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APPHOACHLS 10 INFLIGIII EAR OXIMLTRY

I NTRODUC F I ON

The USAF School of Aerospace Medicine (USAFSAM), as part of its ongoing
research on aircrew physiological response, has been interested in the capa-
bility of noninvasive ,easurement of arterial oxygen saturation. For centri-
fuge experiments the floe,! ett-Packard ear oximeter, Model 47201A, has been
successfully used both at IJSAFSAM (1) and Cesewhere (2). However, the config-
uration of the Hewlett-Packard device is not suitable for inflight use. The
USAF School of Aerospace Medicine has therefore been interested in the
development of an ear oximeter that would meet the restrictive inflight
requirements associated with ease of use, reliability, size, weight, and power
needs (see specifications--Appendix A).

This report is a review of the history and present state-of-the-art of ear
oximetry with respect to its potential for inflight use. The report also con-

tains recommendations with respect to specifications and possible alternative
measurement techniques.

HISTORY

The observation that oxygenated blood is much more transparent to red
light than deoxygenated blood and that this characteristic could be used to
measure oxygen saturation is attributed to independent work by Kramer (3) and
Matthes (4). This method requires the measurement of the transmission of
light of a suitable wavelength through the blood. For this to be accomplished
noninvasively, the ear flap was suggested because of its thinness and high
vascul ari ty.

A single wavelength method is inadequate, however, because the volume of
blood and the amount and pigmentation of the intervening tissue also affect
transmittance. The addition of a second wavelength that has equal transmit-
tance through oxygenated and deoxygenated blood was suggested (5, 6). This
second wavelength provided a reference value for the blood and tissue volume
but still could not account for tissue effects.

It was therefore further suggested (7, 8) that a transmittance measurement
be made at both wavelengths on the "bloodless" ear by squeezing the blood from
the ear and that these values be used to correct those obtained during normal
blood flow. While this technique offered considerable improvement (and is the
basis for the currently available ear oximeter made by Waters Instruments,
Inc., Model 0-1100A), the method still contains significant technical and
practical difficulties that have resulted in this approach receiving limited
clinical acceptance. These difficulties are perhaps even more significant
with respect to inflight experimental use.

The difficulties are:

1. The bloodless ear is not truly bloodless and is somewhat difficult to
obtain.



2. The optical characteristics of the tissue of the conpressed ear differ
from those of the ear in the normal state.

3. Any movement of the ear piece results in a different optical pathway;
therefore, new bloodless calibrations must be frequently obtained.

4. To prevent movement, the ear piece must be tightly attached and the
forces required to do so may impede blood flow.

In addition to these hardware-oriented problems, high blood flow in the
ear is required at all times so that "arterialized" blood dominates the opti-
cal pathway. This high level of blood flow requires some kind of stimulation
of the ear, such as by rubbing, chemicals, or heat.

Little had been reported with respect to further improvements inearoxim-
etry prior to the introduction of the Hewlett-Packard device in the mid
1970s.

THE HEWLETT-PACKARD EAR OXIMETER

The Hewlett-Packard ear oximeter (Model 47201A) employs a system which
measures transmission at eight wavelengths between 650 and 1050 nm. Ear
hyperperfusion is maintained with a heater in the ear piece. This system
appears to eliminate most of the problems associated with the designs that use
only two wavelengths. A mechanical system is used to filter the high-
intensity light source into the eight required wavelengths and that system
adds considerably to the size and power requirements of the oximeter.

A universal calibration which converts the eight transmission levels to
percent oxygen saturation has been obtained through clinical trials and is
incorporated in the internal calculations of the machine. A detailed descrip-
tion of the device is available (9), and a number of papers on both the clini-
cal use (10-17) and the experimental use (1, 2, 18) of this equipment have
been published since its introduction. As noted above, although successfullyused in centrifuge experiments, the Hewl ett- Packard device does not meet the
inflight specifications.

OTHER EAR OXIMETERS

The USAFSAM has undertaken the development of two wavelength (640 and 805
nm) ear oximeters (19, 20). However, these devices, although technically
solphisticated, apparently did not solve the fundamental problem of probe move-
ment. In addition, the later device (20) was shown to be G-sensitive, with
this sensitivity being attributed to lamp filament effects (21).

The National Aviation and Space Administration (NASA) has also reported an
ear oximeter device of conventional two wavelength design (640 and 790 nm),
including an occluder for the bloodless calibration (22). No information is
given on movement artifact in the referenced document. The design and devel-
opment of the Hewlett-Packard ear oximeter also grew out of research initiated
by NASA on multiple wavelength devices.
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RELATLD LCHNOLOGIES

Closely related to the technology employed in ear oximetry are tile in
vitro determination of blood oxygen saturation, invasive fiber optic methods,
and reflectance oximetry.

The in vitro approaches utilize blood withdrawn frow the body, and trans-
mission is again measured near 640 and 800 nm as in the two wavelength ear
oximeter (23). In this application the interference of the ear tissue is, of
course, eliminated and the oethod is in widespread cominercial use (e.g., 24).
Three-wavelength in vitro devices are also available (e.g., the ILCO-Oximeter)
with the third wavelength providing increased accuracy and elimination of
carbon monoxide interference. In the fiber optic, invasive method, an arte-
rial catheter is introduced and the colorimetric measurement is made in the
flowing bloodstream (25) (e.g., Corning Oximetrix system which uses three
wavelengths (26)). Direct measurement with an arterial P02 electrode is also
possible (e.g., 1BC In-viv-OX), as well as mass spectrometer techniques using
an arterial catheter (e.g., Searle Medspect). Neither of these methods is
consistent with the USAFSAM requirement for noninvasive measurements.

In reflectance oximetry the same principles employed in ear oximetry are
used, but in this case the light is reflected from the skin rather than trans-
mitted through it. This method has been known for some time (27) and although
it has continued to be reported (28), it has not seemed to have found
practical use. The primary problem is the consistent extraction of useful
information from the back scattered light intensities due to the variable
effects of tissue pigmentation, local tissue anatomy, and blood volume.

All of the two-vavelength optical devices discussed above use a wavelength
near 800 nm for the compensating channel and a red wavelength near 640 nm for
oxyhemoglobin detection. More than two-wavelength devices cover a similar
portion of the spectrum (the Hewlett-Packard device covers 650 to 1050 nm).
Perhaps a more useful isobestic region exists between 1200 and 1400 nm (29).
This region coincides with high skin transparency and independence from skin
pigmentation.

POTENTIAL FOR INFLIGHT EAR OXIMETRY

The Hewlett-Packard ear oximeter has proved to be a very useful and reli-
able device but, as noted above, its current technology is not suitable for
inflight use as envisioned by USAFSAM, and redesign would not seem to be fea-
sible.

The fact that the traditional two-wavelength ear oximeter has received
little acceptance for clinical use because of fundamental problems in this
measurement technique suggests that further development for inflight use will
not be fruitful. At this time there does not seem to be any way to overcome
the need for the bloodless ear measurement, and even with this calibration
step, the problem of ear piece movement is likely to be very difficult to
overcome. Certainly any development proposal in this area should address
these particular points in depth.

3



The potential for using the isobec0 ic region dbove 1'0() n::i clay be worthy
of further developnent in that the available report suggests that it may elim-
inate the tissue artifact in the usual Lwo-wavelength device.

ALTERNATIVE TECHNOLOGIES

A relatively recent developent in noninvasive arterial oxygen measurement

is the transcutaneous oxygen electrode (30). These devices employ a combina-
tion heating element and a membrane-sealed oxygen electrode contained in a

single transducer head which is placed on the skin surface. The heating
element is necessary to induce local hyperemia so that arterialized blood will
be available. Oxygen in this arterialized blood equilibrates across the skin
surface and the membrane. At least three conerical versions of this type of
system are available (31, 32, 33). The major emphasis in the use of these
devices is in the monitoring of newborns with a secondary clinical interest in
adult intensive care (30). The advantage in newborns is their thin skin,
which allows wide latitude in transducer placement. In adults a relatively
thin region must be selected such as the area behind the ear. This equipment

is far less cumbersome and has much lower power requirements than the Hewlett-
Packard ear oximeter (Table 1) and may be more amenable to modification for
inflight use. Also shown in Table 1 are the data for the Waters ear oximeter
and the July 1978 USAFSAM specifications.

TABLE 1. A COMPARISON OF SIZE, WEIGHT, AND POWER

REQUIREMENTS OF VARIOUS OXIMETRY SYSTEMS

Ear oximeters Transcutaneous USAFSAM

Hewl ett- Requirements
Packard Waters London Litton Roche (Appendix A)

Size(liin) 191x425x425 119x279x295 150x290x300 109x177x178 165x356x359 - - -

cm3  34,500 9,800 13,050 3,400 21,000 197

Weight(kg) 16.7 1.3 6.8 1.7 13 0.45

Power(VA) 160 20 28 33 51 self-powered
4 hours

USAFSAM SPECIFICATIONS
July 1978 (F33615-79-R-0606)

These specifications (34) (Appendix A) for an ear oximeter may be improved
with respect to contractor acceptance by the following changes or
considerations:

1. The title ("Noninvasive Instrumentation for Inflight Determination of
G-Stress") is possibly misleading and should be changed to reflect the
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actual aim which is to measure arterial blooc oxygen saturation, i.e.,
"Woninvasive Instrumentdtion for Inflight Determildtion of Arterial
Oxygen Saturation."

2. rhe words "ear oximeter" should not be used in the specification since
there may be more desirable alternative methods.

3. The size, weight, and power requirements need to be reconsidered with
respect to the possibility of having the instrumentation package
attached to the aircraft rather thdn the pilot.

4. If 3 is not feasible, then the size, weight, and power requirements
should be noted as restrictive but left open to be included in the
proposal.

5. All proposals should address the historical problems with the proposed

technology and the specific means by which the proposer intends to
overcome these problems.

6. In any future specification it will be important to recognize the dif-
ference in expectations between a basic development effort and the
actual ability to deliver a working device.

RECOMMENDAT IONS

As a result of this study it is recommended that:

1. USAFSAM consider the use of the transcutaneous oxygen measurement
beginning with a centrifuge test of the commercial versions of this
technology. If successful, it appears much more likely that this
approach could be configured to meet inflight requirements than pres-
ent ear oximetry.

2. USAFSAM consider supporting a feasibility study of an ear oximeter
using the above 1200-nmn isobestic region.

3. USAFSAM reconsider the possibility of allowing the instrumentation to
be aircraft rather than pilot mounted.

4. USAFSAM release a new specification based on the recommendations con-
tained her-in in order to ascertain current interest and capabilities.
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U",AFAM 'P(IICAIDNU FOR AN tNFLIHI IAP (XI!.I1P

SECTION F UESC IP TI l,,N,, UI CAI 1UN> 31 Julv 1918

TITLE: NONINVASIVE IPI, T;U;,IENI A!l UN FUDR I !W L I ll U Tt .IINATI UN DF U-STRE S

1.U INTRODUCTION

1.1 The United States Air Force School of Aerospace Medicine (USAFSAM)
possesses an intliqht physioloccica 1 monitoring device which consists
of an instrumented oxygen mask, and nan-mounted sensors, which input
to a cassette recorder positioned in available pockets of the crew-
member's survival vest. The system provides multiplexed analog
recording of data. !crsently corifi cured to provi ide records of
inspired/expi ,tK fI y, i),p1 red/eAllred oxygeni concentrations, Celec-
trocardiogrdm, cahin i res,->ure, accelerdtion, time-code, and voice com-
munication. 'h,. ;,resent r(ocurcwent seeks to supplement these ruta
with additionul record of tie pilot's arterioi oxygen saturation.

2.0 SCOPL

2.1 The contractor shall furnlish the necessary personnel, services, Loull-
ment and facilities to design, fabricate, bench-test ard deliver d
bread-board and a miniature oxi:',eter for use vith the inflight physic-
logical ITonit or,

2.2 The effort will be divided into three phases. Phase T will include
the system design. Phase II will include fabrication and test of a
Dread-board model. Phase II will include the fabrication of the
!iiniature oxineter.

3.0 IENERAL BACKGROUND

3.1 Subjects exposed to sustained acceleration forces exhibit a lowered
arterial oxygen saturation which is caused by decreased efficiency of

the cardiopulmonary system. Pilots of high performance aircraft are
subjected to these forces and it is necessary to obtain a measurement
of the arterial oxygen saturtion inflight to determine the extent of
the oxygen level reduction. This reduction could cause a performance
decrement or possihly the loss of consciousness. The USAFSAM has
measured the arterial oxygen saturation of subjects as they were
exposed to accele-ation forces on the centrifuge. These measurements
were made using a Hewlett-Packard Model 47201A ear oximeter.

4.0 TECHNICAL REOUIiREMENTS/TASKS

4.1 Characteristics required of the end product include the followinq.

The bread-board device shall conform to all of the requirements except
paragraph 4.1.1.



F3315-79-R-U6(0b

4.1.1 Size arid ,ei4iht: I hi' total d,,vi e sn(i: et , e il ,O IM ( tharn 16 oz.
The size of the lower anld ele( roH I -, urit rdi] rot 'x, I d H N CIJ)iC
inches.

4.1. ,'ower ,,gu(Lre11ertS: The device swi 1 e se f-p,,r;'1 for a period of
4 hours.

4.1.3 Output parameters: The device shall be sensitive to arterial oxyqena-
tion of a hurmrn su ject in thu rarge fror o t, !06 . T h devi ce
will produce an ei, ,ctrical voltijqe from U to ( vol t to represent the
measured value. The output current capabil ity shall be great enough
to drive a load of L) kilohms or qrUater.

4.1.4 Operational environment: The device's behavior and accuracy shali be
as specified herein when exposed to changes in ambient pressure rrom
sea level to an altitude of 50,000 feet, humidity from 5 to 95 RH,
temperature tr'om u0 C to 65 0 C ano acceleration forces from -3 ( to 12G.

4.1.5 Drift: The device shall be le with lonq-term orift less than I
saturation per hour.

4.1.6 Accuracy: The device accuricy shall e ire ater than- 3.7 satura-
tion.

4.1.7 Response time: If the ieasured oxygen saturation changes as a step
function, the device output shill respond faster than an exponential
curve which is asymptotic to the step function change and has a time
constant of ?_.5 second,.

4.1.8 The device shall operati on d sijbject who is vearini standard flight
safety equipment including helnet ar, d oxyger, mask. The device shall
also operate withno t. thi s ,ego i'ent.

4.1.9 System safety: c hv i ill b,, ',af' tor oion in a fighter air-
craft cockpit n;U not pose a hazard to the pilot. A system safety
program, includirg hdzard analyse: , Must he perform:-ed cr0 documented
in accordance with MiL-SiD-8d . Specific compliance with M1IL-STD-461A
"Electromagnetic I nterference Characteristics: Requirements for
Equipment" (1 Aug 6S) is required also for safety/compatibility with
cockpit navigation aids. The prime objective in a system safety pro-
gram is to formalize an approach to eliminate hazards through engi-
neering, design, education, management policy, and s ipervisory control
for the optirmum degree of safety within the constraints of operational
effectiveness, tire and cost throughout all ohases of the equipment's
life cycle,

4.1.9.1 If a part of the device is placed over the outer layer of clothing or
over or under the helmet, thiat part shall be designed to prevent in-
jury in the case of canopy jettison, or pilot ejection. Unrestrained
cables or other parts of the device could cause injury when propelled
r)y the high speed wind blast.
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4.1 .()./ I ne deviLU 1 sl1a1! not c-strict Ihe t l and circu] at1iOil nor cause i rri t,-
ti on or pal n t, thv suhb ect dluri nj a tour-(4) nout fl i ght. conti fi ln,j
ftrequt nt h i jil ; ',rituvors (mladixillum Io()

4. .1 .1 U a l1hr iti)n: (,(, i ,vi hi IIhal , t c 1 i hrated using q tandard electronic
test eq I2,, l,, t r speci al I qui pJ kt S pjI 1 i ed 0 t)i, contractor. If
the devit ;iust he jfjus ted for subject varidtion (skin pigmentation
.r tr r sissi t i), this adjustm,t must be iiaintai ned when power is
turned 0t It 1djG stmeit Shall not require more than 5 minutes to
comnp te. un t utnent is requ i red after power is turneo on, it
shalI 1 t: C Tl, Ieted ,h c I r 0 tile .ii rcraft with portable equi poent in
le s thn vint j l I it~

4.1 .11 eliab L ii ty ri ai r ntain hI 1ity The study snall speci fically include
considerations of r~liobi lity arid marntainability (R&.). &M studies
A ill he based upui sound, practical engineering Judgement, experience
and available dati. ;r) reliability testinn progran needs to be under-
taken as pairt ot tIi S study or evaluati on. An evaluation of the

u)otenti al reliai1ity,"aIntair'abi ity of the equipment as comp ared
with existing devices performing a like tunction shall he made and
Predictions of the estimated mean-time-to-failure of the equipment
shall ,he included -n the final report. The evaluation shall be

sufficient to afford a oasis for deterniiinn realistic and meaninqful
reliability/ma i nt)i nai1)ility retquirements for the equipm;1ent.

4.2 n Phase I (approxi ;iatjl, . tloiths in onii)th tlhet cuntractor shall
prepare the initial oesiqn arid provide a written repert descrioing the
design. A preliminary design review will be held at the contractor's
facility after rece ipt of the report. _<SAF)AM personnel must review
the intended desi oir approach before the (ontract nay proceed beyond
Phase I.

4.2.1 In Phase II (approximately 8 months in length) the contractor shall
assemble, bench-test and deliver the oread-bard device. The contrac-
tor shall also prepare a test plan that nay be used to evaluate the
prototype device. The device shall he delivered to USAFSAI for vali-
dation testing in conjunction with existing components of the inflight
monitor system. HSAFSAN will furnish facilities and support personnel
essential to the conduct ot each test. The device performance will be
evaluated usi n the hewlett-Packard 1odel 4iJlA ear, oxiieter as the
standard. The test will be coleted 20 working days after receipt of
device. The contractor shall subMit an interim technical report at or
before the delivery of the bread-board device. The report shall sum-
iliarize the desi, ni dnn performance data.

4.2.2 A critical design review (CD) shall he held at the contractor's
facility approximately one week after the completion of the breadboard
tests. OSAFSA personnel must review the final desi gn approach before
the contract may proceed beyond Phase II.

4.2.3 'n Phase III (approximately () months in lenqth) the contractor shall
use concepts ind !,iteriialas appr,;v;(' at the (.1)R to assemble, bench-test
ond deliv,,r an end-product evice, meeting all of the performance

i!



specifications of 4.1. Del ivery of the functiondI device and neces-
Sdry technical information in the torm of a final report will end
Phase III and tulfill all contract requirements.

SECTION G - PRESERVAT ION/PACKAGING/PACKI IG

The contractor shall provide preservation, packaging and packing which
shall afford adequate protection against physical damage during shipment
for all deliverable items in accordance with LEVEL C of MIL-STD-794.
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