.28 1.64 2.10 2.69 3.45 4.42 5.66 9.28 

2.7  1.00 1.29 1.67 2.15 2.78 3.59 4.64 5.99 9.99 

2.8  1.00 1.30 1.69 2.21 2.87 3.74 4.87 6.34 10.74 

2.9  1.00 1.31 1.72 2.26 2.97 3.89 5.11 6.71 11.55 

3.0  1.00 1.32 1.75 2.32 3.06 4.06 5.37 7.10 12.43 
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Overall, Equation (12) did well in predicting PTSD. It may be possible to have 
soldiers wear a smart watch to log daily REM sleep and to accumulate daily values 
of REM debt to obtain more precise data about risk of developing PTSD. Equation 
(12) provides a tool to estimate anticipated results. 

3.2. Depression Predictions 

Next, the measures for depression from Gehrman et al. [35] were analyzed. The 
combat-only PTSD average relative risk for the two groups is 3.36. The combat 
only average relative risk for depression is 3.44—a difference of only 0.08. The 
error in assuming that the depression risk for combat only is the same as that of 
PTSD is 2.4 percent. They both seem to be related to trauma predictions with 
Equation (12). This comparison supports the assumption that Gregory [15] made 
in predicting relative risk for stroke. He observed that the relative risks of trauma 
and depression are about the same and not independent. He, thus, did not con-
sider depression as an independent variable for predicting risk for stroke. Based 
on these results, Equation (12) may be useful to predict the risk of developing 
depression. 

There is one exception where depression can be directly related to the risk of 
developing PTSD. People with insomnia generally have much higher risk of de-
veloping depression. Gehrman et al. [35] observed an approximate doubling of the 
risk for depression. 

In one study [38], as little as two weeks of insomnia in the past six months was 
associated with the development of depression. Franzen and Buysse [38] make a 
compelling case that insomnia and depression often occur together, and that in-
somnia poses significant risk for depression. They also state that insomnia may not 
cause depression. They state, “Insomnia may simply be a proxy for other causal fac-
tors”. REM sleep debt takes away the healing process for trauma, and insomnia 
seems to amplify the effect of depression. 

3.3. Anxiety 

The relative risk of anxiety for people in combat was interesting and significantly 
different. Group 1 had a relative risk of 1.67, CI (1.00 - 2.79) compared to group 
2 with a relative risk of 5.64, CI (2.74 - 11.61). The two groups were statistically 
different. Research [39] [40] has shown that purpose in life influences anxiety. The 
average value for anxiety from the two groups is 3.66. 

The two military groups served during the presidency of George W. Bush. The 
first group served immediately after the attack on 9/11. People enlisted in the mil-
itary with a strong purpose to bring justice to the people who planned and exe-
cuted the 9/11 attacks. By the time the second group served, the military had 
bogged down and lost much of its original purpose and drive. The anxiety data 
reflects this change in attitude and purpose. The average of the relative risk for 
combat is 3.66, which is close to the 3.44 average for depression and 3.36 for PTSD. 
The maximum difference between the high and low of these averages is 10 percent. 
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It appears that the relative risk for combat and anxiety can be predicted from 
Equation (12) as was done for PTSD and then adjusted up or down based on atti-
tude and purpose. 

Equation (12) was certainly in the ballpark in predictions for PTSD. Combat 
data statistically remained the same for PTSD, depression, and anxiety except for 
the purpose effect on anxiety. While there is much uncertainty about REM debt 
and number of traumatic experiences, Equation (12) is a rational predictor of 
trauma risks. 

3.4. Aerobic Exercise 

The third term on the right side of Equation (1) considers the effect of aerobic 
exercise or physical activity on risk for trauma. A popular book, Spark: The Rev-
olutionary New Science of Exercise and the Brain, [41] presents the case that ex-
ercise improves brain chemistry as well as our physical body. In this section, we 
will develop a relationship to consider relative fitness, a result of aerobic exercise, 
and risk of trauma. 

An equation relating trauma to exercise was developed in an analogous manner 
to that used for the first two terms. The starting equation is  

d d
d d

EG
t t
τ τ=                           (13) 

where, G = calibration coefficient; 
E = measure of aerobic fitness, such as VO2max or relative fitness. 
Using separation of variables and integration from initial to final values of the 

variables yields 

( )ln f i
T G E E
i
τ = −                        (14) 

where, Ef = final aerobic fitness after executing an exercise plan; 
Ei = initial or beginning aerobic fitness. 
Converting from log space to normal space by taking the exponential of both 

sides results in 

( )e f iG E ETτ
−

=                         (15) 

Relative fitness as proposed by Gregory [27] is independent of age and gender. 
It is unitless. These facts make relative fitness a more general measure of aerobic 
fitness than VO2max, which has units and varies with gender and age. Thus, Equa-
tion (15) was rewritten in terms of relative fitness: 

( )e f iG RF RFTτ
−

=                        (16) 

A high aerobic fitness as expressed in terms of relative fitness will improve 
health and reduce trauma. Thus, the coefficient G will have a negative value. 

The next task is to test Equation (16). Dunn [42] et al. studied the effects of 
aerobic exercise as a treatment for sedentary people with depression. They meas-
ured physical activity at two levels compared to an initial sedentary condition to 
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evaluate the benefits of aerobic exercise on reducing depression. The study lasted 
12 weeks. The median age was 35.9 years. They observed a reduction in mild to 
moderate major depressive disorder of 47 percent for their high exercise treatment 
and 30 percent for their low exercise treatment compared to their initial sedentary 
condition. 

The two levels of physical activity were 7 Kcal/kg/week and 17.5 Kcal/kg/week. 
It would be ideal to have measures of VO2max or distance walked or run per week. 
Without this information, it was assumed that their low-dose exercise level was 7 
miles of walking or running per week and that the high dose was 17.5 miles per 
week (over three miles/day for five exercise days/week). Gregory [27] provided a 
table of exercise distances for walking and running from which relative fitness 
could be estimated. Building on measured VO2max data for women [43] and men 
[44] and the mathematical model from Gregory [27], a relative fitness of 0.38 rep-
resents average sedentary conditions. Values for relative fitness vary from an up-
per limit of 1.0 for Olympic athletes down to 0.2 for low sedentary conditions. A 
value of 0.5 is the upper limit for sedentary conditions and the lower limit for 
endurance-trained individuals. From Table 4 in Gregory [27], a sedentary person 
with a relative fitness of 0.38 will expend the equivalent of about 26 miles walking 
per week. Adding the distances of 7.0 and 17.5 to that of the sedentary condition 
facilitated a relative fitness estimate of 0.44 for the 7-mile estimated distance and 
0.51 for the 17.5 estimated distance. The starting risk for depression for this study 
was set to 1.00 for the sedentary condition. 

Equation (16) was programmed in an Excel spreadsheet to predict the risk of 
trauma and related mental health specifics, such as depression and anxiety. In this 
case the calibration was based on depression data. Predictions at relative fitness 
values of 0.51, 0.44, and 0.38 were divided by the prediction at 0.38. A value of 
0.38 was used for RFi. A value of -5.3 for G produced an R2 value of 0.986 and was 
statistically significant (p < 0.01). These results seem to verify that Equation (16) 
is a valid model for evaluating the effects of aerobic fitness on recovery from de-
pression. 

A second data set by Wiklund et al. [45] evaluated the effect of maintaining 
cardiorespiratory fitness from teenage years (18.3 average age) to adult life (42.9 
average age) on depression and anxiety. This study was limited to men in Sweden. 
They provided estimates of VO2max (47.5 ml/kg/min with a standard deviation of 
6.7 for age 18.3 years; 36.6 ml/kg/min with a standard deviation of 9.9 for age 42.9 
years). They reported that “decreasing from moderate or high estCRF in adoles-
cence to low estCRF in adulthood, compared to staying at a moderate or high 
level, was associated with a higher risk of depression and anxiety (HR: 1.24 95% 
CI 1.07-1.45 and 1.25 95% CI 1.06-1.49, respectively).” In other words, maintain-
ing a moderate to high VO2max from teenage years to adulthood has value in pre-
venting depression and anxiety. The Gregory [27] equation for relating VO2max to 
age and relative fitness was used to estimate the relative fitness values used in Equa-
tion (16). Predictions from Equation (16) are 1.16 for depression and anxiety com-
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pared to the measured values of 1.24 and 1.25 resulting in a 6.45 percent error for 
depression and 7.20 percent for anxiety. The predicted value of 1.16 is well within 
the reported confidence intervals for depression and anxiety.  

The study by Wiklund [45] certainly illustrates the value of maintaining aerobic 
or cardiorespiratory fitness through life in terms of risk for depression and anxi-
ety. Their results also support the acceptance of Equation (16) as a model for pre-
dicting the effects of aerobic exercise and fitness on outcomes of depression and 
anxiety. 

In another study of men in Sweden [46], it was found that low cardiorespiratory 
fitness at an average age of 18.3 years was associated with risk for receiving a dis-
ability pension for various causes (psychiatric, musculoskeletal, injuries, nervous 
system, circulatory, tumors) later in life. In other words, low aerobic fitness not 
only hurts the individual but also costs society to provide disability pensions to 
support the individual. The relative risk associated with a 40-year follow-up is 
shown in Figure 5.  
 

 
Figure 5. Prediction of the relative risk of being on a disability pension after 40 years as a 
function of 10 equally spaced units of relative fitness. Data from psychiatric cases after 40 
years from Table 2 in the appendix of Henriksson et al. [46]. 
 

The line through the points was predicted with Equation (16). Henriksson et al. 
[46] provided an estimate of 41 for VO2max as the lower fitness value. The relative 
fitness for males at age 18.3 from the Gregory [27] equation is 0.335. They did not 
provide the value for the upper limit. It was assumed that the risk of psychiatric 
disability payment is related to depression and anxiety. Thus, the calibration value 
of −5.3 was used and the unknown upper limit was determined from fitting Equa-
tion (16) to the data. A value of 0.567 was determined for the upper relative fitness, 
which would be associated with a VO2max of 62.1 ml/kg/min. This value is near the 
midrange of endurance-trained men at age 18.3 from [44]. Equation (16) predic-
tions matched the measured data with an R2 of 0.968, which was significant (p < 
0.001). 

Equation (16) seems to work for both changing relative fitness as a treatment 
for depression and predicting future health risks associated with relative fitness 
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early in life. It allows an individual an opportunity to calculate the future health 
risks associated with depression early in life so that a healthy change can be made. 

The curves shown in Figure 6 illustrate the risk of maintaining a low relative 
fitness compared to a midrange endurance-trained individual. Note that the curve 
for mood (depression) is remarkably similar to the curve in Figure 5. 
 

 
Figure 6. Predictions of mood (depression), PTSD, and Emotional Regulation as a function 
of relative fitness. Calibration is based on two measured points at a relative fitness of 0.467 
and 0.522. Data from Mizzi et al. [47]. 
 

The only difference other than different studies is that the calibration coefficient 
for the mood curve is −5.0 compared to −5.3 for the depression curve in Figure 5 
and the calibration from the data of Dunn et al. [42]: a 5.7 to 6 percent error de-
pending on which calibration we use as a reference. Mizzi et al. [47] only provided 
two values for VO2max from which relative fitness could be computed. Two points 
are insufficient to validate a relationship, but two points work well to calibrate 
once the relationship is known. Thus, because it was shown earlier that PTSD, 
depression, and anxiety seem to be related, Equation (16) was assumed to apply 
to consider the effect of aerobic exercise on PTSD and emotional regulation. The 
calibration for G for these curves is −2.53 for PTSD and −1.71 for emotional reg-
ulation. 

The final equation to predict risk for PTSD, depression, anxiety, and emotional 
regulation is  

( ) ( )0.074 0.162 0.162e f iRD N RD G RF RFTτ
+ + + −

=              (17) 

where, G = −5.3 for depression and anxiety; 

= −2.53 for PTSD; 
= −1.71 for emotional regulation; 
RFi = 0.4 mid sedentary relative fitness. 

4. Discussion 

A general mathematical model was presented as a starting point to mathematically 
predict the relative risk for trauma. The first two terms were integrated and com-
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bined to obtain Equation (12), a model to predict trauma risk as a function of num-
ber of traumatic exposures and REM sleep debt. Predictions from Equation (12) 
agreed with measured data for PTSD from Gehrman et al. [35] for sleep duration 
<6 hours. Exact input data for REM debt was unknown for the prediction of condi-
tions of insomnia and combat. As an alternative analysis, predicted values for PTSD 
were matched to measured data for conditions of insomnia and combat. The result-
ing REM debt requirement seemed reasonable for these extreme conditions. 

It was observed that measured data for PTSD, depression, and anxiety were not 
statistically different (within the 95 CI for each of the 3 variables). The data for 
depression occurring with insomnia was an exception to this pattern. 

The military study by Gehrman et al. [35] also contained one other data com-
ponent, sex. The data for relative risk related to sex is provided in Table 4. Women 
are consistently at a higher risk of developing these mental health issues.  

It appears that the relative risk for all three components of mental health in 
Table 4 is approximately the same (1.5). The relative risk of depression deviated 
the most with a 6.7 percent error above the average. 
 
Table 4. Relative risk for women compared to men for three mental health components. 
Data from Gehrman et al. (2013). 

 Group 1 Group 2 Average 

PTSD 1.31 1.66 1.49 

Depression 1.91 1.29 1.60 

Anxiety 1.13 1.69 1.41 

Average 1.45 1.55 1.50 

 
The relative risk values in Table 4 are for military personnel on deployment 

with combat experience. The number of traumatic exposures in the men may be 
elevated compared to a general population accounting for the low 1.5 relative risk 
value. Olff [5] reports that “women have a two to three times higher risk of devel-
oping post-traumatic stress disorder (PTSD) compared to men.” She reports the 
lifetime prevalence for PTSD as 10 - 12 percent for women and 5 - 6 percent for 
men supporting the relative risk of 2.0. She also reports that similar differences exist 
between the sexes for disorders such as major depression and anxiety, which 
agrees with the data in Table 4. 

It is now well known from studies of rats and humans that stress causes changes 
that lead to volume reduction in the hippocampus as a person ages and experi-
ences mental stress. These volume reductions are associated with various psychi-
atric disorders including major depression, PTSD, borderline personality disor-
der, schizophrenia, dissociative identity disorder, and antisocial personality dis-
order (Teicher et al. [18]). They also report that over 50 percent of current epi-
sodes of depression, addiction to illicit drugs, and suicide attempts are associated 
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with early adversity. In other words, problems later in life are often traceable back 
to traumatic exposure as a child or teenager. 

In a later study (Teicher et al. [17]), male hippocampal volume was predicted 
by neglect but not abuse. Female hippocampal volume was predicted by abuse but 
not neglect occurring and peaking at ages 10 - 16 years of age. Their Figure 1 
expressed average severity as a function of age for both abuse and neglect. Divid-
ing the severity value for females for abuse by the severity at the same age for males 
for neglect indicates that the relative risk for females compared to males begins at 
an early age. Table 5 shows this information. 
 
Table 5. Relative risk determined by dividing abuse rating for females by neglect rating for 
males as a function of age. Data from Figure 1 of Teicher et al. [17]. 

 Severity Rating  

Age (yrs) Male Female Relative Risk 

5.0 3.1 4.0 1.3 

7.5 3.1 7.5 2.4 

12.5 3.3 10.0 3.0 

15.0 4.0 9.0 2.3 

 
In an extensive literature review, Salk et al. [48] determined that the gender 

difference for depression “emerged earlier than previously thought with OR = 
2.37 at age 12.” They found that the difference peaked at an OR = 3.02 for ages 
13 - 15. 

Based on this information, young women start even before their teenage years 
at having a two to three times higher risk of developing PTSD and other related 
mental health issues. These mental health issues may not develop until later years, 
but the damage occurs early in life. Much of this stress exposure appears to be of 
a chronic nature [18]: physical abuse (38%), harsh corporal punishment (33%), 
parental verbal aggression (32%), familial physical abuse (31%), sexual abuse (14%). 
There is also evidence that young women but not men are sensitive to poor eco-
nomic conditions [19]. They reported a relative risk of 2.28 for young women ex-
posed to poor economic conditions. 

The development of PTSD, depression, and anxiety is a complicated process 
that is affected by trauma exposure, REM sleep debt, exercise, and gender. Even 
with this complexity and input uncertainties, there is compelling evidence that 
Equations 12, 16, and 17 are reasonable mathematical descriptions of the final 
outcome of the process during which PTSD and related mental health manifesta-
tions of depression and anxiety develop. Individuals are unique: different genetics, 
different experiences, different environments, different social support groups, and 
different attitudes. Thus, some individuals can endure horrific exposures and not 
develop PTSD or depression. The opposite outcome occurs for others. 
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5. Conclusions 

Equations 12 and 16 and support data provide evidence that trauma exposure, 
REM sleep debt, and aerobic exercise affect the risk for PTSD, depression, and 
anxiety. REM sleep debt is common in most societies but is a variable that can be 
managed. Aerobic exercise can also be managed and appears to have a strong ef-
fect on recovery from depression. A purpose-driven life helps to reduce anxiety.  

Input data to use Equations (12), (16), or (17) is usually imprecise. Nevertheless, 
these equations provide a number that helps to quantify the effects of traumatic 
exposures, sleep, and aerobic exercise on the relative risk of developing mental 
health issues. To some degree, they help to evaluate ways to reduce risk either through 
prevention or treatment with changes in lifestyle. 

While some researchers may disagree, it appears that PTSD, depression, and 
anxiety are linked. The data illustrated in Table 4 for military personnel illustrate 
this observation. The relative risk as discussed with this data set from Gehrman et 
al. [35] supports this observation for relative risk for PTSD, depression, and anx-
iety with two exceptions. People with insomnia had double the normal depression 
without insomnia for this data set. The other exception is associated with purpose 
interacting with anxiety. Having a clear and strong purpose in life can greatly re-
duce anxiety. Lack of purpose can have devastating effects on anxiety. 

A third exception exists in association with the relative fitness variable. The cal-
ibration for the mood (depression) curve in Figure 6 is −5.0. This value is close to 
the −5.3 calibration for data from Dunn et al. [42]. Both are approximately double 
the value of −2.53 for the PTSD calibration. Observations from various data sets 
and treatment centers consistently show that insomnia significantly increases the 
relative risk of developing depression, more than doubling in some cases. Aerobic 
exercise increases relative fitness and helps people sleep better [49], which may 
explain the high benefit of exercise in treating depression. 

In a general sense, it seems that many, maybe most cases of PTSD, depression, 
and anxiety have roots in stressful experiences in life. How well the brain processes 
these emotional stressors is governed by the amount of REM sleep, more specifi-
cally the amount of REM sleep debt at the time the exposure to stress occurs. 
Equations (12), (16), and (17) provide a way to numerically evaluate this interac-
tion. 

These equations have limitations. Equation (12) seems to do a reasonable job 
in predicting PTSD using REM sleep debt but fails to predict depression associated 
with insomnia. Equation (17) may, however, overcome some of these limitations 
by including exercise. There was a 47 percent difference in depression between 
sedentary and high exercise for data from Dunn et al. [42]. Data from Mizzi et al. 
[47] closely matched this relationship for depression. There was only a relatively 
weak effect of exercise for PTSD in their data. While the value of G for PTSD is 
only 1/2 of the value for depression, it does indicate that aerobic exercise has value 
for treating PTSD. This conclusion concurs with the results reported by Hegberg 
et al. [50]. It has also been observed that people with PTSD have less physical ac-
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tivity compared to pre-PTSD time [50] [51]. Aerobic exercise affects insomnia 
through time awake after sleep onset (WASO) [49]. Further research is needed to 
test Equation (17) fully with measured REM sleep debt, number of trauma expo-
sures, and relative fitness. 

It is clear that gender affects risks for PTSD and related depression and anxiety. 
Equation (17) does not have a gender variable. Some researchers [13]-[19] have 
considered gender effects through weighted trauma exposures. Thurston et al. [13] 
calibrated their trauma exposure amounts based on measured accumulation of 
WMH. More research is needed to tease out gender effects and types of traumas 
for both male and female exposures to trauma.  
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