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(57) ABSTRACT

A method of monitoring a subject for the risk of Acute
Mountain Sickness (AMS) includes obtaining real-time
pulse arterial oxygen saturation (SpQO,) measurements from
the subject. The SpO, measurements are transformed into a
novel metric known as Accumulated Hypoxic Debt (AHD).
The AHD metric is used as the independent variable in a
longitudinal generalized linear mixed model to calculate the
probability D that the subject is at risk of AMS. Based on the
probability D, appropriate courses of action may be com-
municated to the subject via the output device of a wearable
or portable monitor.

10
\
.
a jo 2
]
[ 7 -
USER INPUT/ OUTPUT
CONTROL DEVICES DEVICES
18
4 ~12
OXIMITER PROCESSOR ,,/
16
/
MEMORY RATTERY
Ji



US 2020/0146602 A1

May 14, 2020

Patent Application Publication

Addlivd

AHOWNEN

HOSEFD0U

S30IAZO
LOdEiNG

HILHADO

SAVIAZA TOHINGD
NN 138N

;

~
rrd

\~

4
oz

J
\

8L




US 2020/0146602 Al

SYSTEMS AND METHODS FOR
MONITORING SUBJECTS IN POTENTIAL
HYPOXIC DISTRESS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of pri-
ority of U.S. provisional patent application Ser. No. 62/596,
511 filed on Dec. 8, 2017, which is expressly incorporated
by reference herein.

STATEMENT OF GOVERNMENT INTEREST

[0002] The invention described herein may be manufac-
tured, used and licensed by or for the United States Gov-
ernment.

BACKGROUND OF THE INVENTION

[0003] The invention relates in general to altitude illness
and in particular to Acute Mountain Sickness (AMS).
[0004] Acute mountain sickness (AMS) is the most com-
mon altitude illness and its symptoms include headache,
nausea, fatigue, decreased appetite, and poor sleep [1, 2].
(Note: The bracketed numbers at the end of a sentence refer
to the references listed at the end of the specification). The
number of individuals who suffer from AMS rises in direct
proportion to the ascent rate and elevation [3, 4]. Unaccli-
matized lowlanders can experience 70-80% incidence of
AMS with 40-50% having moderate to severe symptoms
with rapid ascent to 4300 meters [3]. When AMS symptoms
are severe, individuals can be completely incapacitated and
unable to perform the simplest of tasks [5]. Large decre-
ments in both physical and cognitive performance also occur
with rapid ascent to high altitude [6-8]. Research has
reported that endurance performance in events lasting 1-3
hours is impaired by 10-15% at 3000 meters and 40-80% at
4300 meters in unacclimatized lowlanders following rapid
ascent [9, 10].

[0005] Research has also demonstrated that cognitive per-
formance is impacted by 20-50% following rapid ascent to
high altitudes, depending on the altitude, with unlearned
complex activities affected more than well-learned simple
activities [11-14]. Warfighters who are rapidly deployed to
altitude may suffer from symptoms of AMS. Some security
analyses conclude that there are 60 world-wide high altitude
areas for possible U.S. military engagement. In addition, it
is estimated that over 100 million people annually visit areas
of high altitude for recreation, work and travel.

[0006] Despite decades of research, individualized real-
time predictors of decrements in health and performance
while visiting or residing at altitude are lacking. The clinical
definition of hypoxia is pulse arterial oxygen saturation
below 90%. Although technology to measure pulse arterial
oxygen saturation (SpQO,) has existed for years, single point
measurements of SpO, have not been able to predict the
occurrence of AMS or decrements in physical and cognitive
performance. There are currently no real-time, individual-
ized technical methods to predict the likelihood of hypoxic
events and altitude acclimatization status.

[0007] In one known techmque, once an individual is at
altitude, a self-assessment questionnaire (for example, the
Lake Louise Scoring System) may be used to determine if
the individual has AMS. The self-assessment questionnaires
are not particularly helpful for predicting the risk of AMS in
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real-time before it occurs. In addition, completing the ques-
tionnaire requires that the individual stop his/her current
activity and devote time to assessing his’her physical and
mental conditions. A need exists for a technical solution that
can predict the likelihood of AMS in real-time on an
individual basis, without requiring the individual to interrupt
his/her activities and consume valuable time.

SUMMARY OF THE INVENTION

[0008] One aspect of the invention is a method for real-
time monitoring of an individual. The method may include:
(a) providing a pulse arterial oxygen saturation (SpO,)
sensor and a portable computing device to an individual; (b)
using the sensor, measuring the SpO, value of the individual
in real-time once a second; (¢) using a processor in the
computing device, obtaining an average real-time SpO,
value over a time interval between 1 and 60 seconds; (d)
using the processor, subtracting the average real-time SpQO,
value from 90% to obtain a real-time SpO, difference; (e)
using the processor, multiplying the real-time SpO, differ-
ence by the time interval and converting the product to %
hours to obtain a real-time hypoxic debt value; (f) storing the
real-time hypoxic debt value in a memory of the computing
device; (g) repeating steps (b)-(f) for a plurality of the time
intervals; (h) using the processor, retrieving a plurality of
stored real-time hypoxic debt values from the memory; (i)
using the processor, summing the plurality of retrieved
real-time hypoxic debt values to obtain accumulated
hypoxic debt (AHD); (j) using the processor, calculating a
probability (D) of experiencing acute mountain sickness as
D:e—1.94+0.017(AHD)/1+e—1.94+0.017(AHD); and (k) using an
output device, communicating the probability D to the
individual.

[0009] Step (b) may include measuring the SpO, value of
the individual in real-time when the individual is located
above an altitude of about 2500 meters.

[0010] Step (c) may include using the processor to obtain
an average real-time SpO, value over a time interval of 15
seconds.

[0011] Step (e) may include using the processor to multi-
ply the real-time SpO, difference by the time interval of 15
seconds and converting the product to % hours to obtain a
real-time hypoxic debt value.

[0012] Step (g) may include repeating steps (b)-(f) for a
plurality of the 15 second time intervals.

[0013] Steps (b)-(k) may be repeated over a period of 48
hours.
[0014] Step (k) may include communicating the probabil-

ity D to the individual using a visual display. Step (k) may
include using the output device to communicate a course of
action to the individual. Step (k) may include communicat-
ing one or more of the probability D and the course of action
in one or more of a numerical format, a color-coded format
and a format using words.

[0015] Another aspect of the invention is a non-transitory
computer-readable medium with instructions stored thereon
that, when executed by a processor, a memory, a pulse
arterial oxygen saturation (SpQ,) sensor, and an output
device, perform the steps comprising steps (b)-(k) recited
above.

[0016] A further aspect of the invention is a system for
real-time monitoring of an individual for a risk of Acute
Mountain Sickness. The system may include a pulse arterial
oxygen saturation (SpQ,) sensor configured to extract SpO,
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measurements from the individual and a portable computing
device configured to be worn or carried by the individual and
connected to the SpQ, sensor. The portable computing
device may include a processor, a memory, and an output
device.

[0017] The processor may be configured to (a) obtain an
average real-time SpO, value over a 15 second time interval,
(b) subtract the average real-time SpQO, value from 90% to
obtain a real-time SpO, difference; (c) multiply the real-time
SpQ, difference by the time period of 15 seconds and
convert the product to % hours to obtain a real-time hypoxic
debt value; (d) store the real-time hypoxic debt value in the
memory of the computing device; (e) retrieve a plurality of
stored real-time hypoxic debt values from the memory; (f)
sum the plurality of retrieved real-time hypoxic debt values
to obtain accumulated hypoxic debt (AHD): (g) calculate a
probability (D) of experiencing acute mountain sickness as
D:e—1.94+0.017(AHD)/1+e—1.94+0.017(A_HD); and (h) communi-
cate the probability D to the individual by sending the
probability D to the output device.

[0018] In another aspect of the invention, a method of
detecting Acute Mountain Sickness (AMS) in a human
includes obtaining SpO, measurements from the human;
detecting whether the human is at risk of AMS by trans-
forming the SpO, measurements to accumulated hypoxic
debt (AHD); and using the AHD as an independent variable
in a longitudinal generalized linear mixed model to calculate
the probability D that the human is at risk of AMS.

[0019] The probability D may equal e™**++-CL7HD) 1,
e—1.94+0.017(AHD).

[0020] The invention will be better understood, and fur-
ther objects, features and advantages of the invention will
become more apparent from the following description, taken
in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] In the drawings, which are not necessarily to scale,
like or corresponding parts are denoted by like or corre-
sponding reference numerals.

[0022] The single FIGURE is a schematic diagram of one
embodiment of an individualized hypoxia monitor.

DETAILED DESCRIPTION

[0023] A novel apparatus and method utilizes real-time
monitoring and analysis of an individual’s pulse arterial
oxygen saturation (Sp0O,) to predict the risk of the occur-
rence of Acute Mountain Sickness (AMS) during the first 48
hours at altitude (above 2500 meters). For soldiers, the first
48 hours at altitude is the riskiest. A novel, useful, uncon-
ventional and non-routine metric is “accumulated hypoxic
debt (AHD)” in units of % hours.

[0024] To determine an individual’s AHD, first, an indi-
vidual’s real-time SpO, is measured by a sensor worn by the
individual. The real-time SpO, may be measured, for
example, once a second. The measured real-time SpO, is
then averaged across a relatively short time interval to obtain
an average real-time SpO, measurement for that short time
interval. In one embodiment, the short time interval is 15
seconds. In other embodiments, the short time interval may
be longer or shorter than 15 seconds.

[0025] The SpQ, difference is 90% minus the average
real-time SpO, calculated over the short time interval. The
SpQ, difference is then multiplied by the length of the short
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time interval (for example, 15 seconds (15/3600 hours)) to
obtain a single hypoxic debt amount in % hours. Then, the
single hypoxic debt amounts are summed over the total time
interval during which SpO, measurements have been taken
to thereby obtain the AHD in % hours.

[0026] The AHD is then used in a longitudinal generalized
linear mixed model to assess the risk of experiencing AMS.
The preferred model is of the form shown in Equation 1.
below:

Equation 1

M
yi= Zﬁjxij +5.
=

[0027] Inthe model, x is the real-time measured AHD. The
AHD is used to calculate y, which is the risk of experiencing
AMS. The model was developed using sixteen healthy
nonsmoking unacclimatized lowlanders (M=11, F=5,
age=23x6 yrs, weight=74+13 kg; mean+SD) that ascended
to the summit of Pikes Peak (PP) at 4300 meters and wore
a physiologic status monitor (Equivital™ EQ-02) that mea-
sured pulse arterial oxygen saturation (SpO,) every 15
seconds for the first 20 hours of altitude exposure. An
Environmental Symptoms Questionnaire was utilized to
measure the prevalence and severity of AMS after 4, 8, 12
and 20 hours of exposure. Data was filtered such that all
volunteers had the same number of physiologic measure-
ments. AHD (% hr) was calculated by multiplying the
real-time SpQO, difference [90%-actual SpO,] by the time
period (15 sec), converting this to % hours of hypoxic debt
and then summing the hypoxic debt amounts over the total
time period.

[0028] In Equation 1., the regression coeflicient fl equals
0.017 and the residual variable e equals -1.94. Thus, the
percent probability D of experiencing AMS is given by
Equation 2. below:

D:(e—l.94+0.017(AHD))/(1+e—1.94+0.017(AHD)) Equation 2.

[0029] AHD was a significant predictor (P=0.002) of the
occurrence of AMS over time at altitude. Every 10% hour
increase in AHD increased the odds of getting AMS by
18.4% (odds ratio, 1.184; confidence interval, 1.065-1.316)
[16]. The model has been externally validated in a set of ten
volunteers exposed to either 3000 meters or 4000 meters and
had the ability to correctly diagnose AMS 86% of the time
during the first 24 hours of altitude exposure.

[0030] Using the model, Table 1. below shows the risk (%)
of Acute Mountain Sickness calculated from Accumulated
Hypoxic Debt (AHD) (% hr). The bracketed ranges are the
95% confidence intervals.

TABLE 1

Accumulated Hypoxic Debt (% hr) Risk of AMS (%)

10 18.4 [6.5-31.6]
20 40.2 [13.473.3]
30 66.0 [20.7-228.0]
40 196 [128-300]
50 232 [137-395]
60 275 [145-520]

[0031] A very important benefit of the novel, unconven-
tional, non-routine hypoxic debt metric is its universal
nature. For instance, it can be utilized at any altitude.
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Individuals will accumulate more hypoxic debt the higher
the altitude and less hypoxic debt the lower the altitude. In
addition, it can be utilized in men and women. Women tend
to demonstrate higher SpO, measurements at altitude and
AHD takes that variability into account. The metric also
takes into account the desaturation that occurs with physical
activity at altitude. Individuals engaging in vigorous physi-
cal activity experience a 5%-10% desaturation depending on
the altitude, which effectively puts individuals at a higher
altitude for a given period of time. Heavy physical exercise
at altitude, therefore, is typically associated with higher
values of AMS. In addition, medication, such as acetazol-
amide, stimulates ventilation, which is accounted for by the
hypoxic debt metric. Last, this hypoxic debt metric captures
the importance of AHD over time at altitude. Individuals do
not immediately experience AMS upon arrival at altitude.
AMS develops after about 4 hours of altitude exposure,
peaks around 18-22 hours of exposure and then subsides
after 36 hours of exposure. The real-time component of the
hypoxic debt metric is useful in tracking the time course of
AMS.

[0032] FIG. 1 is a schematic diagram of one embodiment
of an individualized hypoxia monitor or apparatus 10.
Embodiments of the apparatus 10 may include a portable
computing device, for example, a wrist-worn device and/or
a smartphone. Apparatus 10 either includes or is in commu-
nication with an oximeter (SpO, sensor) 18. Sensor 18 is
connected to a processor 12. Memory 14 and battery 16 (or
other power supply) are connected to the processor 12. User
input and control devices 20 and output devices 22 are
connected to the processor 12. The user input and control
devices 20 may include, for example, keyboards (virtual or
real), touch screens, microphones, movable switches, ports
and jacks, such as USB ports, memory card slots, such as SD
card slots, etc. OQutput devices 22 may include, for example,
visual displays, speakers, vibrating devices, antennas, ports
and jacks, such as USB ports, memory card slots, such as SD
card slots, etc.

[0033] Suitable SpO, sensors 18 are available from, for
example, Equivital, Inc., Cambridge, UK; Athena GTX, Des
Moines, Iowa: Masimo, Inc., Irvine, Calif.; and Nonin, Inc.,
Plymouth, Minn. These companies may also provide por-
table and/or wearable devices that incorporate the required
capabilities of processor 12, memory 14, battery 16 and
input and output devices 20, 22. Many currently available
smart phones models would also be suitable and can be
connected to sensor 18 wirelessly via a Bluetooth® connec-
tion.

[0034] It is not necessary that the user input any informa-
tion into apparatus 10 other than the real-time SpO, mea-
surements provided by sensor 18. Using the real-time SpO,
measurements, the processor 12 calculates the AHD and
then uses the AHD to calculate the probability D of expe-
riencing AMS using Equation 2. It is important to note that
even if a human being could manually perform the calcu-
lations performed by the processor 12, the time required to
manually calculate the real-time AHD at small time inter-
vals, such as 15 seconds, and then manually calculate the
probability D of experiencing AMS using Equation 2 would
be prohibitive and would so interfere with the individual’s
other activities as to make doing so virtually worthless.
Thus, a computer processor is a necessary and integral
component of apparatus 10.
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[0035] Apparatus 10 may provide the probability D to the
user via an output device 22, such as a visual display. In
addition, the apparatus 10 may provide a visual indication of
the category of the probability P, such as MILD, MODER-
ATE, or SEVERE, for example. In addition to or as a
substitute for a textual display, apparatus 10 may visually
display a color code, such as green for MILD, yellow for
MODERATE, or red for SEVERE. In some embodiments,
apparatus 10 may provide instructions and appropriate
courses of action to the individual, for example, on a visual
display. For example, if the probability D is less than 30%,
then a message such as “CONTINUE ACTIVITIES” may be
displayed. If D is more than 30% but less than 50%, then a
message such as “STOP ASCENDING” may be displayed.
If D is more than 50%, then a message such as “DESCEND
IMMEDIATELY” may be displayed. When AHD is 64.3
hours, then the probability D is greater than 30%. In one
embodiment, if the probability D is greater than 30%, then
a change in the individual’s level of activity is indicated.
Other instructions and other ranges of probabilities may be
used.

[0036] Embodiments of the invention have been described
to explain the nature of the invention. Those skilled in the art
may make changes in the details, materials, steps and
arrangement of the described embodiments within the prin-
ciple and scope of the invention, as expressed in the
appended claims.
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What is claimed is:

1. A method for real-time monitoring of an individual,

comprising:

(a) providing a pulse arterial oxygen saturation (SpO,)
sensor and a portable computing device to an indi-
vidual;

(b) using the sensor, measuring the SpO, value of the
individual in real-time once a second;

(c) using a processor in the computing device, obtaining
an average real-time SpQO, value over a time interval
between 1 and 60 seconds;

(d) using the processor, subtracting the average real-time
SpO, value from 90% to obtain a real-time SpO,
difference;

(e) using the processor, multiplying the real-time SpO,
difference by the time interval and converting the
product to % hours to obtain a real-time hypoxic debt
value;

(D storing the real-time hypoxic debt value in a memory
of the computing device;

(g) repeating steps (b)-(f) for a plurality of the time
intervals;

(h) using the processor, retrieving a plurality of stored
real-time hypoxic debt values from the memory;

(1) using the processor, summing the plurality of retrieved
real-time hypoxic debt values to obtain accumulated
hypoxic debt (AHD);

(j) using the processor, calculating a probability (D) of
experiencing acute mountain sickness as D= 17+
017(EDy/ 1 4194 0-0LTAHD). 4104

(k) using an output device, communicating the probability
D to the individual.
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2. The method of claim 1, wherein step (b) includes
measuring the SpO, value of the individual in real-time
when the individual is located above an altitude of about
2500 meters.

3. The method of claim 1, wherein step (c) includes using
the processor to obtain an average real-time SpO, value over
a time interval of 15 seconds.

4. The method of claim 3, wherein step (e) includes using
the processor to multiply the real-time SpO, difference by
the time interval of 15 seconds and converting the product
to % hours to obtain a real-time hypoxic debt value.

5. The method of claim 4, wherein step (g) includes
repeating steps (b)-(f) for a plurality of the 15 second time
intervals.

6. The method of claim 5, wherein steps (b)-(k) are
repeated over a period of 48 hours.

7. The method of claim 1, wherein step (k) includes
communicating the probability D to the individual using a
visual display.

8. The method of claim 7, wherein step (k) includes using
the output device to communicate a course of action to the
individual.

9. The method of claim 8, wherein step (k) includes
communicating one or more of the probability D and the
course of action in one or more of a numerical format, a
color-coded format and a format using words.

10. A method for real-time monitoring of an individual,
comprising:

(a) providing a pulse arterial oxygen saturation (SpO,)
sensor and a portable computing device to an indi-
vidual;

(b) using the sensor, measuring the SpQ, value of the
individual in real-time once a second when the indi-
vidual is located above an altitude of about 2500
meters;

(c) using a processor in the computing device, obtaining
an average real-time SpO, value over a 15 second time
interval;

(d) using the processor, subtracting the average real-time
SpO, value from 90% to obtain a real-time SpO,
difference;

(e) using the processor, multiplying the real-time SpO,
difference by the time period of 15 seconds and con-
verting the product to % hours to obtain a real-time
hypoxic debt value;

(f) storing the real-time hypoxic debt value in a memory
of the computing device;

(2) repeating steps (b)-(f) for a plurality of 15 second
intervals;

(h) using the processor, retrieving a plurality of stored
real-time hypoxic debt values from the memory;

(1) using the processor, summing the plurality of retrieved
real-time hypoxic debt values to obtain accumulated
hypoxic debt (AHD);

(j) using the processor, calculating a probability (D) of
experiencing acute mountain sickness as D=¢' "
o17(ampy/ 1 4 1OH0-0L7TAHED). g

(k) using an output device, communicating the probability
D to the individual.

11. A non-transitory computer-readable medium with
instructions stored thereon that, when executed by a proces-
sor, a memory, a pulse arterial oxygen saturation (SpQO,)
sensor, and an output device, perform the steps comprising
steps (b)-(k) of claim 1.
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12. A non-transitory computer-readable medium with
instructions stored thereon that, when executed by a proces-
sor, a memory, a pulse arterial oxygen saturation (SpO,)
sensor, and an output device, perform the steps comprising
steps (b)-(k) of claim 10.

13. A system for real-time monitoring of an individual for
a risk of Acute Mountain Sickness, comprising:

a pulse arterial oxygen saturation (SpQ,) sensor config-
ured to extract SpO, measurements from the indi-
vidual;

a portable computing device configured to be worn or
carried by the individual and connected to the SpO,
sensor;

the portable computing device include a processor, a
memory, and an output device;

wherein the processor is configured to (a) obtain an
average real-time SpO, value over a 15 second time
interval; (b) subtract the average real-time SpO, value
from 90% to obtain a real-time SpO, difference; (c)
multiply the real-time SpO, difference by the time
period of 15 seconds and convert the product to %
hours to obtain a real-time hypoxic debt value; (d) store
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the real-time hypoxic debt value in the memory of the
computing device; (e) retrieve a plurality of stored
real-time hypoxic debt values from the memory; (f)
sum the plurality of retrieved real-time hypoxic debt
values to obtain accumulated hypoxic debt (AHD); (g)
calculate a probability (D) of experiencing acute moun-
tain sickness as D—e TIHOOLTUHD)]  om1.940017
@apy; and (h) communicate the probability D to the
individual by sending the probability D to the output
device.

14. A method of detecting Acute Mountain Sickness

(AMS) in a human, comprising:

obtaining SpO, measurements from the human;

detecting whether the human is at risk of AMS by
transforming the SpO, measurements to accumulated
hypoxic debt (AHD); and

using the AHD as an independent variable in a longitu-
dinal generalized linear mixed model to calculate the
probability D that the human is at risk of AMS.

15. The method of claim 14, wherein the probability D

— — 7
equals ¢ 1.94+40.017(4HD) | , o~1.94+0.017(4HD)
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