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Abstract

This report represents the third in a seriestadies conducted by the NASA Engineering and
Safety Center (NESC) to help shed light on Physiological Episodes (PEs) that pilots have been
experiencing while flying high performance aircraBuilding on experiences gained with the
USAF® 22 in 2012and the USI F/A-18 in 2017, the NESC initiated its Pilot Breathing
Assessment (PBA) at NASA Armstrong Flight Research Center in 2018 to gather what was
defined in previous studies as the missing element in the PE problem: a robust dgtzessifio

how the complex human system interacts with the complex aircraft system operating in the
complex flight environmentBefore PBA, it was generally accepted that providing adequate
oxygen(O) line pressure and mask flow was sufficient to meet piteathing requirements for

all high-performance aircraft operatianBBA has shown that the subtleties in parameter
stability, timing and sequencing of the piloachine interface are criticahn aircraft breathing
system begins to deliver air whersénses pilot inhalation and stops when exhalation is sensed
Lags in response make breathing more difficult despite nominal deliv€yy, pfessure and

flow. In PBA, all such timing and sequencing mismatches, collectively designated as Breathing
Sequene Disruptions (BSDs), revealed system/pilot interactions that had not been previously
documented Cabin pressure fluctuations were found to interfere with pilot breasngmals,

and mask valves response could become erratic over time; both situatised cegulators to
deliver air out of step with pilot demand€ertain flight maneuvers such as hi@hurns and

rapid altitude changes were found to stress the systessponse to piladdsmmediate air

demands In short, these small, subtle disrupsasften go unnoticed but can accumulate to
transform simple breathing into complex disruppatterns, which in turn, forces the pilot to
subconsciously adapt or consciously compensate to meet their physiological Aleé&tBA

flights experienced BSDsplwever, disruptions were greater in magnitude and frequency with
the use of safety pressur€abin pressure fluctuations as small as a few mmHg can cause
measurable BSDOther features of this report are a Pilot Breathing Almanac which documents
the bredth and variety of pilot breathing metrics under various flight conditibiesv insights

into pilot physiology are presented; for example, pilots may suffer pulmonary decrements during
flight that can lower their threshold for developing hypox&pecifc postflight results revealed

that bloodO- saturation can regularly drop below 95%, the threshold defining mild hyplvxia
separate ground tests3b breathing systems analysis showed BSDs based on unpredictable
pressures and flow withioreaths, and between adjacent breaBBA also designed, developed,
and flighttested a new sensor integrated within the mask that accurately monitoasC@ater
vapor concentrations at high temporal resolution (83 Hihese new miniaturized sensors
produced nearly clinicauality results, yielding new physiological insighiBo support follow

on work by the military,His reporfpresents a standardized flight test procedure for the services
to adapt and use to establish a baseline of aircrafthimgasystem performance

Key recommendations for users and manufacturers ofgegiormance aircraft include:

1. Measuring pilot breathingn situ; that should be used in the creation of future hardware and
system specifications to meet pilot physmical needs, throughout all relevant flight envelopes
2. Reconsidering safety press@d®enefits in light of the problems it introduces to pilot
breathing 3. Trusting subjective pilot reports of breathing as a significant indication of
breathing sysgm performance and following up in a methodical investigative manner with
objective data 4. Investigatingthe F35 Breathing Systeéa BSDs 5. Performing standardized
flight test procedures to establish and evaluate an adcmfbtbreathing system performance.
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Ex ec uStuimmea r y

In early 2017, the Navy requested the NASA Engineering and Safety Center (NESC)
provide an independent review of their efforts to address an increased occurrence of
physiological episodes (PESs) across theirA-18 fleet As a part of this review, thdESC
team noted that the Nags/understanding of key pilot physiological parameters was lacking,
primarily because data needed to maermed decisionabout Human System Integrations
(HSI) did not exist To shed some light on this important area and by using NASAwned
F-18s and F15s, the NESC set out to examine pilot physiological responses in high
performance aircraft in an effort, aptly named, the Pilot Breathing Assessment (PBA)
Additionally, Admiral Saa Joyner, then head of the N&E Action Team, challenged the
NESC to come up with a way to identify problems vdiadactojets

Flying began in latspring 2018 to measure pilot respiratory rates, tidal volumes, and air
composition at Armstrong fght Research Center (AFRCYsing five NASA test pilots, flying
six different flight profiles in an A8A/B or an F15D, the assessment logged over 100 flights
and gathered over 4,750 minutes of analyzable data ompalchineenvironment states
Measuements were made on both the inhale and exhale lines, as well as in tisemlsit

itself. Spirometry tests were performed before and after many of the fliBiitg questionnaires
helped round out théper flightddata collection.

Test profiles werehosen to be challenging, but still within a moderate envelope to avoid risk of
Physiological Episodes (PEsAs such, they did not reach the full extent of extreme USAF/USN
combat operationsDespite these limitations, breathing issues occurred ardkacgibed in this
report.

When the PBA team was developing plans for flight tests, suitable pilot breathing was thought
about in terms of pressure and floWwhe prevailing assumption was that if the inhale line
pressure was sufficient and measured floag @dequate, pilot breathing requirements would be
met As PBA flight test data became available, it was realized that the timing and sequencing of
the pilotmachine interface was also of prime importaniéa pilot breathing system delivered

air tothe pilot at the wrong time, breathing was difficult, even with nominal delivery pressure
and flow Detailed investigations into these Breathing Sequence Disruptions (BSD)

(i.e., specific instances of timing mismatch), revealed system interactions antbpeffects

that had not been previously recognizedCabin pressure fluctuations, for instance, can cause
regulators to deliver air out of step with pilot deman@sher examples includalot mask

valves operating incorrectly andeti+35 Breathing Sysim (which, although from limited data,
caused more BSDs than any other breathing system reviewed in this report).

BSDs transform simple breathing into complex disrupted patterns, forcing subconscious
adaptation or conscious compensation by the pilotDisruptions cause extra exertional effort

and physical compensation during every breath to overcome, like running on a rocky beach
instead of a treadmill, and can divert attention from flyolepending on severity. BSDs are
frequently subtle enough to godiagnosed, often violating assumptions and complicating
analysis, such as when flow goes the wrong way for just a fraction of a second at the beginning
of a breath. They also reduce the volume of air exchanged within the lungs. If this reduced
volume perssts and if the pilot is unable to compensate by taking deep breaths or by dropping
his/her mask, the result can be inadequate ventilation regardi@sseokls. BSDs are likely
contributors to PEsThe inflight measurements of breathing system inteoms and breathing
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system timing, and what they revealed about the-pilathineenvironment interaction, were the
most important discoveries of the PBA team.

Overall, PBA was successful for a number of significant reasons: i) PBA developed test
methods with a focus on repeat measures, ii) PBA focused on pilot breathing demands with
a pilot performing tasks in an actual flight environment, iii) PBA linked real-world flight
events to pilot physiological behavior, and iv) PBA established a baselioépilot

pulmonary function and the effect of flying on pilot physiology:

1 PBA developed test methods with a focus on repeat measungsjor objective was to
develop a process and methodology to measure key physiological parameters that was
standardizedsystematic, and relatively easy to perform. Using these new methods, PBA was
able to make conclusions of pilot breathing under a wide variety of flight conditions with a
focus on repeat measureBhat is, PBA was designed to have each pilot fly eachlerofi
each type of aircraft and breathing equipment at least tdaeh repeat measures allowed
calculations that helped understand if fligtxflight differences were more likely due to
differences among pilot or aircraft or flight environment pararsete

1 PBA focused on pilot breathing demands with a pilot performing tasks in an actual flight
environmentFlight testing provides a real environment and unique data that cannot be
duplicated anywhere else. While individual components have been thoroughly scrutinized
(e.g.,On-Board Oxygen Generation Systé®@BOGS), only a full system of systems
assessment l&kPBA was able to capture the critical interactions in flighdividual
elements of the breathing system, most importantly the pilot, are highly variable with critical
interactions that only occur when all elements are pregeiditionally, coupling dot
breathing metrics with aircraft data (acceleration, pressutéada change) allowed PBA to
put the life support data in perspectiv@nally, by using only jets with LOX, complications
from OBOGS were avoided, enabling a baseline for breathiogrifigurations that
historically has had lower proportions of PEs.

1 PBA linked realworld flight events to pilot physiological behavi®tBA acquired irflight,
in situ breathing data and linked these data to pilot physiological responses. When pilots had
comments about adverse breathing system performance, theadwagsobjective support
in the data corresponding to their subjective observatidftsen pilots were impacted
enough to report an adverse breathing dynamic, the PBA team trusted theiraegaoisk
actions to understand and mitigate the breathing dysfunction which led to key findings.

1 PBA established a baseline of pilot pulmonary function and the effect of tiyinijot
physiology:A key feature of PBA was the inclusion of pulmonary tisrttesting of pilots
at four points on a PBA flight day: one hour before and after each flight while the pilot was
sitting at rest just prior to donning and just after doffing his flight suit, and the same tests
repeated in thehokeswhile strapped inhe jet just minutes prior to taladf and just after
returning. These measurements showed a significant negative impact that flying had on the
pilot.

PBA Advances:

Breathing Sequence Disruptions (BSDs)The most critical interaction discovered by PBA was
the identification of BSDsThe importance of the delivery of the proper airflow at the proper
pressure and at the proper time to meet the pilots breathing requirements cannot be
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overstated.Objective measures of breathing disruptions were developedotbazing pressure
and flow relationships giving unprecedented insight into pilot breathing dynaihes.
characterization ahe Pressure/Flow Phase Shift, the Hysteresis of individual breaths

(i.e., Pressure vs. Flow), and PresshiceFlow (PNF) analses were three of these
measuresSome causes/amplifiers of BSDs include:

BSDs and Safety PressuréiVhile all breathing systems tested in PBA experienced BSDs,
breathing sequence disruptions were significantly greater in magnitude and frequency in the
presence of safety pressurBafety pressure introduced an additional and rfeaudtioriallevel of
complexity into what was already a highly dynamic and variable environniérg.added
complexity greatly increased the breathing sysésedhifficulty in respading to pilot breathing
demands quickhand appropriateljn the CRU103 specifically). Safety Pressure exacerbated or
induced 11 of the 13 adverse interactions identified by PBA.

BSDs and Pilot Mask \alves: The critical importance of the Mask Breathing Unit (MBU)

20/23 valves to the proper function of this dynamic system of systems, when safety pressure is
present, was identified and ledtte first preliminary briefing to the USAF/USN in early 2019.

For poper function, the regulator and the maskalves (inhalation and exhalation) need to
sequence properly; data suggests thinot always true in flighin some cases, degraded
performance of thexhalation valvevill lead to the inhale anexhalation alves remaining
simultaneously open at times, disrupting proper regulator function, and allowing constant flow
through the mask. In other cases, the exhalation valve becomes overly difficult to unseat as in the
event ofaninhalation valve that leaks dugrexhalation. Either of these conditions lead to BSDs.

BSDs and @Gbin Pressure Huctuations: The impact of cabin pressure fluctuations (even as
little as a few mmHg) was also explored and documen@athin pressure fluctuations have been
of particular inérest to the Navy, arfdBA data show thagven smatscale cabin pressure
instabilities can have disproportionate impact, causing B&EDabling this analysis was the
development of timaynchronized data analysis processes and techniques permitting the
visualization of the relationships between pressures, flows and locations fosiengeybreath,

as well as overall metrics that reflected the relative levels of dysfunction during breaZhioig.
pressure micr@scillations depend on the state of capiassure control (including the health of
the exit valve). Out of 6 distinct tail numbers utilized in PBA, 2 airframes had tosmitations
throughout entire sorties, close to the frequency and amplitude of breathing. A third airframe had
situational uderdamped oscillations, meaning that the cabin pressure was only disturbed by a
pressurénsult (e.g.,postcombat descent), after which it took at times 2 minutes for 0.4 Hz
oscillations to reach steady state.

Pilot Breathing Almanac: In flight, PBA datashowed that pileinduced mask pressure (i.e., the
instantaneous flow rate demand) and the sustained averdigetoynute ventilation

(specifically during recovery breathing) are much greater and often more chaotic than baseline
ground breathing or thegular sinusoidal breathing pattern historically simulated for testing.

Data consolidated in the Pilot Breathing Almanac serves to document the breadth and variety of
pilot breathing metrics under various conditions of fligittis data basmcludes multiple flight
profiles, aircraft (FL5 and F18), pilot breathing parameters, and flight parameters that can be
used to identify problematic flight issuds combination, these parameters describe the

interaction between two complex systeme: limman pilot and the machine/aircraft.
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Identifying Emerging Life Support Problems: By measuring ifflight mask pressure and flow,

and applying the several tools the PBA has developed, degraded life support components can be
identified. For example, andical tools can recognize improperly operating pilot mask valves or
regulators not holding safety pressure, prompting a maintenance check. PBA developed a
standardized flight test procedure to evaluate an aigsttaftathing system performance. This

teg can be used to compare a single airframe across its service life or even across a class of jets.

Updated Oxygen Transport Model(OTM) : The OTM was introduced in the NE&Jeport to

the Navy on F/A18 PEs in 2017. Because of PBA, pilot breathing was unedsand new data

is availablelt is thereforebeginning to be possible to assess system interactions wiighin

dataand propose more detailed explanations tactmplex system interactions previously
identified For exampleit is believed that sne F/A18 hypoxia PEs were caused by a
combination of cabin pressure surges and a regulator that overcorrects for deep inhalation and
large demands for air. Another example is some F8Aypoxia PEs may have been caused by a
combination of a tight harness breathing system that suffers hysteresis and delivers air late,
and pilot compensation resulting in smaller and smaller breaths.

Flight Physiology: PBA provided some keen insights to Pilot Physiolo@y the basis of
physiological testing and analgof inflight parameters, pilots are suffering physiological
decrements in prilight operations and in flight that degrade the physiological reserve and lower
the threshold for developing hypoxia. Preflight results of pilots, wearing ALSE (Aircrew Life
Support Equipment) and strapped into ejection seats showed a reduction of FVC (Forced Vital
Capacity) and 00- saturations.This effect is present in both the USAF and USN ALSE
configurations, but more prominent in the USN torso harness system. Tlikghbsind post

doffing values data also revealing concerning impasfgecific results post flight reveal¢hat

O saturation drops belo@5%, representing mild hypoxid-he synergistic combination of

these reductions in FVC, the BSDs and inconsisdemtelivery leads to decreased lung

ventilation (decreased amount, pressure, and flow of air resulting in decreased gas exchange in
the lung).

E-35: Using PBA developed toqglslata from two F35 ground tests suggested that the breathing
system causes BSDs by delivering an unpredictable amount of flow at the beginning, middle, and
end of each breath and that it changed from byalineath. Such rapid changes in the breath
to-breath supply forces the pilot to continually compensate by adjusting breathing rate, volume,
and exhaltion/inhalatiorforce.Pilots who have suffered PEs in th&¥, interviewed by the

PBA team, fault the breathing system for acute and chronic healtlitions that have caused
impairment for days, weeks, months, or longer. The available data, though limited, does not
support that the-B5 breathing system protects thitot from adverse effectsAdditional ground

and inflight measurements of-B5 life support system performance is a key recommendation.

JPL Mask: As part of the PBA project, NASAodifiedan MBU-20P pilot mask with a unique
sensor.The sensor, inside the mask and at the actual source of the breath, provides the most
accurate rediime measure of the pil&t breathing.The Sensor measures pressure, temperature,
and CQ concentration and its data sampling tiatéast (83Hz). Its accuracy compares well

with measurements made in a medical dd@stoffice. After successfully testing ¢hmask in

flight, the mask project was turned over to Erepartment of Defens®@D) for continued
development.
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Key Recommendationdor the US Military Servicdsnanufacturers of higperformance

Aircraft:

1.

Recommend acquiring quantitative measures of pilot breathing, in situ, that should be
used in the creation of future hardware and system specifications to meet pilot
physiological needs, throughout all relevant flight envelopes.

Recommend a standardizifight test procedure to evaluate an airdsfiilot breathing
system performance.

Recommend reconsidering safety pres&upeirpose and cost/benefit tradeoff in light of
the problems it introduces to pilot breathing.

Recommend trusting subjective pilepiorts of breathing as a significant indication of
breathing system performance and followed up in a methodical investigative manner with
objective data.

Recommend that the-85 Breathing Systeéa BSDs be investigated.
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Il ntroducti on
Overview

Piloting jet fighters is mentally and physically demanding. Unlike simulated ground activities,
flying is performed in an artificial, enclosed environment with external cabin presstoee;
temperature, orientation, and velocity stressors. Thengiles on the aircraft systems to

provide adequate environmental control (pressures and temperature) and breathing gas (flow and
O concentration). If these systems underperform, the pilot may experience discomfort and a
decrease in cognition which coulttimately lead to a physiological episode (PE) resulting in an
aborted mission or serious mishap.

Although they are relatively rare, PEs are of extreme concern in military aircraft operations as
they appear at random and have resulted in loss of aiacétife. Detailed studies of PE
occurrences have been performed by branches of the US military that have focused on
engineering of onboar@: gas supplies, personal gear, and environmental control systems.
Some progress has been made in reducirdg 8€urrence, but to date, the incidence rates are
still deemed unacceptably high. The root cause(s) have not been satisfactorily identified and
mitigated.

Previously, NASA/NESC evaluatédSAF F-22 PEs in 2012, andSN F/A-18 PEs in 2017.

The root cause crective action (RCCA) efforts by SAF andUSN were inconclusive; NASA
investigators concluded that PEs defy purely engineering explanations because they are likely
due to a complex interaction between pilot physiology and aircraft systems. NASA ineestigat
found that certain combinations of flight activities could adversely affect the operation of the
OBOGS and the bleed air gas supply from the environmental control system (ECS), but there
was no specififismoking gu explanation from the aircraft engiering side for predicting PEs.
NASA researchers proposed f@xygen transport modethat described the progression of

viable breathing gas from the aircraft to pilot mask, to the lungs, to the blood, and ultimately to
organs and brain. NASA concluddtht empirical data for calculatir@ transport based on

pilot demand were unavailable.

PBA Concept

To further investigate the concept of the pilaircraft interaction, NASA/NESC embarked on
the PBA to focus on pilot breathing needs and responsesrplement the previous engineering
systems (RCCA) investigations.

In contrast to the two previous NASA/NESC observational studies, PBA is a designed scientific
study that produced new datasets of simultaneous pilot and aircraft performance. All PBA
flights were scripted for flight maneuvers, altitudedpfge, etc., and repeated for aircraft,

pilots, and breathing systems to allow best possible statistical comparisons. Details of PBA
study design are provided in Technical Section 1.

The PBA team alsoalved further into the physiological activity of human respiration on the
ground at 1 atmosphere pressure and 2k%oncentration; a detailed contrast about liow
demana breathing using masks and regulators could influence pilot breathing response via
conscious and subconscious adjustments is presented in Technical Section 2.
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PBA Flight Profiles

The goal of PBA was to understand the pitieathing requirements with a series of
reproducible parameters, but to avoid complications from random flight profiles and aircraft
constraints, especially from OBOGS and ECS. As suctRB#reused only liquid oxygen

(LOX) jetsthat were available atéiNASA Armstrong Flight Research Center, located on
Edwards AFB, Edwards, GAand a series of different scripted flight profiles, each of which were
flown multiple times by each of the five NASA test pilots.

Later in the study, PBA added a few more gedlights with certain maneuvers designed to
test observations derived from the standard suite of profiles.

Using scripted flight profiles was considered to be a primary factor distinguishing PBA from
previous observational studies. Although this apghoaduces the total number of flights to just
those designed for the study, it allows direct comparisons across aircraft and pilots. Five specific
flight profiles were constructed to assess a variefyasdlworldo military flight segments that

are encantered by jet fighter pilots such as high altitualerobaticsand low altitude flight.

Details of PBA flight profiles and all scripted flights are provided in Technical Section 1.
Individual Pilot Differences

The PBA was specifically designed to invgate response variance caused by individual pilot
differences; this is one of the crucial factors missing from the current knowdedgeof PE
research. There is little value in setting acithesboard engineering targets for aircraft

breathing systemsithout understanding the likelihood of an individual pilohdverse response.
Individual differences in response to common stimuli are-lWwedwn in human subject research.
These are best investigated using wifaind betweersubjects variancstatistics. The important
issue is to understand the apparently random pilot response found in similar flights. The PBA
was specifically designed to investigate response variance caused by such differences and
provide guidance as to how to apply safetgtérs. Details of repeat measures (individual
variance) of pilot8physiological and subjective response are provided in Technical Sections 1,
5,and 7.

Breathing Gear Differences

Personal breathing gear (masks), attendant regulators, and other Bithsugware serve as the
fifront-lined interface between the aircraft and the pilot. Even small differences in individual
components, and the related complex interactions between multiple components, can become
critical. Within the PBA study, gear configuions were categorized BdSAF/Air Forced and
AUSN/Navyo types(Section 1.1.1.3) These were not identical to all setups used by active USAF
or USN pilots, but rather representative of key differences in equipment setup; in the repeat
measureslesign, most PBA pilots flew across service platforms.

Within PBA, these differences break down into the following types:

1. Regulator Type (Demand, Diluter Demand, Safety Pressure)
2. Mask Type (USAF otJSN)
3. Physical placement of hardware on pilot

NESC Document #: NES®P-18-01320, Vol. 1V.1.2 Page28 of 519



The effects bbreathing gear on pilot breathing and performance are discussed in detail in the
ensuing report, especially in Technical Sections 1, 2, and 6, and in the supplemental discussion
regarding some limited ground tests e8%- aircraft.

Subjective Pilot Assesments

Like individual differences in physiology, there are individual differences in subjective
experience. Muscular discomfort, headache, nausea, changes in perception, or other symptoms
do not generally become part of the official record, yet theypoaygnd more severe symptoms
leading to PEs in the future.

There are two paths for acquiring subjective data. The first is to informally interview pilots
about their general experiences on a regular basis, the second is to develop a formal
guestionnairéo gain a broader understanding of the linkage between aircraft and pilot
performance. Both have been implemented within the overall PBA construct.

Informal interviews: These interviews are comprised of ofarded questions from researchers
such agiHow do you feel now? Did you have any discomfort during the flight? If so, what were
you doing at the time? Followp questions as necessary.

Formal questionnairesThe formal questionnaires serve the purpose of deducing what pilots do

in the cockpit, whatheir histories are, and how they perceive their flights. For PBA, these are

only applied to NASA tespilots and have limited generalizability. However, this first trial will
provide reference material for future broader investigations. Once impletremtst)JSN and

USAF, the questionnaires will provide a database for assessing how pilots perceive their
breathing demands/response, and then developing new test procedures to align aircraft ECS with
pilot needs.

Details of PBA subjective study design arevided in Appendix 9.
PBA Data Collection Sensors

CobhamVigilOX brand sensing systems were used as the primary pilot breathing monitoring
system for PBA. Other systems also exist for measuring pilot breathing, howeVegit®X
equipment was considered the most advanced at the time and had been flight approved.

Sersor configurations:PBA was designed to empirically measure pilot breathing parameters
during flights and to couple these directly with scripted flight activities. This was accomplished
with sensor arrays monitoring the inhalation and exhalation flongsspres, an@®:

concentrations on either side of the gidatnask. Pilots were tasked to notate specific flight
activities and their perceptions.to serve as complementary information to the sensors. Breathing
flow/pressure/concentration measurement gaeint was acquired fromigilOX comprised of
inhalation sensor block (ISB) and exhalation sensor block (ESB). The ISB probe was inserted
into the inlet flow between the regulator and mask inlet valve; the ESB was inserted into the
exhalation tube downsten of the mask exhalation valve. ISB and ESB sensor arrays were
shown to be noimvasive with respect to regulator/mask performance.
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The list below identifies ISB and ESB sensor channels:

ISB ESB

Partial pressure, O Partial pressure, O

Inhalation Flow Exhalation Flow

Cabin pressure Cabin pressure

Inlet gas temperature Exhaled gas temperature

Inlet gas pressure Exhaled gas pressure

Inlet gas humidity Exhaled gas humidity

Cabin temperature Cabin temperature

3-axisaccelerometer 3-axis accelerometer
Partial pressure, Exhaled &(
Mask pressure

The pilot sensor blocks were installed on Hd®N andUSAF style mask/regulator

combinations. From these, investigators could assess breathing rates, per breath (tidal) volumes,
changes in mask pressure, and total flows. For some flights, Madgetech brand data sensors were
used incabin as a supplement to recaititude and acceleration data from the flight profile.

These data streams were ppeicessed mathematically to provide aircraft position, velocity,

and acceleration as needed. In addition, native sensors in the aircraft were used to provide
altitude déa and redundant cabin pressure data to complemexitgh®X data streams.

Rationale for choosin¥igilOX systems:As PBA was performed on an accelerated timescale
and with a limited scope, a readily available and quickly fieldable system was requigd@®.X
systems were chosen for PBA based primarily on the following factors:

1. VigilOX currently exists as a highRL fieldable system.

2. VigilOX hardware is readily available from the supplier.

3. TheDoD and US Military are currently testingigilOX systems in some field
applications, thus the opportunity exists to share data and combine learned
knowledge.

4. VigilOX systems have been wifdiast tested and qualified for use in fighter aircraft.

5. VigilOX systems delivered data in an understood format, facilitating quick and ready
assessment of the data.

PBA researchers understand that there are some inherent limitation¥igil@X system, as
will be discussed in the subsequent technical sectionsVigi®X system was updated and
revised by Cobham based on direct input from lessons learned in PBA.

Details of PBA study design with respecMigilOX sensor systems are provided in Technical
Sections 3, 4and 9.

Aircraft and Flight Parameters

Aircraft types: PBA used NASA jets and test pilots to fly ptetermined sorties out of the

AFRC at Edwards Air Force BasgA. The six aircraft used for data collection were: two

F/A-18A models (singleseat), two F/A18B models (duaseat), and two-£5D mode$ (dual

seat). The F/A18s were flown and acquired from the USN and t#i&§ were flown and

acquired from the USARRBA utilized the F/A18A, F/A-18B, F-15D aircraft with LOX

breathing systems deliberately to demonstrate the performance and paraneteyQBOGS
modifications in later models. These data provide insight as a baseline observation of breathing
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behaviors in jet aircraft operation across various maneuvers in the absence of perturbations from
ECS and OBOGS.

Aircraft Instrumentation: The aircraft described in the previous section were outfitted with flight
data instrumentation systems referred to in this repdit &€ recorderg, systems manufactured
by Teletronics Technology Corp for recording aircraft parameters with two remowditistate
recorder cartridges to facilitate the process of downloading flight data after every sortie. The
TTC recorded the aircraft Memory Unit (MU) data and derived parameters of interest to PBA.

Test Pilots: The Pilots subjects used for this assesgemere recruited from the test pilot pool at
NASA AFRC. A basis set of five pilots comprised all the freaat flight crew and the majority
of the backseat flight crew during data collection runs. Each of the pilots flew each of the 5
flight profiles and performed the neftying Ground Profile G, at least twice each fa51PBA
missions. On occasion, additional pilots were rotated in to senfiaskseab controls.

Pilot Breathing Gear:Test flights were performed with different configuration®J&AF and

USN breathing regulators and masks using different protocols of safety pressure and dilution
demand. There were two basic configurations to refd&itl andUSAF gear. The USN
configuration utilized a CRt103 and the USAF utilized a NASA/AFRC EDO#gulator with

the matching spec to a CRa0; pilots tended to use their own personal masks as much as
possible. Within these designators, PBA flew different variants to examine effects of safety
pressure and demand dilution. Details of all flight geads®ussed in Technical Section 1.

PBA Flight Profiles: A key objective of PBA was to fly scripted flight profiles to produce
comprehensive, timsynchronized datasets of pilot breathing together with key aircraft state
parameters in a consistent, systematic, methodical, and repeatable way. This was inoportant f
the PBA team to be able to develop a statistical baseline for comparison across aircraft,
equipment configuration, and pilots, and to provide a template for other organizations for future
comparison. These scripted flight profiles were considered #&openary factor distinguishing

PBA from previous observational studies. Although scripting reduces the total number of flights
to just those designed for the study, this approach allows direct comparisons across aircraft and
pilots within the study.

Originally, five specific flight Profiles A through E were constructed to assess a varidieaF

worldo military flight segments that are encountered by jet fighter pilgech of these are

comprised of individual maneuvers (flight segments) that doalfilirther partitioned for

analysis. Later, PBA added two flight activiti®pfilesF and G as to followup with specific

tests. A final profile designated Profile H was created at the end of the study to incorporate all of
the main features of Profilés-G into a single flight.This was flown a total of three times

during PBA prior to the end of flight operations at NASA AFRC due to COYAD Technical

Section 10 provides details about this profile, which is offered as a combination test and check
outfor future diagnostics

Briefly, they are referred to hyjnemonic singldetter descriptors Al as follows:

Profile A: HighAltitude
Profile B: AeroBatics

Profile C: Control

Profile D: Down low

Profile E: for futureExpansion
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Profile F: Eunction Chek Flight
Profile G:Ground only
Profile H: Health Check Standardized Flight Test Profile

Although these profiles partially overlap in particular flight segments (e.g., altitudes, velocity,
climbs, descents), they were designed to represent broad classes of flight types. Subsequent data
curation allowed further partitioning and rearrangemehtight segments to test specific short

term flight activities, as discussed later.

Details of PBA study design, profiles, flights statistics, and pilots are provided in Technical
Sections 1, 5, and 7.

PBA Pulmonary Function Assessment

The pre and posfflight status of pilot pulmonary function tests (PFT) has been considered an
important clue of lowevel inflammation, hypoxia, and oxidative stress. The normal range of
PFT is highly variable and so repeat measures are required tlisestebtral tendencies and
within-and betweeipilot variance components. The current procedure includes four
measurements per flight: a measurement prior to donning of equipment and prior to entry into
the jet (predon), postdonning in the jet (prdlight), postflight in the jet (posflight), and post
doffing on the ground (postoff). The difference between prand posflight measures are
indicative of that particular flight impact on the pilot PFT.

PBA provides a standardized method designed tdigkter pilots to collect this information as
well as a small sample baseline of data to compare other samples against. In terms of a within
subject samples, each pilot is observed multiple times across several conditions to provide a
longitudinal dataet. Prepost flight variations may inform the current equipage and impact to
the pilot breathing. Further investigation may include indications of increased hazardous event
potential projections. For example, variations intight values may provide agtential

indication of a predisposition to an adverse breathing event, anfligbsvalues and indication

of a hazardous event-ftight.

The extra time and disruption to normal operations incurred with pilot PFT monitoring is of
concern. Furthermoréight-line PFT monitoring is very difficult to accomplish in windy, bright

sun, and hot conditions as the handheld instrumentation is designed for indoor use. As such, this
type of investigation is recommended for periodic discovery and assessmest araiutine

procedure for all flightsorties across the military?BA successfully conducted detailed

spirometry testing for 44 flights, and pulse oximetry for 43 flights, across all PBA pilots. Results
are discussed in Technical Section 7.

PBA Pilot Questionnaires and Interviews

Often pilots will not volunteer personal feelings or observations unless asked; this part of the
report describes how to get such probative informat@bjective measurements can only tell a
part of the story; it was crucidiat the PBA study also addressed pilot perceptions and
observations. To identify the parameters of a subjective experience, data must be gathered,
analyzed, and interpreted questionnaire is the primary method of measurement foreyedirt
psychologial phenomenaThesesubjective data are based entirely on the indivigual
perspective. Objective data are those collected using an outside measuiimemicombined,
subjective data can provide context for trends observed in the objectivd-da@ample, an
individual might subjectively report experiencing symptoms they perceive to be an altitude
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fluctuation. The actual altitude of the cockpit can be measured objectively by way of altimeter
readings.These altitude measurements can confirm otedhe subjective report of an altitude
change.This information can help guide the appropriate mitigation strategy.

NASA/NESC implemented a detailed scientific questionnaire to colleetessitted

psychological phenomend.hese questionnaires were used to collect psychophysiological and
individual difference data not otherwise available in the objectivesiegams. These self

report data include observations of minor physiological effects suiaes popping brief

nausea, slight dizziness, and other discomforts, as well as more severe (temporary) disturbances
such as disorientation, headache, tunnel vision, and air hunger that could affect flight
performance.Such individual and subjective differences are expeciéelp understand data
variations not otherwise explainable by objective measures within the $tuele data establish

a baseline for subjective experience in the flight deck, improve outlier identification, and enable
advanced observation interpretagoif hese additional data may help to provide insight into data
patterns beyond the basdfegilOX and aircraft sensors.

Data Curation: Data Types
Briefly, the PBA datastreams represent continuous data for two distinct categories of variables:

1. Dependent ariables continuous measurements and calculations of pilot physiological
response parameters, including breathing rates, breath volumes, breath flows, breathing
pressureQ. usage, etc.

2. Independent variables continuous measurements of aircraft pararmsetacluding
altitude, speed, acceleration-{@ce), cabin pressure, etc.
Together, these two categories represent the clasarafom effect3continuous data that
change within flights.

Additionally, the random effects datasets are tagged with-daancluding date, time, flight#,
pilot#, aircraft i.d., flight profile, regulator type, mask type, etc.; these are referredifioesals
effect® data that do not change within flights.

Data Curation: VigilOX Data

TheVigilOX ISB data and ESB data were recorded in a tabular format as separati flase

of a 2seater aircraft, there were four separate files, with the Aircraft recorded parameters being
the fifth file. Although theVigilOX equipment does have a clock cdpatil outputting time to

the thousandth of a second, its precision as far as setting and keeping accurate time, were not
designed to remain driftee and accurate to 1/20th of a secomtus, the data received was not
true 20Hz data, but rathehe PBAteamreceived 1,200 readings per minute most of the time.

In the process of aligninghalation flowwith exhahtionflow it was discovered that 80 times

within an hour the system recorded anywhere frortoll@ readings at random times, just

enough tanake timebase alignments impossiblinstead a dynamic signal signature of mask
pressure and flow ratef-change to align the ISB and ESB data streams was chosen, after the
time-skips have been interpolateData range control was an important parthis process.
Cobham, th&/igilOX vendor has buiin fiBito records identifying different otdf-range events,

so users can search for the presence of such keywords. In some cases, unrealistic flow values
were tagged by thBDFRLO code, marking reverse floconditions. Based on manufacturer and
other services inputs, these were caused by the presence of condensation in the ESB hose.
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Certain flights had to be removed from summary statistics due to excessive DFRL, while in
others, PBA researchers developgathms to work around infrequent occurrences using
neighboring uAimpacted segments.

Data Curation: 20-Hz Data Processing

The PBA uses multiple data streams from systems with independent time bas®¥&gilthe

ISB and ESB data are acquired at a 2004d#e and subsequently processed to 20 Hz in real time
within the data loggers; other aircraft parameters, especially altitude and velocity, are derived
from additional sensors from the aircraft. The ISB and ESB required near perfect alignment
(within 0.03 seconds) to allow accurate assessment of witteéath flow and pressure profiles.

Each individual flight was curated as a master list o¥g@llOX and aircraft sensor data
streams, and then processed to assure that they were aligned in time. Seeasohdlighfs data
streams were tagged with metata data including date, time, flight#, pilot#, aircraft i.d., flight
profile, regulator type, mask type, etc. This was a difficult procedure as different aircraft,
VigilOX units, and mask/regulator ddtad to be individually curated initially until a common
framework was established.

TheVigilOX and Aircraft data alignment was also based on similar dynamic data signatures.
3-axis accelerometer data was not useful in its raw format, due to diffefeneee frames of

the systemsHowever, a composite acceleration vector was sufficient to apply a-signal
alignment tool (Matlab), which is focusing on aligning peak events to reduce the difference
between théwo signals.

Because PBA focuses on pilateathing inflight, the data sets were trimmed to weight arif

wheels. Not all the aircraft used had this parameter available, so velocity and angle were used to
automate this process (the altimeter fluctuations were too great to be used alamehe pilot
actuatedievent mark8 were extracted, and augmented by the captured event descriptions

(e.g, 5 G& Wind-up Turn, etc.).The resultingiUnifiedo file was the basis of future analyses.

As these individual flight files were later merged in saases, metadata identifying the flight
number, pilot ID, flight profile, Safety Pressure applied Y/N and others were added.

As a derived product, the 28z data was collapsed intendinute segments characterized by
statistical descriptive data for all raand some derived parameters (g33.concentration).

Data Curation: 1-min Flight Segments

The aligned 20 Hz data streams were recalculated into consecutiveflight segments for

each flight to facilitate subsequent modeling and calculation of dbgssal breathing

parameters. Each parameter was expressed as minimum, maximum, average, and standard
deviation within each flight minute. Additional columns were constructed as independent
variables, including total acceleration vectog)(@nd dependd variables defined as

differential mask pressure (DMP in mmHg), tidal volume (iVliters/breath), and breathing rate
(BR inBPM).

This data curation was especially important for the dependent variables, as these are generally
only used as-ininute segments. As an example, consider that there are instantaneous measures
of inhalation flow; to determine the breathing rate (BR)n@ahs per minute (BPM)}he number

of fipeak® of inhalation flow are counted within a specific minute. Similarly, theBBR/ is

NESC Document #: NES®P-18-01320, Vol. 1V.1.2 Page34 of 519



divided by the average of the inhalation flow in liters/minute within thiatute to estimate ¥in
liters/breath.

Data Curation: Flight Segments

The PBA had planned from the beginning to implement {ugton actuated segment markings,
with the foresight that attention to specific maneuvers, and tying the aircraft provided conditions
to pilot breathing will be importantTheseflevent mark® were then augmented by criteria
definitions using Altitude, Velocity, angle of attack (AOA) angles as needed.

Because flight profiles are created based on repeating segments, suckoffs thike, highG
maneuvers, descents, etc., the PBA ubkgilal Event Markers and parametric definitions to

define such segments, dramatically increasing the statistical significance of the rEsailts.

results of segment analysis with respect to breathing and air consumption aids characterizing
pilot needs dr various real mission profiles. Of note are the contrasts between ground breathing
rates of 11 BPM, contrasting with-fhight breathing rates of 1® 21 BPM, underlying the
importance ofitestasyoufly.o High-G maneuvers while ®reathing are also ted as higher

effort segments (higher mask pressures), but even more informative is the need for 20% higher
tidal volume by the pilots, in the minutes immediately following these-Giglegments, with

Minute Ventilation nearly twice the amount of that be ground. Lastly, long duration high

altitude flights show one of the higher masilessures (effort of breathing), with a moderate

return in air volume.

The following flight segments were considered for further correlation analyses, independent of
the flight profile under which they occurred:

Flight Segment Descriptions

Ground On tarmac, Mask On, mostly pfigght

Takeoff From Weightoff-wheels to 2.1 kft AGL

Mil Power Ascent | Post Takeoff, 5.5 kft per minute, 27 deg max pitch
Max AB Climb 12.6kft per minute with After Burner, 47 deg pitch
Low Boom dive | 14 kit dive, with the purpose of reaching > Mach 1

High G Criteria > 3.5G6. Max measured 5.36

Post G Recovery, first 23 minutes after G breathing

40 Kft High Altitude, lowpressure, long 1 hour duration
Sonic Criteria > 0.9 Mach, to as high as 1.3 Mach

OBOGS Descent | Long duration descent from 40 kft, > 10 minutes
Combat Descent | Fast descent at 45 deg, dropping 17 kft/minute
Airline Descent Slow descent, ldlegrees, 3 kft/minute

These flight segments represent a form of hybndidute data stream; technically, they might

be consideredfixed effect® for modeling purposes, however, in a practical sense they represent
a mult-level variable across all dataat could be treated asi@ndom effeaias well. These

flight segment categories were identified from the originaH2@atastreams, and subsequently
assigned to their respective flight minutes within thmifiute curated data sets.

This serves asrfer resolution of the airplane independent variable céiRedfiled; consider that
Profile B @erobaticsmay represent most-aneuvers, however, these are not restricted just to
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Profile B as Profiles D and F also includen@aneuvers. As sh, an analyis using only the
profile fixed effect might lose statistical power iffGrce is an important parameter for pilot
response.

Detailed information regarding data curation and flight segment analysis are provided in
Technical Sections 4, 5, and 6.

Data Interpretation
Data Interpretation: 20-Hz data

High resolution data are the basis for all subsequent breathing observations. They were used to
calculate a variety diper minut® parameters for assessing pilot breathing. Before data

reduction into Amiunte snoothed blocks, 281z data have the advantage of showing stesrh
anomalies and instantaneous rates of breathing parameters. However, they are subject to
detector noise, electrical interference, and sample acquisition irregularities. Furthermase, at th
data rate, 1,200 values/minute are dealt with for ~25 sensor streams (depending on exact
configuration) for typical 68ninutelong flights. This results in about 1.8 million measurements
per flight, which is an overwhelming amount of information tocess. As such, 28z data
observation were generally relegated to investigating short sections of flights (a minute or so at a
time), that had been flaggedasteresting, and had been curated for sensor dropouts.

Specifically, 20Hz data were used &xplore instantaneous flow demands, mask valve

sequencing, withibreath volume changes, regulator response, and other fast phenomena. These
data also demonstrated where sensor placement could be improved, especially for exhaled water,
02 and CQ that were subject to mixing and delays in the tubing leading to the ESB detectors

Data Use: tminute Data Blocks

A 1-minute resolution data provided the common baseline in that all sensor streams can be
compared in the same format. Furthermore, farmation is lost, so despite the common
(lower) resolution, any anomalies found aninute resolution can be reinvestigated at higher
resolution if necessary. There are three distinct uses ofrthiaute data: Summary statistics,
data visualization, ahmixedeffects models.

1. Summary statistics:Herein, all flightminutes are treated equally, regardless of metadata
such as flight profile, pilot, aircraft type, etc. The purpose is to understand the central
tendencies and extrema (min, max"@&rcenties, etc.) of pilot breathing needs. The
primary application of summary statistics is for the dependent (pilot breathing)
parameters that show how much air a pilot actually requires during a wide range of real
world flight minutes.

2. Datavisualization: It is important to see data beyond complex tables of statistics. Two
forms of data visualization were used to explain patterns, trends, and comparisons. The
first was theiQQ-ploto which is a hybrid graphical tool that shows the distrdrubf
continuous variables and also the location of outlier measurements. The second is the
fiHeat Ma@ which is a coloicoded array of all individual data points organized by flight
minute on the saxis, and by flight/pilot/profile, etc. blocks on theyis. This pictorial
form allows the reader to quickly see trends based on color code, as well-astpick
individual data points of interest according to their labelgdcrordinates.
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3. Mixed-effects models:Herein, all independent data (aircraftalancluding altitude, &
force, cabin pressure, etc.) are used in separate multivariate models to assess how they
influence each of the breathing outcome parameters such as liteBRMnliters/breath,
and differential mask pressure. These analysesd&dwo functions: first, they assess
how important specific independent (aircraft) parameters are in changing breathing
behavior, and second, they estimate the amount of variance in pilot breathing behavior that
is intrinsic to the pilot, and how muchniance is attributable to the aircraft.

For this report, a set of 50 flights were curated and used to develop these summary statistics, data
graphs, and mixed effects models. Flights were selected to represent at least 45 flight minutes, a
full dataset oboth ISB and ESB sensors, and to have completed all of the maneuvers of the
particular scripted profile. Selection details have been described in Technical Section 1.

Data Use: Improving Instrumentation

As certain aspects of thégilOX sensor blocks were still in development throughout the PBA
study; researchers constantly evaluated the quality of sensors and respective data acquisition.
Results from 2€Hz data streams indicated a variety of intermittent data anomalieshaisee
mismaches, and other sensor disruptions. This prompted an ancillary route of inquiry into
specific issues regarding reahe data processing as well as evaluations for data acquisition
frequency needed to assess different withneath parameters and the @@exy of flow data
integrations. Sensor issues were addressed and corrected as possible. Subsequent mixed effects
models showed that differences in sensors did not affect the global results of the study or
summary statistics. Furthermore, observatiomatphysical sensor issues such as proximity to
the pilot and humidity accumulation in the ESB indicated that additional engineering changes
may be required.

An important outgrowth of this part of the investigation revolved around the recognition that the
ESB sensor channels fop, water, andCO;were not capable of resolving the changes within
individual breaths. This was not a flaw in the sensors, but rather a physical mixing issue dictated
by the required distance in the tubing run from the mask exbralalve to the ESB. This

exhalation tubing needed sufficient width and volume to avoid downstream breathing back
pressure that then became a mixing chamber. The overall smoothed data were sufficient to
monitor longer term fluctuations in these exhgtadameters.

In response to these results, the PBA team initiated a collaborative program with the NASA Jet
Propulsion Laboratory (JPL) in Pasadena, CA to develop miniatdiizedaslo sensors. To

date, PBA has developed a sensor system forab@® watewvapor capable of rapid withibreath
sampling, have flightjualified a new mask that includes the sensor array, and have successfully
flight-tested a prototype. PBA is in the process of turning this new technology over to US
Department of Defense for findr development and deployment.

Details of PBA data interpretation and statistical results for Pilot breathing data are provided in
Technical Sections 4, and 5. Future sensor modifications and development are discussed in
Technical Section 9.

Physiologicd Interpretation: Background

The ultimate goal of PBA was to understand how the human and aircraft interaction may lead to
precursors of PEs and to develop data to inform future standards for breathing sy$tisnpsurt
of the study developed a medicaljsiological model for assessing the stresses encountered by
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the pilots during realistic flight conditiond’he empirical measurements and questionnaire data
were combined in this section to address the probabilities of developing cognitive dysfunction
due to hypoxia, atelectasis, inflammation, barotrauma, oxidative stress, nausea, or other
breathing/pressure related effects.

The previous NESC F/AS8 report concludes that PEs are primarily a hubvesed
phenomenonSecondly, the report concluded that hyjaas not solely a condition of
insufficient levels o0z in breathing gas; it is insufficient delivery of oxygen to tissues in the
body. An additional factor that was revealed in the Airway Breathing evaluations was that a
restriction of volume, regarelés of oxygen concentration, can lead to hypoXxtardly, a key to
reliable OBOGS and supply system performance is uniform operating condfonghly, the
previous reports from the various aircraft programs have a large amount of aircraft peréormanc
data, but a shortage of evidence directly related to the Human SyBtesrgap of information

is examined in the present PBA. As emphasized in previous reports, aircraft systems that
support human health are complex, dynamic, and should be inter#oisveequires a well
coordinatedfisystems approactio design requirements, interfaces and operations.

Physiological Interpretation: Human Response

Physiologically, the areas that were previously identified as increasing human susceptibility to
PEs are hyperoxia, absorption and acceleration atelectasis, and also increased external pressure
on the chest wall limiting inhaled volumes (previously equatetnhcreased work of breathing).

All of these lead to tissue hypoxia and the related moderate to severe symptoms. The PBA
evaluation was designed to specifically look at the human machine interactions, specifically
measuring the breathing dynamics anditifierences to lung parametershere were numerous
physiological impacts elucidated in the PBA stu@xceedances, both excessive and

insufficient, of normal physiological pressure, flow, volume, and concentratiOp aifthe mask

were delineatedExceeding high inspiratory and expiratory pressures were noted, that decreased
the inspiratory and expiratory volumes and ultimately the vital capacity. These can all lead to
hypoxia if left uncorrectedAlso, exceedingly high expiratory pressures can c@@eetention
andresult in circulatory depression and lung injury from over distention leadiognalative

trauma and altered breathing patterBtevated peak inspiratory pressures and mean airway
pressures have been shown to cause a reduction incatdput. Other issues in regulator and
mask interactions have revealed decreasing tidal volumes supplied to the 8ystmm

hysteresis leads to distinct increases in work of breathing as well as limited tidal voltimess.

will be discussed in dail in the Physiology section, Technical Section 7.

Some common misperceptions were refuted in the stQue is that th€. concentration that is
produced by the system is the same as in the nfsirations in pressures and volumes at the
mask can deease the amount @f> delivered to the pilot and result in hypoxi@pecifically, if

the aircraft is not able to provide adequate flow, volume or concentrat@ntofcompensate

for the lower partial pressure Gk at altitude, tissue hypoxia result&nother is that pilots will
hyperventilate.No indications of exceedingly high minute volumes were delineated, but exactly
the opposite was found.

Details of PBA study design with respect to pilot physiological response and health effects are
provided inTechnical Section 7.
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Subjective Data Analysis
Informal Interviews

Throughout the PBA study, tiRBA team conducted a series of informal interviews with pilots
on a random basis; some of these were volunteered by the pilots themselves, others were
requested by team members. This also included interviews ¥@8hgHots who were not part of
the designe®BA program but were available on ath hocbasis. These interviews were
informal, and queried pilofstate of mind and recent flight experiences. Some of the most
important information came from these interviews in the sense thBiBihéeam gained isight
into the smaller perturbations that occurred in flight, that pilots generally regard as too minor to
report. These included comments that some jet8oack breatheds that there were times when
exhaling was more difficult, that there was somehgligir hungeo on inhalation, etc. After
compilation of these comments, tABA team found commonality in lovevel effects from the
pilot-aircraft interaction and could begin to investigate associations with flight activities and
breathing gear type.

Formal Questionnaires

The PBA questionnaire included three sectionsspudy, preflight, postflight. Results from
guestionnaires were coded using Likert scales and composited similarly to the empirical
summary measurement data in that nuita was attded. In addition, verbal descriptions from
interviews were included as available. Questionnaires were compiled and assessed in composite
to evaluate differences in pilot experience between subgctssame pilot, different profile)

and within subjectée.g.,different pilot, same profile). Features of interest include pilot, profile,
equipage, aircraft position, and transient individual differenegg,§leep, nutrition, hydration,

and other recent flight activity).

Details of PBA subjective data slyidesign and questionnaire results are provided in
Appendix9.

Beyond PBAT Application of Data

The data collected throughout PBA correspond to a relatively narrow and specific set of
pilot/aircraft/flight environment interactions. The PBA aircraft bnesg systems were all
supplied with LOX; specific configurations including diluter demand and safety pressure are
discussed in Technical Sections 1, 2 and 6. All flight tests were conducted at the NASA
Armstrong Flight Research Center (AFRC) at Edwards, There were two basic
configurations for aircrew equipment and harness configuration tested, repre&iSitiagd
USAF style gear.

This relatively narrow set of test conditions limits the scope for generalization, but it affords an
opportunity to servas a reference of comparison for other pilot/aircraft/flight environment
configurations. Because the PBA maneuvers were scripted, and repeat tests were made, the PBA
data can be used for comparison purposes in a statistically rigorous way. BecaiBs® dataP

is collected, compiled, and archived in an annotated database, specific flight segments from PBA
can be compared to data collected from different aircraft flying similar flight segments.

PBA data may be useful for understanding complex pilot/aircraft/flight environment interaction
issues for other types of military aircratft if they fly similar profiles. Baseline breathing
parameters from PBA can be used to put future flights into contdxh the PBA framework.
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Some examples of possible cross platform comparisons include:

1 Comparing regulator hysteresis trends collected during PBA to regulator hysteresis trends
from different types of regulatorsparticularly electronically controlleaegulators.

1 Comparing breathing cadences, breathing inhalation/exhalation ratios, and breathing flow
profiles collected during PBA to breathing data collected on trainer aircraft with smaller
engines and reduced E@Ruscle pressure.

1 Comparing the maximunmhalation velocity and maximum inhalation breathing volume
collected during PBA to peak breathing collected with different aircrew equipment and
different harness configurations.

1 Comparing the variability of partial pressure@f ppQ, andO> percentage, p9
collected during PBA to the respective variability during tests of aircraft systems that use
OBOGS.

Details of PBA study outcomes that are applicable to other aircraft, environmental control
systems, and breathing gear are provided in fieahSections 8 and 9.

OBOGS Breathing Systems

Any possible effects of the OBOGS breathing system were removed from the PBA study with
the implementation of LOX breathing gas available in the NASA AFRC aircraft. The PBA
explored what has been deemed st bease scenar@ or at least a scenario wherein fluctuations

in aircraft bleed air and OBOGS timing cannot change the breathing gas supply. As such, flows
and pressures that are required by the pilot were able to be defined when breathing a stable
known supply, and then provide guidance for concentrations, flows and pressures to be supplied
by aircraft actually using OBOGS.

Other Aircraft Types

The information gleaned from the PBA study reflects new insights into pilot breathing
requirements, and theteraction between pilot and aircraft gear. As such, this work can be
translated to assess other aircraft types using different mask/regulator configurations. In fact, an
addendum reporting groutidsts data for breathing gear in tw@% jets is provide.

Additionally, the application of PBA derived metrics to tests of any military jets when collecting
VigilOX style breathing data have been discussed. These tests are described in detail in
Technical Sections 6 and 10.

Other Masks and Regulator Configurations

Although not discussed in detail, any other mask/regulator configurations could be tested as long
as they can be retrofitted foigilOX equipment.

Holistic Aircraft Flight Evaluations

PBA has documented some anomalies that are likely causedbirgi&thing equipment that

was broken, contaminated, or otherwise out of specification. Without PBA data, these kinds of
anomalies in pilot breathing equipment could not be verified or documented, nor would it be
possible to collect reliable data abdug severity or frequency of such problems. These data
have provided a series of potential failure modes of mask and regulator components that are
investigated in detail.

Such failures are subtle, and so NESC/NASA proposes a concept for mitigatinggadvers
outcomes by using periodic breathiagcraft interaction test flights with full PBA
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instrumentation. These tests would provide a benchmark for breathing gear performance, much
like current checlout flights document aircraft performance.

Details of PBAstudy outcomes are discussed for developing-pilaraft interactioriicheck
outd flights for all military aircraft, environmental control systems, and breathing Beaults
are provided in Technical Section 10.

Description of Technical Sections

After this introduction, the next major part of this report is comprised of a series of technical
sections. The first 10 sections provide descriptions, analyses and results for specific PBA topics.
In addition, a detailed PBA almanac of relevant measurem&ntdd metadata is provided as a
separate Technical Section 11, and an annotated summary of findings, observatibiES@nd
recommendations (FORS) are listed in Technical SecdorFinally, Technical Section 13

provides an overview of how PBA methodgyowas applied to two-B5 ground tests, the details

of which are discussed in AppendixThe technical sections are meant to each stand alone; that
is, they each tell individual stories from implementation to ultimate results.

The following topics, asrganized by Technical Section number, comprise the main body of the
PBA report:

1. PBA Study Design Description of PBA study design; provides metadata, pilot
parameters, aircraft specifications, mask and regulator specificationspfiodikts, and
breakdown of all flights and respective categories.

2. Fundaments of Pilot BreathinBescription ofinormab human breathing at atmospheric
pressures an@; concentrations and the relationship with pilob-demana breathing
systems at altitusl

3. PBA-Unique Sensor SysteniBhe selection, history, complexity, accuracy, and precision
of VigilOX system sensors (and other aircraft sensors) to evaluate their probative value for
different breathing assessment needs.

4. Data Curation and AlignmenEuraton and alignment of all data streams; removal of
errors, identification of dropouts, and synchronization of timing from disparate sensor
systems.

5. Statistical Analysis of Pilot Breathingresentation of summary information, data
visualization, and statistical analyses of pilot breathing needs within the contextiof 1
resolution breathing data.

6. Engineering Analysis of Pilot BreathinQetailed investigation of observed anomalies in
pilot breathing response, especially in 20 Hz resolution to identify stressful flight
conditions and diagnose breathing gear abnormalities or failures.

7. Pilot Physiology and Medical Outcomésterpretation of all human response data within
the context of humaphysiology and medical outcomes, including-faned postlight
pulmonary function testing.

8. Non-PBA Aircraft Analysis and Lessons of PBA Data for Other Breathing Systems
Interpretation of PBA results within the context of other aircraft types and lwathing
supplies/gear.

9. Sensor Status and Future DevelopmEnrgluation the current state of the sensor systems
and provide guidance for future changes in hardware and software, especidityil(@X
ESB.
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10.Development of a Diagnostic Test offitight Breathing System Performand2evelop
flight testing protocols for identifying potentidibadacto jets and breathing gear
routinely before more serious problems arise.

11. Almanac of Pilot BreathingCompilation of all flights and resultant data.

12.0xygen Transport Model (OTM)Exploration of oxygen transport from regulator to mask
to lungs to pilot organs and brain.

13.Case Example ApplicationThe F35 Lightning It Ancillary report describing breathing
parameters collected from two ground tests-8b jets.

14.Findings, Observations and Recommendations (FORsihotated list of all FOB
resulting from the PBA study.

15. Acronymsand Abbreviations

Appendices(Volume 1)

The PBA report includes a series of appendices that provide additional detaitethiirda and
data for the interested reader; they are called out for reference within the technical sections as
appropriate. The following list provides the topics for the appendices:

1. Additional information for Technical Section 1; PBA Study design

Additional information for Technical Section 2; Fundamentals of Pilot Breathing
Additional information for Technical Section BigilOX sensors

Additional information for Technical Section 7; Pilot Physiology

Additional information for Technical Section Bevelopment of JPL Mask
Additional information for Technical Section 10; Standardization of test flights
F-35 Pilot Interviews and Ground Test Data

Pilot Breathing Assessment (PBA) Considerations on NEEA-18 PE Report (2017)
and Other Issues

9. Results of Pilot Questionnaires and interviews

10. Description of PBA Machine Learning software tools

11.Glossary of PBA terms

N OA WD

Summary of Introduction

The preceding introductory materials serve to outline the overall PBA project. They are
organized by sectionkadt reflect the different segments of the readership; that is, the early
sections refer to the logic behind the study design (planners), the middle sections describe the
implementation (engineering), and the later sections describe the use of the ateatedid
ultimately to make modifications (mitigation). These different aspects of the study described in
this introduction are left deliberately broad, and do not provide specific outcome information.
The introduction is intended to give the readersHgeafor the concepts, complexity, and scope
of embarking on such a difficult problem. In the next major section of the report entitled
fiTechnical Sectiorts the topics mentioned in the Introduction are each dissected in detail and
results presented. ltimate results are then presented in tabular form within the major Section
entitlediPBA Findings and NESC Recommendati@tesprovide guidance for future

interpretation and ultimate reduction in PE occurrences.
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Techni cal Section 1: PBA Study Design
Scientific study design of PBA
1.0l ntroduction

11 Rationale for PBA

F-22 and FA-18investigationsonducted by the NESC indicated tR&isare a result of
complex pilotaircraft interaction (NESC, 2012; NESC, 2017Roth studies reported that there
wasa dearth ofn-flight breathing data available.g.,breathing frequency, flow raeair
consumption, and mask pressures$hed light orthe complexO; delivery process to thgilot
while flying high performance aircrafin addition, key aircraft parameters such as cabin
pressure, inlet regulator pressure, instantaneous flow estesyere also not measured or
recorded.

PBA wasinitiated in 20180 usecommerciallyavailable instruments to measure pilot breathing,
aircraft performance parameters, and to combine aircraft data and breathing data in a single, time
synchronized dateet Thethree main goalef PBA wereto develop processes and methods to
measure these parameters that is standardized, systematic, and relatively easy to perform;
develop new instrumentation systems that are smaller, lighter, more capable, and mgre energ
efficient; and assist in better understanding the causes of PEs. An importsidieratiorof

PBA was to develop and apply data collection and analysis methoddhtéabrganizations

could adopt for widespread use.

12  Literature Comparisons for PBA

There are a number of published articles that describe the breathing parameters and physiological
workload of pilots; most are based on simulator or centrifuge measurements, and many tend to
focus on commercial aircraft. However, there are four studesatddress PBA style

instrumentation and observations for military applications. Lauritzen and Pfitsner (2003) and
Travis and Morgan (1994) discuss the issues surrounding pressure breathing, and Delgado et al.
(2018) and West (2013) discussfiight breathing sensor development. Only two publications

were found wherein the authors documenrfight pilot breathing measurements from jet

aircraft. The earliest is a 1987 NATO report based on the British RAF Hawkeer T7

trainer wherein the authors kainflight measurements of breathing frequency, inspiratory

minute volume, inhalation peak (instantaneous) flow, anetidaticarbon dioxide (Cg) tension
(Harding 1987).0f particular interest in this report are estimates ofithetabolic cost of

flyingo as calculated by the conversion@fto CQ. This work represents 46 flights and 18

different pilots. The second publication is a USN report that studied a varitg raift

including F14, F/A18, A6, A7, and S8 (Gordge 1993). This work presents data from 51

flights and 41 different pilots with measurements of inhalation peak (instantaneous) flow, breath
tidal volume, and breathing frequency.

While these studiegpresent important contributions to scientific literatuesther study

provided detailed analyses of data, nor was capable of allowing repeat measures analysis due to
the apparent random assignments of pilots, aircraft, and flight prddikeéably, theHarding and
Gordge data do not provide distributions, confidence levels, or other statistical descriptors
beyond the 97.5 percentile, which were also incomplete.
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PBA was uniquely designed tavestigae timing, pressure, volume and flow parameters git-hi
resolution (20 Hz) sufficient to resolve the shape of individual breaths and perform frequency
analysesThis capability enabled number of new phenomena regarding pressure/flow

hysteresis, inhalation/exhalation mismatches, and other small systetnibaeonsto be the

identified in inflight breathing data. These phenomena choaaitribute to pilot fatigue,

distraction, and hypoxia. PB&lsousal the detailed flightminute data to assess the

distributions, trends, and outliers for a comprehensgtef pilot breathing parameters beyond

these early studies. Furthermore, the intentional repeat measures design wherein pilots repeat the
same profiles, etc. allow additional detailed analyses with mixed effects models that provide
additional insightsnto assessing variance components which will ultimately help decide which
pilot-aircraft interactions have the most effect on pilot breathing stress. The Gordge and Harding
studies while novel and importantould not be used for these kinds of analyses

13  Oxygen Transport Model (OTM)

How do PEs occurThere are multiple etiologies, most likely causing some form of reddged
deliveryto organs, most importantly the braiRrevious NESC work evaluating fldeEsin the
F/IA-18 and E/A18 develope@nOTM to identify theOz losses that occwalong the circuitous
path from the breathing system source all the way to the tissues of tiée mitonh(Figure 1.1
NESC, 201Y. A keyfinding of this study wasecognizimg the lack of specificin-flight human
breathing data to quantitativgbmnpointwhere the transport @> breaks down along this path.
PBA was designed to provide hard evidence for elusive paddbe PE puzzle and to better
understand how the pil@ physiologyinteracts with airplane systems, and how these
interactions may influence @ansport.

Oxygen Transport Model

Hypoxia (that affects cognitive function) is not insufficient O, in the plenum, it is insufficient supply of oxygen delivered to the brain

Systems Interactions:
Aircraft Systems Only

System Interactions:
Many Significant Aircraft Systems / Human Systems Interactions Brain

Oxygen
Levels

Healthy, fully oxygenated

Onset of hypoxia symptoms

Loss of consciousness

Respiratory Pulmonary Circulatory
(0, delivery to lungs) (0, delivery from lungs to blood) (0, delivery by blood to brain)

Oxygen Supply to mask

Gas Supply: Respiratory: Pulmonic: Circulatory:
0 1. OBOGS feed pressure 1. ACE Fit 1. Health 1. Hydration
9 2. OBOGS vent pressure 2.  Work of breathing 2. Hydration 2. 0O, exposure
o 3. Flow demand 3. Pressure breathing 3. G-atelectasis 3. G-history
b= 4. Humidity 4. Task levels 4. Above schedule O, 4. G-load
§ 5. Contamination 5. Cabin pressure 5. Priming 5. CO, levels
) 6. Pressure variability 6. G-scheduling 6. Non-script. meds. 6. VOCs in blood
g 7. Leaks 7. G-load 7. Human factors 7. Oxidative stress
g 8. Storage temp. swings 8. Human factors 8. Environment 8. Human factors
9. Mask discipline 9. Pressure variations 9. Pressure variations 9. Environment
Available evidence Available evidence in flight: Available evidence post flight:
OBOGS DEDG status none medical symptoms

Figure 1.1. TheOTM (NESC, 2017
The concept describes the potential loss mechanisms@yf starting with the gas supply, and
progressing through inhalation, pulmonary uptake, and distribution tfo the organs and brain by the
circulatory system.
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14  Unique Features of PBADesign
14.1 Aircraft

Figure 1.2 shows the aircraft types, models, andtaiibers flown at NASA AFRC in support

of PBA. Two F/A18A models (singlseat), two F/AL8B models (duaseat), and two 5D

models (dual seat) were used toXli5dedicated sortieg\ unique feature of these aircraft is

they are equipped with LOX suppsystems rather than more recent fighter aircraft that use On
board OBOGS. The use of LOX jets is key in reducing the confounding factors associated with
OBOGS performance in identifying the cause of PEs. LOX jets were able to provide a steady
flow of O independent of the variables that have affected OBOGS ougpgtsTfirottle

position limited plenum volumeQ- level). This allowed the PBA team to concentrate more on
the pilot physiology without theariability an OBOGS would introduce to the data.

F/A-18 Hornets (Navy) F-15 Eagles (USAF)

_ F-15D 884
Tail No. 884
(dual seat)

Tail No. 897
(dual seat)

Tail Nos. 843, 850

(single seats)

Figure 1.2. NASA AFRC Aircraft used in PBA
(Legacy, LOX breathing systems)

14.2 Pilots

The PBA pilots were all highly experienced and vesllicated. All have engineering degrees

(most with mastero6s degrees) andEaahpi#othgssaaduat e
average of 22 years of flight test experience and 26 years as flight instructors. Each pilot has

flown an average of 7220 hours across a variety of aircraft, 3158 hours of which have been in

high performance jets in various configurasoAll PBA research pilots were male, and self

identified as Caucasian. The average age of pilots was 54.8 years (SD = 2.56), height was 72

inches (SD = 1.73), and weight in Ibs was 186.6 (SD = 18.28).

Each of the five NASA AFRC pilots flew an average2@fsorties for the PBA, flying multiple

sorties following six scripted flight profiles. Additional data were also gathered on so called
Airtade ngo f | i ght-andbreathingddta werk reciided o aanibmérference

basis by another praje Flights were conducted using both USAF and USN Aircrew Flight

Equi pment (AFE) to discover i f the equipment

Although limiting the study to five pilots sacrificed some generalizability to the overall pilot
population, it allowed the unique ability for withiand betweeiparameter statistical analyses of

NESC Document #: NES®P-18-01320, Vol. 1V.1.2 Page47of 519



the various profiles, flight activities, and aircrew equipment configurations as they could all be
repeated by the same individuals within the logistical waimgs of the study.

The pilots proved to be a valuable resourcebfith gathering and interpretiniget data collected.
Their training and experience helped them to recognize the subtle effects of the different AFE
configurations and minor equipment riogdctions as well as the differences in breathing needs
while flying different profiles.

An important recommendation coming out of the NESC briefings to USN leadership in 2017 was
the admonition td@iListen to your piloté (NESC,2017). In many instances during PBA the pilots
gave immediate feedback on the effects or anomalies they experienced during flight. This
feedback was captured at tintasough inflight communication between the pilot atiee

control room staffDetailed n-flight comments were alswoted on their flight cards, relayed in
postflight debriefs and captured in their pdght written reports. This information was

instrumental in guiding PBA analysts to a more focused investigation. With pilots serving as a
first-alert system, analysts could quickly evaluate what the aircraft was doing, where it was in the
air, and how the pild@ breathing parameters were affected. In one such example, two different
pilots flying the same profile experienced breathing diffies on two different days. They flew

the same jet, the same maneuvers, but each one independently experienced the same phenomena
at the same place in the profile. These experktest pilots, who were not expecting issues

during the flight, both expemced the same problem with their breathing. Walhed PBA

pilots served as the first line cbmmunicatiorfor bad-breathing jets or faulty AFE by noting
unexpected breathing results. They were often able to report subtleties in breathing dyypamics b
stating thafisomething wagi right when | did my second squirrel cager fil felt like | was
overbreathing the regulator and coudilget enough air The following excerpt from a PBA

pilotés postflight report serves as an example of imporfaf#tad used by PBA to focus on

particular features in thmeasurediata:

Flight 69: Event Mark 3 at 13:38:162 min of relaxed normal breathirgnoticed slight
stickiness of valve on inhalation; required slightly more than normal effort on inhalation
(however ités not unusual for the mask valve to exhibit this behavior).

Event Mark 4 at 13:40:53Time to take 10 normal breaths: 86 setfelt as if the
slight restriction to airflow caused by the mask and hose slowed down my breathing and
resulted in it taking longer for 10 breaths than earlier with the maskndo

Suchfeedbackwvas extremelelpful to dataanalyss as it could alert them quickly to a potential
problem and help them to identify precisely when in the flight profile the problem happened.
This information gave analysts detailed information on whetdook in thdlight dataand

helped them better understand what specific anomalies, like sticky inhalation valves, look like in
the breathing data.

1.4.3 Life Support Specialists(LSS)

A significant consequence of modern fighter aircraft design ysdhe easily produce conditions
that are well beyond the limits of what the human flying these machines can safely endure. The
Life Support Specialist has the important job, among many, of maintaining ths piicrew

Flight Equipment (AFE). This equipent comprise the essential pieces of hardware designed to
meet the pilass physiological needs during the highly dynamic conditions produced by these
high-performance aircratft.
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The AFRCGPBA Life Support team consisted of three highly experienced Life @tipp
Specialists (LSS)The LSS teamvasable diagnose subtle peatight anomaliesn pilot AFE and
aircraft life support systermrend could confirm pilot observations of breathing discomfort
encountered during flighThey were an important resource for the PBA team to better
understand factors in the AFE that might have affected the test résdtsSS team has an
average of 36 garsof experience in the field, 30 years of which was in direct supp®@bbf
high performance aircraft and have taught the discipline for over 22 years.

In addition to the traditional AFE worn by PBA pilots, adlight in-situ portable physiological
monitoring system, calledigilOX (Cobham Missions Systems, Orchard Park)N¥asused to
monitor breathing and aircraft parameters. Techmletdils abouVigilOX are provided in
Technical Sectio. VigilOX was designed to be worn by pilots as pathefr AFE. Integrating
and flying these onef-a-kind developmental units, along with conventional gear, required a
high level of life support expertise. AFRC L8&%pertise was instrumentalr the integration of
VigilOX within bothUSN andUSAF AFE to acleve the stringeridoD AFE requirements as

well asto gathera reliable, consistent, and robust dataset for PBA. LSS kept the AFE in good
working condition throughout the program and, as the list below shows, they performed a myriad
of functions for the asessment. In addition to the day of flight activities, the LSS conducted
benchlevel testing, continually swapped USAF and USN AFE on the pilot and in the jets and
played an important role in achiag successful results of AFE during whidhast testing.

The LSS teamverealsotechnically trained by a team of medical doctorplay an essential role

in gatheringmportant physiological parameters, like spirometry, capnography, and pulse
oximetry, before and after each flight. (Specific detailsh@nLSStraining is provided in

Technical Section 7). These data were gathered to help assess the effect that the gear and flight
profile had on pilot physiology. LSSs gathered this information from the pilbiv(opilots if a
dualseat aircraft was used) aufokey times for every flight. The first dataset was gathered
approximately one hour before the sortie with the pilot sitting in plain clothes in an office
environment. The second and third datasets were gathered immediately before and after the
sortie wih the pilots suitedip in flight gear while strapped in the cockpit. The fourth and final
data were taken at approximately one hour after flight, matching the first set of test conditions.
(Sectionl.6.2.4 provides details about the types of physiologésiing and equipment used.
Technical Section 7 for additional details about test protocols and results).

The LSS team supported each of the flights, from outfitting the pilots prior to each flight, to
mastering the use of physiological test equipmemhimidtering the tests, creating LSS reports

to document all the associated metadata for flight, and uploading the data from each of the
systems to a project server. Figure 1.3 shows examples of some of the roles performed by the life
support team.
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(@) ®) © (@)
Figure 1.3. NASA AFRC Life Support Specialists
(a) Pilot AFE fit checks, (bd) assisting pilot acquirespirometry and capnography measurements on
ramp under real-world weather conditions at Edwards AFB CA.

The list of tasks the LSSs perform for PBA on a daily basis is remarkably comprehensive and
varied. The following procedural list provides a snapshdaalay in the lifé of the LSS in
support of a typical PBA flight.

Day of flight
PreFlight
Pre-Crew Brief
- ldentify mission pilot(s) and determine flight equipment status
- ldentify mission aircraft and verify aircraft is in proper mission configuration
(USN, USAF)
- Inspect and prepare all flight AFE for each pilot flying PBA for the day:
masks, helmets, harnesses, breathing regulators, parachutes and survival kits
- Clean, repair, replace as necessary
- Inspect and prepare all PBA hardware, systems, sensors, (PBA hardware and
data systemy/igilOX, MadgeTech, Spirodocs, R&ds etc.)
- Calibrate systems as necessary, charge batteries, manage and verify capacity
of data cards for flights
- Configure flight eqipment per mission profild SN, USAF)
- Document all hardware metadata used for PBA through a Life Support
Metadata report
Crew Brief
- Support Crew brief; give life support status report
PostCrew Brief
- Administer 1st round of spirometry, capnography fetepilot (in
conference room)
- UploadPulmonary Function Testing?FT) data to server, maintain and
manage disk space
At Life Support ReadirRoom
- Help each pilot don AFE and fit check
- Walk out with pilot and assist in the jet
At Jet
- Configureaircraft with cockpit Madge Tech
- Assist pilots with aircraft integration
- Administer 2nd round of spirometry and capnography for each pilot
(at jetside)
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PostFlight
At Jet
- Meet aircraft in the chocks
- Administer 3rd round of spirometry and capnographyefh pilot (at jeside)
- Assist pilots will normal aircraft egress
- Return to the pilds ready room
At Life Support ReadirRoom
- Help each pilot doff AFE and debrief pilot on AFE fit and issues, if any
- Inspect AFE hardware, clean and repaiajgropriate
- DownloadVigilOX ISB/ESB data to Life Support Computer
- Upload to PBA data server
Crew Debrief
- Support Crew brief; give life support status report
Post debrief
- Administer 4th round of spirometry, capnography for each pilot (in conference
room)
- Collate all remaining PBA data and Upload data to server, maintain and manage
disk space
- Compete Life Support Metadata report and upload to PBA data server

1.4.4 Scripted Flight Profiles

A key design feature of PBAvastheuse ofscripted flight profiles to produce comprehensive,
time-synchronized datasets of pilot breathing together with key aircraft state parameters in a
consistent, systematic, methodical, and repeatable way. This was important not only for the PBA
team to be db to develop a statistical baseline for comparison across aircraft, AFE
configuration, and pilots, but also poovidea template folJ.S. military service$o consider
adapting.

The list below provides the names and siigteer descriptor for the sqtied profiles AH

developed and flowm PBA. Each profile was designed with specific detailed instructions for
the pilot to gather a comprehensive dataset of breathing response across a broad set of flight
conditions. These instructions were capturea set of flight cards that were executed for each
PBA sortie.

PBA Scripted Flight Profiles

- Profile A: HighAltitude

- Profile B: AerdBatics

- Profile C: Control

- Profile D: Down low

- Profile E: Elimination of Cabin Pressure

- Profile F: FunctionalCheck Flight

- Profile G:Ground only

- Profile H:Health Check Standardized FlightestProfile

These profiles are described in detail in subsequent Sediidn2l Profile H, described in
Technical Section 10, represents a compilation of manetheRBA team believes will
challenge a breathing system and help to identify anomalies and deficiencies. The project offers
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this profile as a standardized means to baseline specific aircraft and fleet performance as well as
to troubleshoot breathing system aradies and verify corrective actions. In addition, this

profile could be used to verify a new design against specifications and provide a measure for
production acceptance of new aircraft.

Figure 1.4 shows an example of a scripted maneuver to furthératkighe detail associated

with PBA profile scripting and documentation. Thigance cardfor Profile D, the low altitude
profile is shown, along with the specific flight catetailing some of thiow-level maneuvering.

The flight card contains annotais taken by the baedeat crew member during the flight. For

all sorties, the flight cards were discussed step by step infAghtecrew briefing, annotated

during flightby the pilot (and back seat aircrew, if applicapée)d discussed after eaclyhit in

a crew debrief. Figure 1.5 shows a PBA Pilot ready for flight with the flight cards strapped to his
leg.

™~

F-15.uz2%:2 ' PBAFlighttt 20 i Date: 33, cz57,
Limits: 40K PA with Recorder - ON
Altitude: 500-1,000 ft AGL
Velocity:
A e Low Level Maneuvering
PROFILE D: LOW LEVEL 1 bﬂm C Hea B /(,',' ;‘ﬂ}
A. Fly Low Level (500 - 1,000 ft AGL) in&’ i/
(EventMark: 4 - 194801 w3< (
~ 30 - 40 minutes ’i42(TRG A it ’zoc,;;b
‘Card DESCRIFTION ALT HKCAS ,
;}i Level Accel: (Event Mark: 202224 )~ n‘?fk
/ — 250 KCAS to 550 CAS zuog
1 | Takeoff & Climb - AR | — Mil Power % wunrz )
\ & e
2 | GExercise K [400450 ‘4 C. Level Decel: (Event Mark: __ -p 5‘!’ %}\
- ~ 550 KCAS t0 250 KCAS zuwt’ ! .7"5' /
300-1000° - Idle Power 3202030
3 | Low Level Maneuverinz 420 57m. 02188 (o N\
AGL
D. Level 360 Degree Turn (Event Mark 201915 110”}
4 | PopPattems AR AR - Mil Power . \7 L
- Maintain 400 KCAS (gt
3 RTB - Towrer flyby, Orverheads AR AR
Ops Check: SL__EQ23 © 2 -, n(
550Y
3
Dance Card for Profile D Card 3

Figure 1.4. Example ofScripted Flight Profile
Dance card for Profile D (left) and notes for low leveinaneuvers on Card 3 (right).
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Figure 1.5. PBA PilotReady for Flight
VigilOX ISB hose visible in front; flight cards strapped to pilots leg

15 Innovation in PBA Study

The PBA study developed a scientific experimental desigrgdragratedufficiently distributed

data to make a number of important, and heretofore unknown, statements about pilot breathing
interactions with aircraft parameters. Below a series of design protoeatiscussethat are

novel to such studies.

15.1 NovelRepeatMeasures Dsign

PBA was the first known attempt to draw meaningful conclusions of pilot breathing under a wide
variety of flight conditions with a focus on repeat measures. That is, PBA was designed to have
each pilot fly each profile in each type of aircraft astéao times. Such repeat measures allow
calculationgo be made of important parameters to betteterstand if flight to flight differences

are more likely due to differences among pilot or aircraft parameters, or if the variability is just
intrinsic toflying in general. Table 1.1 list types of repeat measures, referredseg@aents
captured during PBA. In some casa segment is a maneuver flown as part of a scripted profile,
or an inflight activity, such as étalking scripb that the pilots pdormed during the flight. The

table shows these segments, a brief description, and the number of segments gathered during the
PBA flight program. Theompilation of theseepeat segmentgcross all flight profilesre the
basis for the PiloBreathing Almanac presented in Taatal Section 11.
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Table 1.1. List of Repeat Masures forDevelopmentof an Almanac of Pilot Breathing

No. of

Segment Descriptions Segment
Ground On tarmac, Mask On, mostly pfiight 7
Takeoff FromWeightoff-wheels to 2.1 kft AGL 35
Military Power Climl{Post Takeoff, 5.5 kft per minute, 27 dellaximumpitch 29
MaximumAB Climb [12.6 kft per minute with After Burner, 47 deg pitch 16
Pop Pattern Climb to Altitude, then drop 3,000 ft; pull up 20
Low Boom dive 14 kft dive, with the purpose of reaching > Mach 1 18
HighG Criteria > 3.85@ Maximummeasured 5.25Q 93
PostG Recovery, first 3 minutes after G breathing 18
40 Kit High Altitude, low pressure, long 1 hour duration 7
Sonic Includes Transonic and Supersonic. Criteria > 0.9 Mach, up to 1.3 33
Combat Descent |Fast descent at 45 deg, dropping 17 kft/minute 26
Post Combat 2 minutes of recovery breathing, after Combat Descent

Descent 25
OBOGS Descent |Long duration descent from 40 kft, > 10 minutes 7
Post OBOGS descegRecovery period of 2 minutes, immediately following OBOGS desd 10
Airline Descent Slow descent, 1legrees, 3 kft/minute 15
Flight Baseline <1.5G@Q, 500 ft ALT delta, <7 deg Pitch 13
Talking Script Pilots talked irflight with mask on, following 2x 30 second scripts 40
MaximumBreath [Taken during Velocity < 300 KCAS, straight and lesighlly 3x repeat 35

PBA developed and used emsitu technigue to parse data from the eight different profiles into
these segmentén fiEvent mark was adigital mark in theVigilOX data which could later be

read automatically by analysis software to locate the beginning and/or end of a data segment.
event mark was introduced simultaneously to the ISB and ESB when the pileda ésgton

on asplittercable connected tooth sensor blocks. Event markade it easier for analysts to
segment and compare likght maneuversand event$rom different profiles

The flight cards specified an Event Mark immediately prior to the start of each maneuver or
event in the cards.nlsome cases, a second Event Mark was specified at the end of a maneuver
(usually long duration maneuvers) to bound the end of thefigtae 1.6 shows (a) the event

mark cable with the button and two ends of the splitter cable going Yagih®X I1SB and ESB,

(b) the location of the event mark cable ontf&N harness, (c) the list of event markers
associated with the 10 different events in a Profile A flight, and (d) where the event marks exist
during the flight time history.
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Figure 1.6 Event Mark Cable and its Location, List of Event Markers, and
Event Marks Location During Flight Time History
(a) Event Mark Cable with Button and Two Endsof Splitter Cable Going to VigilOX ISB and ESB,
(b) Location of Event Mark Cable on USN Harness, (c)List of Event Markers Associatedwith 10
Different Events in Profile A Flight, and (d) Where Event Marks Exist During Flight Time History
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