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PREFACE Z

This document represents a summary of medical and scientific evaluations conducted
aboard the KC-135 from June 20, 1998 to June 20, 1999. Included is a general overview
of KC-135 activities manifested and coordinated by the Life Sciences Research
Laboratories. A collection of brief reports that describes tests conducted aboard the KC-
135 follows the overview. Principal investigators and test engineers contributed
significantly to the content of the report describing their particular experiment or hardware
evaluation. Although this document follows general guidelines, each report format may
vary to accommodate differences in experiment design and procedures. This document
concludes with an appendix that provides background information concerning the KC-135
and the Reduced-Gravity Program.
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Overview of KC-135 Flight Activities sponsored by the Life Sciences Research
Laboratories, June 20, 1998 - June 20, 1999

During this reporting period of June 20, 1998 - June 20, 1999, five weeks were set aside
for KC-135 flights sponsored by the Life Sciences Research Laboratories (LSRL). In
addition, we were able to obtain seating during five weeks for LSRL customers with other
organizations sponsoring the flight weeks. A total of 41 flights with approximately 40
parabolas per flight were completed. The average duration of each flight was 116 minutes.
The LSRL KC-135 Coordinator assisted principal investigators and test engineers of 38
different experiments and hardware evaluations in meeting the necessary requirements for
flying aboard the KC-135 and in obtaining the required seating and floor space. A total of
336 seats were purchased by LSRL customers, with 296 of these supporting customers
outside of Medical Sciences. The number of seats sold and number of different tests flown
by flight are provided below:

Flight Week Seats Sold  # Tests Flown Sponsor

July 7 - 10, 1998 46 4 LSRL

July 21 - 23 14 3 Crew Systems

August 25 - 27 55 4 LSRL

October 20 & 22 18 3 Ellington

October 27 - 30 33 3 LSRL

November 9 - 13 30 2 LSRL

March 16 - 20, 1999 15 4 Undergraduate Program
March 23 - 27 25 5 Undergraduate Program
April 20 - 23 36 6 “Fly High” Program
June 8 - 11 64 4 LSRL

Support was provided to the Undergraduate Program during weeks in March and to the
“Fly High” high school student program during April 1999. Local and major network
radio and television journalists accompanied the students on some of these flights. The
inflight experiments were supported by a large ground crew from the respective university
or high school.

Other LSRL sponsored KC-135 flight weeks are scheduled for July 20 - 23, July 27 - 30
and September 14-17, 1999. Support will also be provided to college investigators
participating in the Undergraduate Program (part 2) during three weeks in August 1999.

Additional flights will be added throughout the remainder of the calendar year to
accommodate LSRL customers as needs arise.



Medical and Scientific Evaluations aboard the KC-135
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TITLE: ,L 20410
Lower Limb Response to Impact Loads in 1G and Micro-G : g

FLIGHT DATES:
July 7-9, 1998

PRINCIPAL INVESTIGATORS:
Brian Davis, Ph.D., The Cleveland Clinic Foundation

CO-INVESTIGATORS
Helen E. Kambic, M.S., The Cleveland Clinic Foundation
Mark D. Grabiner, Ph.D., The Cleveland Clinic Foundation
James Sferra, M.D., The Cleveland Clinic Foundation

NASA Photo: 98E05617

GOAL:

The overall goals of this study are 1) to demonstrate that jumping exercises may be more
effective and efficient than current exercises performed in zero-gravity with respect to



maintaining bone density and muscle strength; 2) to validate the zero-gravity simulator as
an appropriate substitute for true zero-gravity experiments during development of an
optimum exercise regime; and 3) to quantify relationships between external loading
profiles and internal bone strains.

OBJECTIVES:

The objectives of the test are to collect experimental data that can be used to validate and
complement results previously collected during human subject experiments in a zero-
gravity simulator and in 1G and during cadaver foot impact experiments in which bone
strains were directly measured. We plan to gather non-invasive data for a total of eight
human subjects over the course of two KC-135 flight days.

INTRODUCTION:

This experiment was performed in the third year of a three-year research study funded by
NASA ( NAGW-5006, Code UL ) to look at exercise-based countermeasures to space
flight induced bone loss. The first two years of the study involved experiments with
human subjects in 1G and in a zero gravity simulator, and with cadaver feet in impact
tests. The third year of the study entailed two scheduled flights on the KC-135 to perform
some experiments involving tethered jumping exercises in a true (or near) zero-gravity
environment in order to validate and elucidate our findings in the preceding experiments.

METHODS AND MATERIALS:

The experiments entailed maximum effort countermovement jumps performed by the
subject during each zero-gravity period of the parabolic flight path. Subjects stood on a
force plate and were tethered to the floor with cords attached to a waist harness. The
tension in the cords were adjusted to restore some percentage of the body weight during
the zero-gravity periods as described below. From these data, percentage of eccentric and
concentric muscle activity, maximum force and rate of loading, impact velocity and peak
accelerations will be determined. All data (except video) were collected via a rack-
mounted personal computer.

Subjects

Eight subjects flew over a period of three days. The subjects met age, height and weight
requirements such that they fell within the limits of age, height, and weight of typical
astronauts in these respects:

Female; Min. age=30 yrs., max. age=41.1 yrs.
min. mass=46.8 kg, max. weight=68 .4 kg
min. height=152.1 cm, max. height=172.1 cm



Male; Min. age=32 yrs., max. age=46 yrs.
min. mass=62.2 kg, max. weight=95.8 kg
min. height=162.85 cm, max. height=189.8 cm

Instruments

The JSC Ariel motion analysis system captured 3D motion data for one leg, and provided
hip, knee and ankle flexion angles. Data collected were force (via a force plate), calcaneal

and tibial acceleration (via skin-mounted accelerometers), aircraft acceleration (via floor-

mounted accelerometer), flexor muscle activity (via skin-mounted EMG transducers), and
motion (via video camera).

Procedure

Data were collected at 960 Hz for 30 seconds during parabolas. During each period of
zero gravity, the subject was instructed to perform countermovement, maximum effort
jumps. Two levels of tension in the bungee harness system were investigated,
corresponding to 60% and 75% body weight.

RESULTS:
The total number of jumps accomplished over the three flight days are summarized below:

Flight Day: 7-7-98 Total Number of Parabolas Flown: 44

Subject 1 62 jumps over 9 parabolas
Subject 2 25 jumps over 3 parabolas
Subject 3 69 jumps over 7 parabolas

Flight Day: 7-8-98 Total Number of Parabolas Flown: 8
Subject 4 43 jumps over 5 parabolas

Flight Day: 7-9-98 Total Number of Parabolas Flown: 44

Subject 5 24 jumps over 4 parabolas
Subject 6 33 jumps over S parabolas
Subject 7 26 jumps over 4 parabolas
Subject 8 39 jumps over 6 parabolas
DISCUSSION:

Data were collected for all eight subjects. The process of changing tensions in the bungee
harness system, changing subjects, and instructing subjects on performing jumps, became
more efficient with increased experience on the KC-135. Data are being reduced jointly by
NASA Johnson Space Center and the Cleveland Clinic Foundation.



CONCLUSION:

It is anticipated that this investigation will not only give insight into effective
countermeasures for space flight-induced osteoporosis, but will also establish new
techniques for quantifying internal bone deformations and directly link muscle actions,
external loads and internal bone deformations.

REFERENCES:

Davis, BL. (1991) A biomechanical investigation of simulated zero-gravity locomotion.
Unpublished Doctoral Dissertation, The Pennsylvania State University.

Davis, B.L., and Cavanagh, P.R. (1993) Simulating reduced gravity: a review of
biomechanical issues pertaining to human locomotion. Aviation, Space, and
Environmental Medicine, 64, 557-566.

Davis, B.L., Cavanagh, P.R., Sommer, H.J., Wu, G (1995) Ground reaction forces during
locomotion in simulated microgravity. Accepted for publication in Aviation Space and
Environmental Medicine

PHOTOGRAPHS:

98E05564 to 98EO5572

98E05604 to 98EO5605

98E05612 to 98E0O5620

VIDEO:

Zero-G week of 7-7-98, PMU: 11/46527; Reference Master: 615718

Videos available from Imagery and Publications Office (GS4), NASA/JSC.
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TITLE:
Evaluation of RME 1318/TVIS Configuration C New ISS Restraint Harness and Modified
Subject Load Device (SLD)

\;,)Aj' - f)w/é/
FLIGHT DATES: '
July 7-10, 1998 4/ /
S0 2 7

PRINCIPAL INVESTIGATORS:
Laura L. Bostick, Wyle Life Sciences
Don Schmalholz, NASA/Johnson Space Center
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GOAL:

A new Treadmill (TM) Subject Restraint System was developed for the International
Space Station (ISS) which included:

- New ISS Restraint Harness
- Modified Subject Load Device (SLD)

This investigation evaluated the operation of the New ISS Restraint Harness
and Modified Subject Load Device (SLD) in zero-gravity conditions, in preparation for a
flight test on STS-93 as part of RME 1318, TVIS Configuration C.

OBJECTIVES:

Although the treadmill system had flown numerous times on the KC-135 and on the
Shuttle, the new Treadmill (TM) Subject Restraint System had not been tested in zero-
gravity conditions.

The objectives of this investigation were:

A. To evaluate the New ISS Restraint Harness and Modified Subject Load Device
(SLD) for physical comfort, stability, and effectiveness for exercise at different
restraint loads.

B. To compare load variance of the modified SLDs which will fly on
STS-93 and ISS (cam design) vs. the SLDs which flew on STS-81 and STS-84
(constant-radius hub design).

C. To identify operational constraints with the cam design SLDs.

METHODS AND MATERIALS:
Equipment Description:

TVIS Configuration C
Hardware Components
Required for KC-135 Flight

QTY ITEM

1 ISS T™™M

1 TVIS Control Panel
Power/Data Cable

2 TVIS SLD Power/Data
Cables

1 TVIS Motor Box
Power/Data Cable

2 Subject Load Devices




TM Motor Box Assy’s
TM Electronics Box
TM Transfer Cases
Elevated Studs

TM Spacers

ISS Restraint Harnesses
PC MCIA Cards

SLD Adapter Plates

NIWIWIA|IRA|IN|=—|N

Protocol:

Four seats each on four days were required to perform this study. Two subjects ran per
day:

Subject 1 - 10 parabolas with old SLDs
Subject 1 - 10 parabolas with new SLDs
Subject 2 - 10 parabolas with old SLDs
Subject 2 - 10 parabolas with new SLDs

The subjects were not informed of which SLDs were the “old” version and which were the
“new” version. Comments were recorded by the operators throughout the flight, and the
subjects filled out a questionnaire after the flight.

The 2 operators were responsible for changing out the SLDs, helping spot and load the
subject, taking data, etc.

While the actual procedure varied from parabola to parabola and day to day in order to
accomplish the desired test objectives, a typical test sequence followed the STS-84 In-
flight TM Operating Procedures.

RESULTS:

The Subject Load Devices were modified to improve the slope of the Force versus
Extended Distance curve of the Treadmill Subject Load Device (SLD) such that it is
closer to zero (i.e., constant load). After the KC-135 flights, several meetings were held
with the crew office and engineering directorate. It was determined that the Modified
Subject Load Device (cam design) did not provide a significant improvement in load
variance, so this design was discarded for STS-93 and ISS. A Series Bungee System is
currently in work as an alternative. The ISS Restraint Harness is being modified to
incorporate more adjustability and “stretchier” material across the shoulders.



DISCUSSION/CONCLUSIONS:

Evaluation of this experiment hardware aboard the KC-135 yielded very useful data in the
design and development of flight hardware. As hardware fabrications and modifications
are completed, future evaluations aboard the KC-135 are anticipated.
PHOTOGRAPHS:

98E05580 to 98E05594

98EO05610 to 98EOS5611

98E05620

98E05625 to 98EO5653

98E05730 to 98EO5752

VIDEO:

Zero-G week of 7-7-98, PMU: 11/46527; Reference Master: 615718

Videos available from Imagery and Publications Office (GS4), NASA/JSC.
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TITLE:
Physiologic Pressure and Flow Changes During Parabolic Flight (Pilot Study)

FLIGHT DATES: j’j - = 2

July 7-10, 1998 ,
A3Y24 ¢
PRINCIPAL INVESTIGATORS:
George Pantalos Ph.D, University of Utah

CO-INVESTIGATORS:
M. Keith Sharp Sc.D., University of Utah
John R. Mathias, M.D., University of Texas Medical Branch, Galveston
Alan R. Hargens, Ph.D., NASA AMES Research Center
Donald E. Watenpaugh, Ph.D.,University of North Texas
Jay C. Buckey, M.D., NASA/Johnson Space Center

I

NASA Photo: 98EQS757
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GOAL:

Understanding of physiologic pressure and flow responses to varying levels of
acceleration.

OBJECTIVE:

Obtain measurement of cutaneous tissue perfusion central and peripheral venous pressure,
and esophageal and abdominal pressure in human test subjects during parabolic flight.

INTRODUCTION:

Hemodynamic data recorded during SLS-1 and SLS-2 missions have resulted in the
paradoxical finding of increased cardiac stroke volume in the presence of a decreased
central venous pressure (CVP) following entry in weightlessness. The investigators have
proposed that in the absence of gravity, acceleration-induced peripheral vascular
compression is relieved, increasing peripheral vascular capacity and flow while reducing
central and peripheral venous pressure. This pilot study seeks to measure blood pressure
and flow in human test subjects during parabolic flight for different postures.

METHODS AND MATERIALS:

Four test subjects, one per flight, were instrumented with a laser Doppler cutaneous blood
flow sensor, central and peripheral venous pressure catheters, and multi-pressure sensor
nasogastric catheter. ECG and finger cuff blood pressure were also recorded. For each
set of 10 parabola, test subjects assumed the launch, supine, 6 degree head-down tilt, or
upright/seat posture. Blood pressure and flow data and acceleration were continuously
recorded on a chart recorder and on an FM data tape recorder for later data analysis.
Following a period of 1-G, level flight, a push-over maneuver was initiated followed by a
normal parabolic flight profile.

RESULTS:

Preliminary descriptive results from postflight review are presented here. Entry into
weightlessness reduced CVP and intraesophageal pressure (IEP) below 1-g values (3-4
mm HG) for all recumbent postures, but increased CVP and IEP (O-4 mm HG) in the
seated posture. Weightlessness decreased intrabdominal pressure (IAP) (3-5 mm HG) for
all postures. During hyperacceleration CVP and IEP usually increased above 1-G values,
more so in recumbent than in the seated posture, and IAP increased (4-8 mm HG)
independent of posture. The reductions in CVP, IEP and IAP during weightlessness for
the recumbent postures support the hypothesis. Elevation of CVP and IEP during
weightlessness for the seated posture may result from a headward shifting of abdominal
contents and blood. The change in pressure with entry into weightlessness in the 6 degree
head-down tilt posture questions the validity of this ground-based model for acute
response to weightlessness.

12



DISCUSSION/CONCLUSION:

As results reported above are preliminary, in-depth analysis of the data will continue.
Future experimentation aboard the KC-135 is anticipated.

PHOTOGRAPHS:

98E05595 to 98EO5599

98EQ5668

98E05700 to 98EOQ5702

98E05753 to 98EO5770

VIDEO:

Zero-G week of 7-7-98, PMU: 11/46527; Reference Master: 615718

Videos available from Imagery and Publications Office (GS4), NASA/JSC.
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TITLE:
Modeling of Cardiovascular Responses to Weightlessness

FLIGHT DATES: o
July 7-10, 1998 o= &
PRINCIPAL INVESTIGATORS: 3425y

M. Keith Sharp, Sc.D., University of Utah

CO-INVESTIGATORS:
George Pantalos, University of Utah
Kevin D. Gillars, University of Utah

NASA Photo: 98E0OS595

GOAL:

Understanding of cardiac and vascular bed response to varying levels of acceleration

14



OBJECTIVE:

Obtain measurement of blood pressure, blood flow and volume distribution in a life-size,
physical model of the cardiovascular system.

INTRODUCTION:

Hemodynamic data recorded during SLS-1 and SLS-2 missions have resulted in the
paradoxical finding of increased cardiac stroke volume in the presence of a decreased
central venous pressure following entry in weightlessness. Chronic observations from
space flight also describe a headward shift of the circulating fluid volume. The
investigators have proposed that in the absence of gravity, acceleration-induced effects
such as hydrostatic pressure and peripheral vascular compression are relieved, increasing
central and peripheral vascular capacity and flow while reducing central and peripheral
venous pressure and augmenting cardiac diastole function. This investigation seeks to
measure key hemodynamic parameters to assess the purely biomechanical component of
these observations in the acute-phase response during parabolic flight for different models
postures.

METHODS AND MATERIALS:

An instrumented, life-size model of the cardiovascular system with regional vascular
component was flown in the KC-135 aircraft. For each flight, the cardiovascular model
was oriented in the launch, supine, or 6 degree head-down tilt, or upright posture.
Cardiovascular data and acceleration were continuously recorded on a chart recorder and
on an FM data tape recorder for later data analysis.

RESULTS:

Data are currently being analyzed. Early results of the circulating volume data indicate
that in the upright posture when compared to the 1-G condition, nearly 300 ml of the fluid
shift headward from the caudal and the peripheral venous pool elements of the model with
entry into weightlessness. For the launch posture when compared to the 1-G condition,
nearly 400 ml of fluid shifted into the peripheral venous pool from the cranial and central
regions and an additional 100 ml shifted into caudal venous compliance elements. For
both postures, the fluid shift was rapid and essentially completed in about 10 seconds into
the period of weightlessness. For the supine posture, there was no appreciable fluid
shifting with transition into weightlessness. Pressure and flow changes also indicated a
slight footward shift of fluid with entry into weightlessness for the 6 degree head-down tilt
posture which questions the validity of this ground-based model for acute response to
weightlessness.

15



DISCUSSION/CONCLUSION:

As results reported above are preliminary, it is too early in our analysis to report other
cardiac and vascular function data results. In-depth analysis of this data collected aboard
the KC-135 will continue.

PHOTOGRAPHS:

98E05595

98E05697

98E05698

98E05699

VIDEO:

Zero-G week of 7-7-98, PMU: 11/46527; Reference Master: 615718

Videos available from Imagery and Publications Office (GS4), NASA/JSC.

16
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TITLE:
ISS Medical Checklist Procedures Validation and Training

FLIGHT DATES: <= LD
July 10, 1998 '
July 21, 1998 £
é// :/\‘ c i /
PRINCIPAL INVESTIGATORS:

Tom Marshburn, M.D., NASA/Johnson Space Center
Julie Goode, Wyle Life Sciences

NASA Photo: 98E0S5729

GOAL:

[—

To validate medical procedures for ISS

To validate crew time requirements to perform procedures

To identify operational deficiencies and issues, particularly regarding division of
tasks between operators

4. To obtain insight from astronaut physicians

w

17



OBJECTIVE:

[em—

Obtain astronaut input and feedback on procedures

2. Satisfy Systems Operational Data File (SODF) Procedure Verification (PV)
requirements

3. Identify missing, illogical, or unnecessary steps to decrease performance time and

to minimize complexity of Advanced Cardiac Life Support (ACLS) procedures.

INTRODUCTION:

The Health Maintenance System (HMS) hardware will be used to support a medical
contingency for the International Space Station (ISS). During two test flights, the
procedures for performing ACLS were evaluated to determine the required level of detail,
assess the logic of the steps and division of tasks among crew members.

METHODS AND MATERIALS:

The following protocols were followed where the astronaut physicians were Crew Medical
Officer (CMO) 1 and CMO 2.

Series #1: CMO 1 - CPR
CMO 2 - CMRS and Bag/Valve/Mask (BVM) deploy
Proceed up to first defibrillation.

Series #2: CMO 2 - CPR
CMO 1 - Defibrillator deploy
Proceed up to first defibrillation.

Series #3: CMO 2 - CPR, CMRS deploy
CMO 1 - Defibrillator deploy

Series #4: “Free-floating” defibrillation

The following equipment was used to support the test.
Advanced Life Support Pack (ALSP)
Respiratory Support Pack (RSP)
Defibrillator with ECG simulator
Crew Medical Restraint System (CMRS)
Mannequin (AmbuMan for Flight 1, ResusciAnnie for Flight 2)
Intubation head (for Flight 2 only)
IV arm
Audio recorder, stop watch, data log
Test fixture (ISS floor) with seat track interfaces

18



Subjects
There were no human subjects for this test. Astronaut personnel acted as ISS crew
members.

RESULTS:

CPR

Initial assessment and rescue breathing were performed simultaneously by cradling the
patient. CPR was performed using two methods a) rescuer restraint with one hand,
CPR with other hand b) rescuer with both feet on module wall, CPR with both hands
against opposite module wall. CPR seems possible by placing legs under the CMRS to
provide restraint. It was also possible with feet on ceiling, but rescue breathing was
then problematic.

CMRS

The CMRS did not always click into the Seat Track Interface Adapters (STIAs). It
was possible to place the CMRS into the STIAs without a secure mating. The CMOs
found that one strap over the legs was sufficient to restrain patient for further
procedures. All three CMRS patient restraints (legs, chest, head) were not necessary
until transport. The CMO straps on the sides of the CMRS do not offer the CMO
much restraint and made positioning for CPR difficult.

Defibrillator

The CMOs attached the defibrillator to the seat track on the same side of the CMRS
as the operator. When the defibrillator was placed elsewhere such that the CMO was
reaching over the patient, it was difficult to clear for the shock. The CMOs
determined that the defibrillator pads should be placed on the patient, especially the
back pad, prior to laying the patient on the CMRS.

ALSP and RSP

The CMOs found that the ALSP and defibrillator need to be deployed close to
themselves and near the patient’s head (on either side of the CMRS). It was noted
that the Airway subpack once removed from the ALSP was difficult to restrain where
the contents were accessible. In general, it was difficult to manage the amount of
equipment that had to be deployed.

DISCUSSION/CONCLUSIONS:
It is difficult for one CMO to perform rescue breathing and chest compressions

simultaneously, particularly when using two hands on the sternum. With minimal restraint,
however, one CMO can cradle the patient and perform rescue breathing and assessment.

While the CMRS is easily deployed and is a good workstation for completion of full

ACLS algorithms, initial defibrillation is significantly delayed by deploying the CMRS. To
minimize the time to the first shock, initial defibrillation in “free-float” should be

19



considered or the use of an electrically isolating strap for patient restraint. Transfer to the
CMRS could then be performed when it is possible to deploy it. If the CMRS is deployed,
the time to the first shock can also be minimized by not using the CMRS shoulder straps
and by having the STIAs nominally installed into the seat track. The time required to
install the STIAs adds significant time to the CMRS deployment.

Because RSP and ALSP must be used together in a contingency it is recommended to
have them stowed in a more integrated configuration. The addition of a strap so that the
RSP travels as one unit on top of the ALSP may be a solution to be considered. The
Airway subpack also needs a means of restraint to ALSP so that the Airway subpack
contents are easily accessible to the CMO.

The tasks should be clearly divided in the procedures, instructing each CMO through a
parallel flow. Finally, the defibrillator procedures should be in a quick fold out format that

could be secured to a locker or floor. This format would free the CMO from page turning
in a book format.

PHOTOGRAPHS:
98E0O5711 to 98EO5729
98E06041 to 98E06042
98E06044

98E06046

98E06048 to 98E0Q6049
VIDEO:

Zero-G week of 7-7-98, PMU: 11/46527; Reference Master: 615718
Zero-G week of July 21-23, 1998 PMU: 11/46611, Master: 615618

Videos available from Imagery and Publications Office (GS4), NASA/JSC.

20
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TITLE:
Blood Sampling Kit Evaluation

FLIGHT DATES: /2y
July 21-22, 1998

PRINCIPAL INVESTIGATORS:
Karen Gunter, Wyle Life Sciences

NASA Photo: 98E06040

GOAL:

To evaluate components of the blood sampling kit during microgravity aboard the KC-
135.

INTRODUCTION:

The blood sampling kit was designed for use during space flight. The kit contains all the
components that astronauts require to obtain necessary blood samples in microgravity.

21



METHODS AND MATERIALS:

Subjects
One subject and two investigators participated in the evaluation of the blood sampling kit.

Instruments

The sampling kit flown onboard the KC-135 was stocked with 1.2 ml and 2.7 ml
monovettes, 2 ml and 3 ml flush tubes, filling cartridges, EMLA disks and topical
anesthetic creams.

Procedures

An intravenous (I.V.) catheter was placed in the left forearm of a medically qualified
subject prior to the first flight and in the right forearm prior to the second flight. Blood
samples were drawn through the catheter and heparin and saline injections were made
during the microgravity portions of the KC-135 parabolic profiles.

One of the investigators wore the topical anesthetic EMLA disk during flight day one.

A comparison of usage of the 2 mL flush tube versus the 3 mL flush tube was made.
The protocol that was followed was simple. The extension set was
flushed in a series of ways.
a) 1 mL saline, 1 mL heparin---draw (1) 2 mL flush, draw (1) 2 ml
EDTA
b) 1 mL saline, 1 mL heparin---draw (1) 3 mL flush, draw (1) 2 ml
EDTA
¢) 5 mL saline, 1 mL heparin---draw (1) 2 mL flush, draw (1) 2 ml
EDTA
d) 5 ml saline, 1 mL heparin---draw (1) 3 mL flush, draw (1) 2 ml
EDTA

This series was performed on day one and repeated on day two. The EDTA tubes were
run on the Coulter, a hematology analyzer, for a complete blood count.

RESULTS:

The following observations were made as a result of the two flights:

1.2 ml vs 2.7 ml monovettes. The 1.2 ml monovettes did not function properly. This was
due to the fact that the amount of "dead space" in the monovette is greater than the
amount of blood (1.2 mL). Both experimenters tried to fill the PCBA cartridges with the

1.2 mL monovette and it was impossible.

2 ml vs 3 ml Flush tubes. The results from all the collections using the 2 ml and 3 ml flush
tubes were consistent. There appeared to be no dilution from heparin in the extension set.
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Filling cartridges. Filling cartridges in "Zero G" was problematic if the cartridge was
air-locked. This study is still on going and will be completed on the ground. If requested,
we could re-fly cartridges to verify any suggestions to filling.

EMLA disk vs cream. The tegaderm tore open half way through the flight. Video was
taken of the open tegaderm. The disk began leaking on the outer edge, this may have
been from unknowingly applying pressure to the disk. Both were removed during the
flight after 3 hours. Approximately 7 hours later, skin redness was still observed at the
point of application.

DISCUSSION:

1.2 ml vs 2.7 ml monovettes. 2.7 mL monovettes should be used. Filling the cartridge
and mixing 2.7 mL monovette is easier and with the extra volume, repeat testing can be

performed if necessary.

2 ml vs 3 ml Flush tubes. The results from 2 ml and 3 ml flush tube usage suggest that
after a 2 mL flush you have whole blood. A 2 ml flush tube can be used to clear the
extension set prior to blood collection.

Filling Cartridges. Additional evaluation of filling cartridge usage in “Zero G” is required.
Placing the tip of blunt cannula into the base of the column and filling slowly seems to
help. The cannula tip may need to be shortened.

EMLA disk vs cream. Plans are to use the EMLA disks, and they have been ordered for
flight. Application of the EMLA will be used during BDC to observe any reactions the
subject may have. Consideration is being given to wrapping the EMLA disk with a wrist
wrap to prevent leaking when it is worn for more that 1 hour. The name of the EMLA
disk may be changed to Topical Anesthetic Disk (TAD).

CONCLUSION:

Plans are being made to verify the numbers of each consumable to be flown. Gray tape is a
key element to use to help maintain small pieces and parts during KC-135 and space
flights.

PHOTOGRAPHS:

98E06040
98E06043
98E06045
98E06047
98E06173 to 98E06180
98E0O6183 to 98EO6187
98E06190 to 98E06192
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98E06194 to 98E0Q6195
VIDEO:
Zero-G week of July 21-23, 1998, PMU: 11/46611, Master: 615618

Videos available from Imagery and Publications Office (GS4), NASA/JSC.
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GOAL/OBJECTIVE:

The purpose of this evaluation was to identify user interface issues of the Foot Restraint
Equipment Device (FRED) and crew restraint requirements for the Remote Manipulator
System (RMS) workstation.

INTRODUCTION:

Within the scope of the Microgravity Workstation and Restraint Evaluation project, funded
by the NASA Headquarters Life Sciences Division, evaluations were proposed to be
conducted in ground, KC-135, and/or Shuttle environments to investigate the human factors
engineering (HFE) issues concerning confined/unique workstations, including crew restraint
requirements. As part of these evaluations, KC-135 flights were conducted to investigate
user/ workstation/ restraint integration for microgravity use of the FRED with the RMS
workstation. This evaluation was a pre-cursor to Detailed Supplementary Objective (DSO)
- 904 on STS-88. On that mission, a small-statured astronaut will be using the FRED
restraint while working at the Aft RMS workstation. The DSO will collect video for later
posture analyses, as well as subjective data in the form of an electronic questionnaire.

This report describes the current FRED KC-135 evaluations. The primary objectives were
to evaluate the usability of the FRED and to verify the DSO in-flight setup. The restraint
interface evaluation consisted of four basic areas of restraint use: 1) adjustability; 2) general
usability and comfort; 3) usability at the RMS workstation; and 4) assembly and
disassembly.

METHODS AND MATERIALS:

A team of six test conductors evaluated the FRED prototype along with a mockup of the
RMS workstation for two flights onboard the KC-135 in July of 1998. Four of the
participants were experienced KC-135 flyers who have not previously been affected by
motion sickness; two were first-time fliers. The evaluators represented a range of
anthropometry from 5th percentile Japanese female to 95th percentile American male. The
team evaluated viewing location and reach issues as well as crew restraint requirements and
suggested changes and/or made other recommendations as appropriate.

This report is intended to document HFE findings based on in-flight observation and
experience as well as subjective questionnaire data provided by five evaluators.
Questionnaire items were rated on a scale of 1 - Completely Disagree to 7 - Completely
Agree. Table 1 shows a complete list of FRED/RMS issues that were included in the
questionnaire along with their average ratings. All of the participants ratings were on the
same side of the scale (either agree or disagree) except where noted. The findings will be
discussed in the following four sections.
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RESULTS AND DISCUSSION:

Ingress/Egress and Adjustability:; AVERAGE |Usability at the RMS AVERAGE
RATING |Workstation: RATING

Ingress performed easily 6.4 Reach to THC was acceptable 6.4

Egress performed easily 6.8 Reach to RHC was acceptable 6.4

Adjustability at the rack interface 52 Looking out Aft port window was 6.0

point (arm) was acceptable acceptable

"Knee" joint location was 5.6 Looking at CCTV monitor was 7.0

acceptable acceptable

"Knee" joint adjustability was 5.6 Reach to CCTV controls was 6.3

acceptable acceptable

"Foot" joint location was 6.2 Reach to panel A8L was acceptabl 6.0

acceptable

"Foot" joint adjustability was 54 Comfortable distance from the 5.8

acceptable workstation was maintained

Height adjustability was acceptable 438 Angle relative to the workstation 59
was acceptable

Adjustability while restrained was 3.3 Restraint able to provide optimal 6.0

acceptable performance of the task

Adjustments were performed by 3.5 Easy to find optimal restraint 4.6

one operator position

Adjustments were performed with 1.4

one hand

General Usability/Comfort: Assembly/Disassembly:

Able to support maximum reach 6.4 The leg bar was easily assembled 2.0
to the rack interface bar

Allowed maintaining a stable 6.4 Knee pads and shaft were easily 5.0

posture assembled to the silver bar

Provided a stable posture 54 Foot pads and shaft were easily 5.0
assembled to the silver bar

Rack interface joint (mounting 3.0 Disassembly was performed easily 58

assembly) was stable

Table 1. Questionnaire issues and average ratings. A rating of 7 = Completely Agree; 4 = Neutral; 1 =

Completely Disagree.

Ingress/Egress and Adjustability

Both ingress and egress of the restraint were given acceptable ratings (average ratings of 6.4

and 6.8, respectively). Both the knee and foot joint locations and adjustability were also
acceptable (average ratings of 5.6, 6.2, 5.6, and 5.4, respectively). In addition, the
adjustability of the joint at the attachment mounting assembly was rated as acceptable

(average rating of 5.2). The height adjustability was rated as marginally acceptable (average

rating of 4.8). Participants agreed that adjustments can be performed by one operator
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(average rating of 5.5), however, not while restrained (average rating of 3.3). The ability to
adjust the restraint while ingressed has been replaced by discrete adjustment points, which
provide more stability. Finally, participants disagreed that adjustments can be performed
with only one hand (average rating of 1.4). Again, this was expected due to the discrete
nature of the adjustment points -- participants were required to unscrew and remove the
knee or foot pad shafts to adjust. However, it should be noted that operators will need an
additional restraint (i.e. foot loops) to keep them stable while performing adjustments to the
FRED.

General Usability and Comfort

Based on questionnaire responses, the restraint was able to support maximum reach (average
rating of 6.4). All but one also agreed that the restraint provided a stable posture and
allowed them to maintain this posture (average ratings of 6.4 and 5.4). One small-statured
participant disagreed that the restraint was stable (rating of 3.0). However, this may have
been due to the unstable KC-135 environment (i.e. negative-gravity periods). The joint on the
attachment mounting assembly was rated as not stable (average rating of 3.0). Participants
commented that the clutch/center hub slipped often. None of the participants reported
experiencing any discomfort in their lower backs, thighs, calves, or feet. This result was
expected due to the short periods of restraint use.

Usability at the RMS Workstation

A number of mockups of Aft RMS workstation components were provided for the two
flights, including: Translational Hand Controller (THC), Rotational Hand Controller
(RHC), CCTV monitors, and paper representations of the CCTV control panel, panel A8U,
panel A8L, and the aft port window. Participants were tasked to reach or view these
components. Reach to the THC and RHC were both rated as acceptable (average ratings of
6.4 for both). The ability to look at the CCTV monitors and to look out the aft port
window were also rated as acceptable or completely acceptable (average ratings of 6.0 and
7.0, respectively). Finally, reach to the CCTV control panel and panel A8L were rated as
acceptable (average ratings of 6.3 and 6.0, respectively).

Participants agreed that the FRED allowed them to maintain a comfortable distance from the
workstation (average rating of 5.8), as well as a comfortable angle (average rating of 5.2).
In addition, participants rated the restraint’s ability to provide for optimal performance of
the task as acceptable (average rating of 6.0). However, ratings were slightly lower for the
ease of finding the optimal position (average rating of 4.6). One large-statured participant
rated this as not easy (rating of 3.0). However, another participant commented that this
would become easier with practice.

Assembly and Disassembly

Assembling the knee pads and foot pads to the leg bar were rated as acceptable (average
ratings of 5.0 for both). However, four participants commented that the threads were
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difficult to engage and that it took some effort to line the knobs up correctly so that the
threads do not become stripped. Knobs with finger knurls to supply a better grip while
tightening were recommended. The task of assembling the leg bar to the arm was rated as
unacceptable (average rating of 2.0). Participants commented that it took quite a bit of
effort to line up the holes and keep the two pieces stable and flush while connecting the
short screw. Note that some of the difficulty in aligning pieces may have been a factor of
the KC-135 environment (i.e., negative gravity periods). In addition, the orientation of the
arm and leg bar pieces was not intuitive -- it was unclear to which side of the arm and in
which direction the leg bar attaches.

Participants had no difficulty in disassembling the FRED (average rating of 5.8). However,
participants commented that having Velcro on every piece would have been helpful for

restraining items during assembly and disassembly. One participant commented that a one
person assembly/disassembly would definitely require the use of a foot restraint.

CONCLUSIONS:

Recommendations for potential FRED modifications:

(1) Screws/knobs difficult to align and engage, sometimes became stripped.
RECOMMENDATION: The addition of a rubber piece at the entranceway to the
screw holes would aid in screw/knob alignment and may help to prevent stripping
and jamming.

(2) Difficulty in aligning leg bar with arm.

RECOMMENDATION: The addition of labels indicating which side of the arm
the leg bar lies against would promote efficiency in assembly. Also, labels indicating
which direction the angle adjustment should face (either into or away from the
workstation) would be beneficial for efficient assembly, as well as, added stability.
Another approach is to provide a sketch of the assembly as part of the

procedure.

(2) Knobs difficult to tighten.
RECOMMENDATION: The addition of knurls to the FRED knobs will aid in
gripping the knob and tightening.

(3) Difficult to contain FRED components while assembling/disassembling.
RECOMMENDATION: The addition of Velcro to the components will aid in
assembly and disassembly of the FRED by one operator, since both hands are
needed to perform the task.

While adjustability mechanisms and stability need some modifications, the design interface
was acceptable overall, especially in terms of the RMS operator tasks. One participant
commented, once properly adjusted the FRED was very comfortable and would clearly
enhance RMS operations.
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PHOTOGRAPHS:

98E06160 to 98E06172

98E06181 to 98E0O6182

98E06188 to 98E06189

98E06193

98E06211 to 98E06221

VIDEO:

Zero-G week of July 21-23, 1998, PMU: 11/46611, Master: 615618

Videos available from Imagery and Publications Office (GS4), NASA/JSC.
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Vestibular Interactions During and After Head Movements in Hypergravity: Constant 2G
Acceleration with Negligible Angular Velocity
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August 25-27, 1998 2L DL ,

PRINCIPAL INVESTIGATORS:
Angus H. Rupert, MD, Ph.D., Naval Aerospace Medical Research Laboratory

CO-INVESTIGATORS:
Anil K. Raj, MD, Naval Aerospace Medical Research Laboratory
Eric R. Muth, Ph.D., Naval Aerospace Medical Research Laboratory

/

/7/,

NASA Photo: 98EQ7349
GOAL:

The goal of this experiment is to determine and quantify human responses to motion in
increased gravitational fields (hypergravity).
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OBJECTIVE:

Objectively measure changes to the human vestibulo-ocular reflex (VOR) and gastric
myoelectrical activity of the stomach under the influence of increased gravitational force

(hypergravity).

Subjectively measure nausea and visually perceived motion resulting from head
movements under hypergravity.

INTRODUCTION:

The G-excess illusion has been implicated in a significant number of aviation mishaps
involving loss of situation awareness. The G-excess illusion can occur when head
movements are made in an elevated gravity field, such as in a banked turn or in an
accelerating space vehicle. This can cause illusory attitude changes of as much as 90°,
depending on type and rate of head movement. In addition, head movements in an
elevated gravity field can lead to the development of motion sickness symptoms. The level
of motion sickness encountered during a preliminary hypergravity study performed on the
KC-135 in 1991 could not be accounted for by coriolis cross coupling effects (the
nauseating sense of tumbling produced by head movements in a rotating environment). We
employed the KC-135 (as in the 1991 study) as a large centrifuge, flying in a banked turn
to generate hypergravity (1.8G). We proposed to investigate the human physiological
response to head movements during increased linear acceleration by measuring the
vestibulo-ocular reflex (VOR). We recorded perceptual reports of visual illusions of
motion as a result of these head movements. We also monitored the onset and progression
of motion sickness symptoms during hypergravity with subjective symptom reporting and
an objective measure of gastric activity (electrogastrogram). These experiments should
lead to better understanding of the mechanism of the g-excess illusion and help develop
effective countermeasures for pilots and astronauts returning to the relatively high gravity
of the earth after adaptation to microgravity.

METHODS AND MATERIALS:

Motion Sickness/Nausea Profile Questionnaires (Pre-/In-/Post- Flight)

The subjects filled out the questionnaires prior to embarking and while onboard the
aircraft. Questionnaires were filled out at each station shift (approximately every 25 min
during the experiment) to assess cumulative effects and determine a baseline prior to each
activity. Upon completion of hypergravity runs, each subject filled out a set of post flight
questionnaires [Muth, 1996]. All subjects were provided emesis bags.

G-Excess Illusion (Inflight)

Pre-flight, subjects were instructed on the head movement sequences and given time to
practice the protocols. They were assigned identification numbers and instructed on the
order of station assignments. Inflight, subjects were seated on aircraft seats (from JSC-
Aircraft Operations) in one of three test stations in a darkened portion of the aircraft (KC-

32




135 Blackout Curtains, Wyle Laboratories, Houston, TX). Three visual targets consisting
of four inch squares of 1/4 inch plexiglas were placed in front and to each side of each
subject testing station. The targets had 1/16 inch grooves cut in a cruciform pattern on the
surface facing the subject. Each target, illuminated from the edge by a 6 volt incandescent
lamp, produced a faint, but visible in the dark, crosshair target. The side targets were
secured to the wall padding of the aircraft with velcro and tape, along with cardboard
shields so that each subject could only see one set of targets. The targets in front of the
VOR subjects were mounted to a 36 inch diameter fiberglass/stryofoam disk mounted to a
tall camera pole (from JSC-Aircraft Operations) positioned approximately 43 inches from
the subject's eyes. The perceptions station subject did not require a disk as this station was
located at the front of the testing area, so the target was attached directly to the pole. All
subjects and test participants wore audio headsets with boom microphones (David Clark,
H10-60, Worcester, MA) or U.S. Navy flight helmets with boom microphones. A custom
built audio amp/mixer provided audio between all active test participants. The test
operator (TO) announced the start of each run when informed by the NASA test director
(TD) and indicated which head movement sequence will be performed. Each subject held
their gaze at the target in front of them for thirty seconds, and then, on cue from the TO,
initiated the selected head movements. Each subject was accompanied by a subject
observer (SO) in the adjacent seat. The SO provided any assistance as necessary and
recorded subject perceptions of target motion. Each subject was instrumented with a three
axis linear accelerometer (Entran Devices, EGA3-C-5D, Fairfield, NJ at the VOR stations
or Analog Devices, ADXLOSEM-3, Norwood, MA at the perceptions station), to provide
gravito-inertial force data in head centered coordinates.

VOR Test Stations

In addition the two VOR test stations included head-mounted binocular near infrared
video monitoring of test subject eye movements (Cohu, model 6514, San Diego, CA). The
camera mounts were based on modified U. S. Navy flight helmets. Near visible infrared
(IR) illumination will be provided by two light emitting diodes (LED's, Philips, ECG3017)
per camera. At these stations, the SO were also responsible for adjusting the camera set up
prior to each run. These stations included a cruciform of eight visible light LED's centered
on the center visual target and mounted to the disk.. The SO turned these battery powered
LED's on as instructed by the TO for subject video eye position calibration. The SO at
these stations utilized nine inch video monitors (Panasonic TR930B or equivalent) to
confirm focus and positioning of the video cameras (monitors were turned off and covered
with blackout cloth during data runs).

All three test stations had videocameras (Cohu, model 1122, San Diego, CA) mounted to
the camera pole to allow the TO to monitor all stations. In addition, a safety monitor
(SM), present in the darkened chamber, was available to render assistance as necessary
and secure any light leaks that arose. The SM had night vision goggles (Litton Electronic
Devices, M973, Tempe, AZ) available, in addition to the two way audio communication
system.
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Motion Sickness in Hypergravity (Inflight)

A fourth test station was located outside of the darkened chamber. Four subjects on each
flight were restrained (Hooker Custom Harness, 7-point restraint system, Freeport, IL) in
NAMRL's gimbaled chair and passively oscillated by the SO in the roll plane plus and
minus 45°. Both subject and SO were connected to the audio amp/mixer to allow
communication with the TO. The test subject wore a black out sleep mask to occlude
visual stimuli. A potentiometer attached to the chair output produced a voltage that was
proportional to the angular position of the chair. A video camera (Cohu, model 1122, San
Diego, CA) allowed the TO to monitor this test station. All subjects completed nausea
profile and motion sickness questionnaires at the end of each 25 minute (approximately)
rotation. Subjects gastric myoelectrical activity was recorded using electrogastrography.

Electrogastrography, a non-invasive technique for recording gastric myoelectrical activity
of the stomach using surface electrodes was used as an objective supplement to modified
Graybiel motion sickness and nausea profile scores. Data were recorded using field effect
transistor (FET) type electrodes and a Digital Biolog (UFI, Morro Bay, CA). Three
electrodes were placed on the test subject's abdomen: one along the left mid clavicular line
one to two inches below the costochondral margin, one at the midpoint between the
xyphoid process and the umbilicus, and the third (ground) on the rib cage of the subject's
right side. Prior to electrode placement, the skin was shaved, if necessary, lightly abraded
using Omniprep and a protective barrier (Mentor Shield Skin) was applied. Electrode
impedances were checked after application to confirm an impedance less than 10 kohms .

Subjects

Twenty seven subjects participated in this experiment, all of whom had taken an aviation
physiology course and passed either an Air Force Class III or Navy N-3 or N-1 physical.
Eight subjects were recruited from the Naval Aviation Schools Command and the balance
from the NASA-JSC Human Test Subject Facility (HTSF). The eight Navy subjects (all
male) were junior officers awaiting primary aviation instruction. Four of the NASA
subjects were female (15 male), and all were either NASA employees or recruited from
the general public. All female subjects had negative urine human chorionic gonadotrophin
(HGC) tests within 24 hours prior to flight. The average age of the test subject pool was
32 (median 30, mode 27, minimum 22, maximum 45)

Procedure

Subjects were briefed as a group on the morning of their flight on KC-135 safety and
operations on the experimental procedures. Informed consent was obtained and
documented using an informed consent form that was approved by the NASA-Lyndon B.
Johnson Space Center's Institutional Review Board, and Protection of Human Subjects
Committees at the Naval Aerospace Medical Research Laboratory and the Naval Medical
Research and Development Command. Previous nausea and motion sickness
questionnaires were distributed and tabulated prior to flight. The four subjects with the
most motion sickness histories were selected to participate in the gimbaled chair (passive
motion) station. The balance of each days subjects were then assigned to one of the three
G-excess active head movement stations (either perception or vestibular ocular reflex
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assessments). Interpupilary distance measurements were recorded with a digital
pupilometer for the subjects assigned to the VOR stations. EGG electrodes were applied
to the subjects assigned to the gimbaled chair (4 per flight) prior to embarking the aircraft.

Flight Profile

Sustained hyper-G (1.8 Gs) was induced through a series of banked turns in a NASA KC-
135 (approximately 3.50/s turn, with a 56 deg. angle of bank, at 467 knots actual airspeed,
resulting in a 2-nautical mile radius). Each hyper-G run lasted 5.5-min. During a hyper-G
run, the aircraft maintained a minimum ascent rate to stay out of its own turbulence.
Following a hyper-G run, there was a brief repositioning time (average 5 min) during
which the plane descended to an appropriate altitude to start the next run. There were a
total of three flights, each on a separate day, and each with new subjects. Ideally, each
flight was designed to carry 10 subjects (Table 1). Each subject was to participate in four
experimental periods, with each experimental period consisting of two successive hyper-G
runs (for a total of eight hyper-G runs). During each experimental period, subjects were
either at rest or at one of four experimental test stations: G-Excess VOR 1, G-Excess
VOR 2, and G-Excess Perception or the Gimbaled Chair. However, during Flight One,
only five hyper-G runs were completed, with the first, third and fourth experimental
periods consisting of one hyper-G run and the second experimental period consisting of
two hyper-G runs. Flight Two was completed as planned. During Flight Three, the last
hyper-G run was aborted. Hence, the fourth experimental period of Flight Three consisted
of only one hyper-G run. In addition, during Flight One, subject positions one and three
were not filled. During Flight Two, all subject positions were filled. During Flight Three,
subject position 25 was not filled.

Head Movement Protocols

The Active protocol involved an active head movement protocol (Figure 1) and was
performed at each of three different test stations: G-Excess VOR 1, G-Excess VOR 2 and
G-Excess Perception. The active head movement protocol consisted of two separate head
movement sequences, each being performed during a single hyper-G run of the Active
protocol. The order of presentation of sequence A or sequence B was alternated for each
experimental period. The Passive protocol involved passive roll movements and was
performed at only the gimbaled chair test station . During passive head movements, a
subject was secured in a gimbaled chair with a five-point harness. The subject's head was
positioned upright in a chair mounted headrest to restrict head movement. During Flight
One, a human operator oscillated each subject in the gimbaled chair continuously from 45
deg. left to 45 deg. right at approximately 0.6 Hz for the entire hyper-G period. During
Flights Two and Three, the subject was rolled 45deg. left and right in the gimbaled chair,
being held in each position for 30 s as follows: upright 30 s, left 30 s, upright 30 s, right
30 s, upright 30 s, left 30 s, etc., continuously for the entire hyper-G period. This change
was made due to the difficulty in continually rocking the gimbaled chair under hyper-G,
the recording artifact that continuous rocking introduced into the physiological recordings
and to simplify the overall protocol by synchronizing the Active and Passive protocols.
Subjects not participating in either the Active or Passive protocol rested quietly while
sitting or supine in standard aircraft type seating or on the floor of the aircraft (Rest
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protocol). Subjects made incidental head movements during the Rest protocol, but were
asked to stay seated or supine during each hyper-G period. The informed consent form
requested that subjects minimize head movements during the Rest protocol.

RESULTS:

All subjects -- The mean MSHQ score for all subjects was much lower than a population
of undergraduates (10 vs. 26; t[24] = 9.7, p<0.05). This suggests that as a whole, the
subjects in our study had a below average susceptibility to motion sickness. This is a
logical result as the NASA KC-135 is affectionately known as the "Vomit Comet," and
individuals with a strong history of motion sickness tend to avoid being test subjects. In
addition, approximately one-third of our subjects were student naval aviators or flight
officers; this group tends to be self-selective against motion sickness. Nonetheless, 7 out
of the 27 subjects vomited during the flight (26%). Nausea initially increased during the
first experimental protocol, but then was fairly stable over the duration of the flight
(F[5/105] = 3.7, p < 0.05). For the six subjects who experienced all of the head movement
protocols, there was a significant effect of protocol, with the Active protocol producing
the most nausea ( F[4/20] = 2.8, p < 0.05). This effect appeared to hold for the mean
nausea scores for all subjects. However, it is important to note that the level of nausea
reported in these by protocol analyses is very low. Hence, any conclusions regarding the
levels of nausea induced by the various head movement protocols are tentative.

Eight EGG subjects

The mean MSHQ score for those subjects selected for physiological recording was
somewhat lower than that found for a group of 191 undergraduate students (18 vs. 26,
t[7]1 = 4.1, p < 0.05). This suggests that even though subjects who were selected for
physiological recording were selected to be the most susceptible to motion sickness, they
actually had a motion sickness history slightly lower than average. The Vomiters showed
greater total nausea pre-G, during hyper-G and post-G compared to the Nonvomiters
(F[1/5] = 264.9, p < 0.05). In addition, the Vomiters showed an increase in nausea during
hyper-G not seen in the Nonvomiters. This is evidenced by a main effect of G period
(F[2/10] = 16.3, p < 0.05) and a vomiting status by G condition interaction (F[2/10] =
12.9, p <0.05).

The Vomiters showed consistently less normal 3 cpm across the G-periods compared to
the Nonvomiters, a difference that approached statistical significance (F[1/6] =4.5, p <
0.10). The Vomiters had slightly greater tachyarrhythmia pre-G, during hyper-G and
post-G compared to the Nonvomiters (Fig. 2), a difference that was not statistically
significant (F[1/6] = 3.0, p < 0.20). G period appeared to affect tachyarrhythmia
differently by vomiting status (Fig. 2), with the Nonvomiters showing a decrease in
tachyarrhythmia post-G not seen in the Vomiters. However, this interaction only
approached statistical significant (F[2/12] = 3.7, p <0.10).

The Vomiters had significantly more somatic (F[1/5] = 96.9, p < 0.05), gastrointestinal
(GI; F[1/5] = 184.5, p < 0.05) and emotional distress (F[1/5] = 11.6, p < 0.05) across the
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G conditions compared to the Nonvomiters (all F-values are for main effect of vomiting
status). The Nonvomiters showed little change across the G conditions whereas the
Vomiters showed a large increase in somatic (F[2/10] = 9.8, p < 0.05) and GI distress
(F[2/10]1 = 10.0, p < 0.05), and a small increase in emotional distress (F[2/10] = 11.0, p <
0.05) during hyper-G (all F-values are for vomiting status by G condition interactions).
These increases appear to return to pre-G levels following hyper-G. It is important to note
that although the changes in emotional distress are statistically significant, the levels
reported by both vomiting status groups are negligible.

G-excess Perception
Reports of visual target movement during onset/offset of hypergravity and following each
head movement profile are presently under review.

G-excess VOR
Analysis of video-oculographic data of the subjects' eye movements is under way.

DISCUSSION:

Nausea and Motion Sickness

The level of nausea reported and the number of subjects that vomited confirmed the
results seen in previous KC-135 hypergravity flight [Baylor, 1992]. Based on motion
sickness history, the subjects in the current study had a lower than average susceptibility
to motion sickness. Nonetheless, 26% of the subjects in this study vomited in response to
hyper-G. This vomiting cannot be attributed to a Coriolis cross-coupling effect as head-
movements in 1-G at similar rotation rates produce little nausea, and no vomiting
[Graybiel, 1969]. Further, three of the seven subjects who vomited never moved from
their original pre-flight positions before vomiting (they remained in the Rest protocol).
This suggests that the experience of hyper-G alone, without provocative head movements,
is sufficient to induce nausea. It is likely that the vomiting observed is due to a G-excess
effect on the otoliths. This effect appears to be most provocative in the +Gz (head to foot)
axis. It was observed that when subjects who were nauseated and/or vomiting moved to a
supine position, with the hyper-G then being through the +Gx (chest to back) axis, the
nausea and vomiting appeared to subside. This finding is similar to reports from elevator
studies, in which subjects who were supine were not as susceptible to motion sickness as
subjects who were standing [McNally, 1944]. Although it is hypothesized that the
observed nausea and vomiting is due to a G-excess effect on the otoliths, it could also be
due to a nonvestibular physiological change (e.g., visceral stretching, kinesthetic or
somatosensory). One unlikely nonvestibular explanation is the neck strain caused by the
extra G-loading on the neck. It was previously shown that during a rotation of 4.50/s in a
1-G field, head movements made while wearing a helmet weighted to simulate a 2-G load
caused little nausea and no vomiting [Gilson et al, 1973].

It is important to note that prior to being airborne, the passenger compartment of the

aircraft was not cooled. This led to very warm temperatures prior to reaching altitude.
This heat effect could have confounded results, leading to increased rates of nausea and
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vomiting. However, no one vomited prior to the first G run, at which time the aircraft was
sufficiently cool. Thus, the heat alone does not appear to account for the increased
sickness. Further, nausea did not show a consistent increase with time in flight as one
might expect if the effect was due to continued exposure to the unique environment of
flying in the NASA KC-135. Rather, nausea was specifically associated with head
movement protocol and hyper-G period.

In subjects that were exposed to the various head movement protocols, the Active
protocol appeared to evoke the greatest level of nausea. Although the reports of nausea by
head movement protocol were low, this finding is supported by anecdotal reports
following the experiment in which subjects reported that pitch head movements were most
provocative ("moving my head from my lap to the upright position was the most
sickening"). This finding is consistent with earlier reports from parabolic flight that pitch
head movements were the most provocative in both hypo- and hyper-G [Lackner, 1986,
1987]. In parabolic flight, the hyper-G exposures were brief. The current study extends the
finding from parabolic flight, that pitch head movements tend to be the most provocative,
to a sustained hyper-G environment. This confirms that the sickening effect of pitch head
movements is not a by-product of parabolic flight. It is important to note that the head
movement protocol effect found in the current study should be considered tentative. It
could be explained by differences in the head movement protocols -- active vs. passive
nature. For example, during the Passive protocol, subjects were restrained and their heads
confined, whereas during the Active protocol subjects were not restrained at all.

In subjects who vomited in response to hyper-G, the Nausea Profile indicated that the
nausea experienced had a dominant GI distress component with a secondary somatic
distress component, with only negligible emotional distress. This Nausea Profile is similar
to the profile observed from an optokinetic drum stimulus in a 1-G field [Muth, 1996].
The only difference is that subjects in the current study had elevated somatic and GI
distress pre-G. This is due to the fact that some subjects had already been exposed to
several hyper-G runs before the pre-G measurement corresponding to the EGG recording
was taken. However, the levels of nausea reported pre-G and post-G were similar to those
reported by a group of subjects considered not susceptible to optokinetic-induced motion
sickness [Muth, 1996]

In subjects who vomited during hyper-G, disturbances in the EGG appeared similar to
those observed in subjects susceptible to motion sickness induced by an optokinetic drum
stimulus [Stern, 1985, 1987]. The subjects who vomited appeared to have less normal 3
cpm activity and greater tachyarrhythmic activity compared to those subjects who did not
vomit. Furthermore, subjects who vomited showed a decrease in normal 3 cpm activity
during hyper-G not observed in subjects who did not vomit. Again the only difference
between these findings and those from the optokinetic drum stimulus is that pre-G,
subjects who vomited already had a more disturbed EGG compared to subjects who did
not vomit. As with the nausea reports, this is likely due to the fact that some subjects had
already been exposed to multiple hyper-G runs before the physiological measurement
period. It is important to note that these EGG differences were not statistically significant
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and therefore need further verification with a larger number of subjects. Nonetheless, they
appear to support the negative relationship between 3 cpm and nausea, and the positive
relationship between tachyarrhythmia and nausea.

G-Excess Perception

Initial review of perceptual reports appear consistent with those of Baylor, et al [1992].
Most if not all subjects perceived visual target motion during onset of hypergravity runs.
Due to subject motion sickness and/or subjects that did not arrive on time for their flight,
we were able to run some subjects more than once through this protocol. These subjects
typically reported increased target motion during their second set of runs than they
reported on their first runs. This may have been due to an increased familiarity with the
disorienting sensations that follow head movements in hypergravity. Further analysis will
investigate this possibility as well as document other perceived target motion.

G-Excess VOR

This portion of the experimental setup was the most complex and, as a result, the most
problem ridden. The ruggedized mil-spec computer that carried the software to integrate
and control the video data acquisition and backup the accelerometer and rate sensor data
failed one half hour prior to the start of the first flight. This was likely due to the
combination of high temperatures and humidity experienced the previous afternoon (after
the test equipment had been installed), along with the rapid cooling provided by the air
conditioning system on the ground. Water had condensed on every metal surface in the
test area of the aircraft and likely inside the computer (later analysis showed that both the
PC mother board and the hard drive had failed). The VCR's were operational throughout
the three flights as were the time code inserters that placed accurate time of day on the
video in barcode form. In addition to the time, digitized data from the accelerometers and
rate sensors was also inserted into the barcode. Therefore, data from the second two
flights was recorded despite the failure of the computer. Post flight analysis is still
continuing on this data. Additional problems occurred with one of the time code inserters
which lost one video signal (VOR station 1, right eye), intermittently at first and then
continuously early in the first flight. Lastly, the IR illumination intermittently failed while
under G. Post flight testing could not duplicate the failure, but it is assumed that the
hypergravity caused an intermittent short or open circuit. The short duration of the
illumination drop outs will cause some loss of data, but each run should still be
salvageable. The loss of the right eye signal from VOR station | precludes analysis of
binocular data from subjects tested at that station.

CONCLUSIONS:

In conclusion, sustained hyper-G exposure with negligible angular velocity provokes
nausea and vomiting in a significant number of individuals that is likely attributed to a G-
excess effect on the otoliths and not a Coriolis cross-coupling effect. The similarity in
nausea reports and apparent EGG changes between hyper-G and optokinetic stimulation
suggests that the experience of nausea in an altered force environment (hyper-G) is similar
to that experienced in a normal force environment (optokinetic stimulation). Hence,
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although the stimulus that causes the nausea differs, the end-organ response during
cognitive interpretation of nausea appear to be the same.

Control of the thermal environment in the KC-135 proved difficult during this experiment.
Two factors resulted in equipment failure: 1) the high heat and humidity in Houston, TX,
during the late summer and 2) the blackout curtains that restricted normal airflow in the
KC-135 cabin. While the excess heat did not adversely affect the nausea and motion
sickness data, it did impact the quality of the data acquired for the G-excess illusion. Initial
evaluations of the G-excess illusion data appears to support previous results. Completion
of this data analysis should provide further insight into the dynamics of the g-excess
illusion.
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GOAL:

To obtain a quantitative estimate of the importance of gravity in the distribution of blood
flow to the lung.

OBJECTIVE:

Measure the spatial distribution of blood flow to the lungs of anesthetized juvenile pigs
during microgravity, 1G and 2G in both prone and supine positions by intravenous
injection of different colors of fluorescent microspheres which lodge in pulmonary
capillaries.

INTRODUCTION:

The estimation of blood flow distribution in the lung obtained from indirect gas
concentration methods on the SLS-1 yielded a very surprising result, in that the
distribution of blood flow in the lung did not appear to be substantially altered by
weightlessness. The best explanatory model for the distribution of blood flow to the lung
prior to those findings had been the three zone model developed by John West, which
postulated that the regional flow differences could be satisfactorily explained by the
influence of gravity on the low pressure blood flow circuits of the lung.

The measurements obtained by West and colleagues had relatively low spatial resolution.
Subsequent investigators using lungs injected with microspheres as flow markers, inflated,
and cut into thousands of pieces demonstrated a far greater degree of heterogeneity than
would have been predicted from the simple gravitational model. While the gravitational
gradient could still be detected by these studies, it was calculated to account for

only about 7% of the total flow heterogeneity.

The calculations on experiments conducted at 1G were only indirect evidence of a weaker
effect of gravity, however, as the effects of gravity were estimated from the changes
measured in blood flow in animals turned from prone to supine position. What was
lacking was direct measurement of blood flow distribution at microgravity and at higher G
forces in the same animals. The NASA KC-135 aircraft provided the opportunity to
directly investigate the effects of microgravity on blood flow distribution on the lungs

of anesthetized animals utilizing the high resolution techniques we had developed in our
laboratories.

MATERIALS AND METHODS:

Animals

Anesthetized 25 kg juvenile pigs were used for all studies, as they were animals with large
enough lungs to permit sampling more than 1,000 pieces, but small enough to readily
handle and transport.
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Instruments

While the experiment itself required only the intravenous injection of different colored 15
micrometer fluorescent microspheres at specific times during the parabolic flight profiles, a
complete system for mechanical ventilation and cardiopulmonary monitoring was required
to insure stability of the anesthetized pig during the flight. Continuous measurements
were obtained of pulmonary artery, arterial, central venous, and airway pressures.
Intermittent measurements of cardiac output and arterial blood gases were obtained
throughout the flight.

Procedure

The animal was held in a rotating bed apparatus which permitted turning the animal from
prone to supine position without interfering with any of the intravascular monitoring lines
or ventilation connections. After beginning the series of parabolic flight profiles,
fluorescent microspheres were injected into the central venous line five seconds after
microgravity had been attained, with the completion of injection allowing 12

more seconds for the microspheres to lodge within the pulmonary capillaries. Injections
were also made at 1.8G and 1.0G in both prone and supine positions during the flight.
After return, the animal was sacrificed by overdose of anesthesia, and the lungs were
extracted and inflation-dried for later analysis.

RESULTS:

The following data have been compiled from the first two flights. The subsequent flights
were different only in that 30% oxygen was administered to the animals throughout the
flight to compensate for the moderate altitude induce hypoxemia which had been noted in
the previous flights. Cardiac output and systemic arterial pressure remained within normal
range throughout all gravitational conditions. The fit of the regional blood flow data

to a vertical height model for all measurements made at 1 and 2G was weak, explaining
only 5.9% of the total blood flow heterogeneity. Comparing slopes of the vertical height
model at 2G and 0G, a steeper slope in the direction of the gravitational gradient was
observed at 2G in both prone and supine positions. However comparing 0G and 1G
measurements, there were no predictable changes among the small differences in slope
gradients in either posture.

DISCUSSION/CONCLUSIONS:

These preliminary findings suggest that in quadrupeds in both prone and supine positions,
normal gravitational forces have a minor and inconstant influence on the distribution of
blood flow in the lung. The predominant factor determining the distribution of blood flow
in the normal lung appears to be the anatomy of the pulmonary vascular system. These
results are preliminary, and are based only on the two animals studied in mildly hypoxic
conditions. The final six animals were studied on 30% oxygen, and remained normoxic
through the flights. Until the flow data can be completed from these studies, we cannot
exclude the possibility that our initial findings have been biased by hypoxic pulmonary
hypertension, which would overcome a true gravitational gradient.
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KC-135 Hardware Evaluation of the HRF Lower Body Negative Pressure Device
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Kevin Collier, Wyle Life Sciences
Peter Nobmann, Daimler-Benz Aerospace

GOAL:

To evaluate design changes made to the hardware post-Critical Design Review,
specifically looking at comfort, ability to egress, and zero-g functionality.
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OBJECTIVE:

To determine whether the changes made met the requirements for the hardware and
whether crew comments were adequately addressed from previous KC-135 and ground-
based testing.

INTRODUCTION:

The Lower Body Negative Pressure (LBNP) system is an instrument that encloses the
lower body of the test person within a tubular structure and allows the application of a
pressure differential inside the system lower than the ambient environment. The pressure
differential causes a redistribution of body fluids in the microgravity environment
comparable to the fluid distribution that occurs in the upright position in the 1-g
environment.

METHODS AND MATERIALS:

Subjects
Two medically qualified male subjects with previous KC-135 and LBNP experience
participated in the evaluation of the LBNP system during KC-135 parabolic flight.

Instruments

Human Research Facility LBNP prototype system
accessory gear

safety monitoring equipment

Procedure

The hardware was assembled and setup prior to the flight. The two subjects completed
the following:

1) the subject ingressed the bag, secured himself and then the negative pressure was
applied. Comfort and ability to use the controls were assessed.

2) A quick “emergency” egress was performed to see whether egress in less than 30
seconds could be achieved.

These steps were done over the course of several parabolas and then repeated with the
other subject in the bag.

RESULTS:
Comfort was satisfactory with only one minor complaint of pressure on the hip. The

egress drill was completed in the allotted time. No adverse affects on the subject nor
damage to the hardware was noted during the evaluation.

49



DISCUSSION:

The flight was considered a success. Very favorable results were obtained, indicating that
the design was mature and appropriate for a spaceflight environment. All objectives were
attained. No significant problems were noted.

CONCLUSION:

The evaluation proved successful. No other flights are planned.

PHOTOGRAPHS:

98E08733 to 98EO8737

VIDEO:

Zero-G Week of Oct. 19 to Oct. 23, 1998, PMU#:11/47348, Reference Master: provided

Videos available from Imagery and Publications Office (BT4), NASA/JSC.
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GOAL:

The goal of this study is to perform testing aboard the KC-135 resulting in applications
that promote a better understanding of pulmonary diseases related to inhaled particles, in



studying drugs delivered by inhalation, and in understanding the consequence of long-term
exposure to respirable aerosols in long duration space flight.

OBJECTIVE:

This study was designed to determine the total deposition of aerosols in the human lung in
microgravity (LG), in normal gravity (1G) and in hypergravity (~1.6G); and to chart the
deposition and dispersion of aerosols (inhaled boli of 1 micron particles) as a function of
the penetration depth into the lung at uG, 1G and ~1.6G.

INTRODUCTION:

Respired airborne particles (aerosols) are deposited at different sites in the respiratory
tract depending on their size. There are three primary causes of intrapulmonary deposition.
Impaction results in the removal of the larger (> 5 micron) particles in the upper airways,
sedimentation mainly affects the medium sized particles (0.5 - 2 microns), while the
smallest particles (< 0.1 micron) are subject to the effects of Brownian motions, and are
deposited on the airways and alveolar walls primarily by diffusion (Beeckmans, 1965;
Davies and Muir, 1966; Muir, 1967a).

Of these three mechanisms, sedimentation is a gravitational process, and is therefore
expected to be altered in the uG environment (Beeckmans, 1966; Muir, 1967b). However
the fate of these medium sized aerosols in pG is unknown, and theoretical calculations
give somewhat conflicting results.

In the spacecraft environment, the potential for significant airborne particle loads is high,
since the environment in closed, and no sedimentation occurs. Thus particles remain in the
air until removed by active filtration, and this process is energy intensive. Preliminary
measurements in the Shuttle air environment have shown a substantial increase in
microbial counts during missions (Henney et al., 1984; James, 1992), and a large variety of
airborne particles including hair, food, paint chips, and synthetic fibers have been found.
Particulate concentration studies have been shown to be raised levels in some flights (Liu
et al.,1992). Early shuttle flights provided anecdotal reports of "brown clouds" in the
vicinity of the waste containment system, and while this has been fixed, there exists
considerable potential for the presence of contaminated aerosol in the spacecraft
environment.

It is therefore of considerable interest to determine the fate of inhaled aerosols in an
environment that offers altered deposition, and a potentially large airborne particulate
load. If alterations in the site of particulate deposition occur, then there may well be long-
term health implications of such alterations, especially as longer and longer missions are
proposed, and as these missions are likely to occur in environments such as the Mir
Station that are potentially less well controlled than the Space Shuttle cabin.

52




To date, only one study of total lung deposition has been made in the pG environment.
Hoffman and Billingham (1975) showed that the deposition of 2.0 micron particles was
reduced during short period of microgravity on a NASA LearJet. As a consequence, these
particles may well have penetrated deeper into the lung, but this was not directly
measured.

The total deposition of aerosol in the lung may be measured by steady breathing at
constant tidal volume and frequency from a reservoir in which monodisperse particles have
been dispersed (Davies et al., 1972; Heyder et al., 1973; Heyder et al., 1986). Total
deposition is determined by recording continuously the aerosol concentration and flow
rate at the mouth both during inspiration and expiration. It seems likely that such a
measurement would be suitable to carefully study aerosol deposition in short periods of
weightlessness.

More recently, the aerosol bolus technique has been developed as a means of charting the
behavior of the airways at different depths within the lung (Heyder, 1983). In this method
small (approximately 30 ml) boli of aerosol are inhaled at specific points in the breath, and
the subsequent exhalation of the aerosol is then examined. In 1-G, by calculating the loss
of aerosol from the bolus, the effective airway diameter may then be determined, as the
loss of the (typically 1.0 micron) particles is via sedimentation (Heyder, 1983). The
inspired bolus can be "positioned” at different points in the inspired breath, allowing for
different penetration depths into the lung, and hence allowing probing of different areas of
the respiratory tract.

More importantly for these proposed studies, the convective mixing within the respiratory
tract can be estimated using aerosol boli (Heyder et al., 1988). By measuring the axial
dispersion of the bolus (the width of the aerosol bolus measured as a function of exhaled
volume), the degree of which the aerosol disperses along the airways can be determined.
The degree of dispersion increases as the penetration depth of the inspired bolus is
increased, and at penetration volumes of approximately 600 ml, it appears that aerosol
begins to reach the alveoli. Both the dispersion (the width of the exhaled bolus) and the
effective depth (the mode of the exhaled bolus) provide information on convective mixing
in the lung. For example, inpatients with cystic fibrosis a significant increase in both of
these indices indicate a narrowing of the airways (Anderson et al., 1989).

Since aerosols of 1.0 micron are not significantly affected by diffusion, their use also
allows a direct probe into convective gas mixing in the lJung. We know that overall
convective inhomogeneity is reduced in uG (Guy et al., 1994) although it is clearly not
absent (Prisk et al., 1994). Thus, aerosol boli provide a probe into changes in regional
convective mixing in uG without the confounding effects of diffusion that is always
present with gases.

In the present study, we will perform tests consisting in steady breathing of aerosol

spanning the range 0.5 to 5 microns on normal subjects during short periods of uG
provided by parabolic flight profiles aboard the NASA KC-135 research aircraft. This will
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allow us to determine total lung deposition of aerosols in pG. Of particular interest is the
behavior of particles of approximately 1 micron in size, those particles which are known to
be primarily removed by sedimentation, a gravitational process. The comparison to
deposition at 1G will help to elucidate the impact of gravitational sedimentation upon
deposition processes.

Using inhaled boli of 0.5, 1.0 and 2.0 micron aerosols, we will chart the deposition and
dispersion of these aerosols as a function of penetration depth into the lung. In doing this,
changes in aerosol dispersion and the regions of deposition in pG compared to 1G
environment will be brought to light.

METHODS AND MATERIALS:

Subjects

The subjects were recruited on a voluntary basis among the employees of the Department
of Medicine of the University of California at San Diego and employees from the Johnson
Space Center. All subjects passed the required Air Force Class III Flight Physical exam.
A total of 4 subjects participated in this study.

Procedure

In the first protocol designed to determine the total lung deposition of aerosols, the
subject breathes monodisperse aerosol from a reservoir at a constant tidal volume and
frequency over a period of about 5 minutes. In the second protocol focusing on aerosol
deposition and dispersion at different depth within the lung, starting from residual volume
(RV), the subject takes an inspiration of pure air at a constant flow rate (~0.4 I/s) followed
by a breath-hold varying between 0 and 10 sec before the subject exhaled to RV at the
same flow rate of ~0.4 I/s. During the test inspiration, a bolus of approximately 80 ml of
aerosol is delivered at a selectable volume. During both protocols, the aerosol
concentration at the mouth, the flow rate, the barometric pressure and the gravity level are
continuously recorded on a PC (IBM ThinkPad 360 CSE) via an A/D board (multi
function DAQCard-700).

During the earlier KC-135 flight (week of September 10, 1996), the total deposition was
measured on 4 subjects for 0.5, 1, 2 and 3 microns at uG, 1G and ~1.6G. The four other
weeks were dedicated to protocol 2. Regional aerosol deposition and dispersion were
measured on the same 4 subjects. The following table summarizes the tests that have been
performed.

Week of Particle size Penetration volume Breath-hold (sec)
(micron) (ml)
March 1997 1 150, 300, 500, 800 0
July 1997 1 500, 800, 1200, 1500 0
0.5 150,500, 800, 1200, 0
1500
August 1997 2 150, 300, 500, 800, 0

54



1 1200 3.5
150, 500

October 1998 1 300, 1200 10

The experiments performed in October 1998 slightly differed from the previous bolus tests
in that small identical flow reversals were imposed during the 10 seconds breath-hold.
Each flow reversal consisted in a small inspiratory maneuver immediately followed by a
small expiratory maneuver resulting in no overall change in lung volume. These
experiments were performed to study the effect of the non-reversibility of the flow on
aerosol dispersion in the lung.

RESULTS AND DISCUSSION:

Data from the week of September 10, 1996 have been completely analyzed and compared
to predictions from a numerical model. They are the first results of different gravity levels
on the deposition of particles of various sizes in the human lung. As expected,
intrapulmonary deposition of particles was increased at ~1.6G and reduced in uG
compared to deposition at 1G since sedimentation, which is a mechanism of aerosol
deposition, is a gravitationally dependent process.

The data were compared with the results of a one-dimensional model simulating the
transport and deposition of aerosols in the human lung (Darquenne and Paiva, 1994).
Significant and potentially important discrepancies were found between experiments and
numerical results. Specifically, in the uG environment, when deposition due to
sedimentation was necessarily zero, total deposition of the smallest particles (0.5 and 1.0
micron) was significantly greater than that predicted by the model. However, for the larger
particles (2 and 3 microns), the model predictions were quite accurate. Since impaction is
a deposition mechanism that is negligible in these very small particles and sedimentation is
absent in UG, the extra deposition observed must occurred through enhanced diffusion. It
is likely that this enhanced diffusion is a result of the previously unaccounted for non-
reversibility of flow in the alveolar regions of the lung. These results have been published
in the Journal of Applied Physiology (Darquenne et al., 1997)

Measurements of regional deposition and dispersion of inhaled bolus of 0.5, 1 and 2
micron particles performed during the weeks of March 1997, July 1997 and August 1997
have also been analyzed. At shallow penetration volumes of 200 and 400 ml, deposition of
1 um particles was not different between gravity levels. In contrast, at larger penetration
volumes (> 600ml), when we would expect the aerosol bolus to reach the alveolar region
of the lung, deposition was strongly dependent on the gravity level with the largest
deposition occurring for the largest gravity level. Based on the data, it, however, looks as
if the deposition seen in shallow breaths in microgravity was in fact not different from that
seen in normal gravity. This result is consistent with the observation made in the total
deposition study where deposition was unexpectedly higher in microgravity than we would
have expected based on the normal and hypergravity data. These data were compared to
those obtained with 0.5 and 2 um. In 1G, there was a clear increase in dispersion with
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increasing particle size. This result is consistent with the concept that dispersion is a result
of the crossing of streamlines, and since the larger particles sediment more readily, they
have a higher dispersion. In uG, dispersion was independent of particle size over the range
studied, suggesting that the effect of the other intrinsic motions (diffusion, impaction) was
sufficiently small that it could be ignored. Importantly, over the range of penetration
volumes studied, dispersion continued to increase with increasing penetration volume in
uG, suggesting the continued presence of convective ventilatory inhomogeneity in the
early generations of the acinar region. A paper describing the results of the 1 pm bolus
inhalations has been published in the Journal of Applied Physiology. (Darquenne et al.,
1998a). Another paper comparing the results between the different particle sizes has been
submitted to the Journal of Applied Physiology (Darquenne et al., 1998b).

Data from the flight week of October 1998 are still under analysis and will be discussed
later.

CONCLUSIONS:

The goal of this study is to determine the total deposition of aerosols in the human lung
and the deposition and dispersion of these aerosols as a function of the penetration depth
within the lung. These experiments have been realized in uG, 1G and 1.6G. Five weeks of
KC flights have been performed. In the first one (September 10, 1996), a complete set of
total deposition data has been successfully collected at the different gravity levels. The
data were obtained from four subjects with four different particle sizes. The data have
been completely analyzed and they have been discussed in a paper that has been published
in the Journal of Applied Physiology. During the next three weeks of flight (March 11,
1997, July 1, 1997 and August 12, 1997), bolus tests have been performed on the same
four subjects at penetration volumes ranging between 150 and 1500 ml using 0.5, 1 and 2
micron particles. These data have also been analyzed and discussed in two papers. One has
been published in the Journal of Applied Physiology (Darquenne et al., 1998a) and the
other one has been submitted to the same journal (Darquenne et al., 1998b). During the
last week of flight (October 28, 1998), slightly different bolus experiments have been
performed as small identical flow reversals were imposed during the 10 seconds breath-
hold to study the effect of the non-reversibility of the flow on aerosol dispersion in the
lung. These data are still under analysis.
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GOAL:

To understand the neurobiology underlying visual reorientation illusions and the etiology
of motion sickness.

59



OBJECTIVE:

The long-term objectives of the proposed research are to improve our understanding of
how spatial orientation information is processed in the vertebrate brain. Specifically, what
are the underlying physiological and cognitive mechanisms which normally support an
animal's sense of direction and enable it to orient and navigate within a three-dimensional
environment? Previous studies in rat hippocampus, subicular complex, and thalamus have
identified two classes of exocentric spatial cells in the brain. One type discharges
whenever the animal is in a specific location ("place" cells)(Muller, 1996), while the
second ("head direction" cells) discharge as a function of the animal's head direction in the
earth's horizontal plane, independent of the animal's behavior and location (Taube et al.,
1990; Taube, 1998). Based on well established ground-based experimental paradigms, we
propose a series of rodent electrophysiological experiments to characterize the behavior of
head direction cells in freely moving animals in various non-gravity orientations. Because
astronauts frequently experience spatial disorientation during space flights, it is important
to understand the underlying neurophysiological mechanisms contributing to spatial
orientation in order to eventually develop appropriate countermeasures. The experiments
will be performed aboard the KC-135 aircraft; this aircraft flies parabolic flights in order to
simulate the effects of micro-gravity.

INTRODUCTION/METHODS AND MATERIALS:

Rats moved around a three-dimensional 2'x2'x3' cage by climbing on a metal mesh
attached to the floor, wall, and ceiling. Once trained, the rats underwent surgery (at the
PI's institution) and had an array of electrodes implanted into the anterior dorsal thalamus.
Following surgical recovery they were screened daily for the presence of head direction
cells. Rats that contained head direction cells were flown and tested aboard the KC-135
aircraft during periods of simulated 0-g. During periods of 0-g the rats were coaxed and
hand placed onto different planes of the test apparatus. Cell firing was recorded and the
rat's position monitored and videotaped with a video camcorder. Following completion of
the experiment, rats were returned to Dartmouth College for further experimentation.

RESULTS:

1) Head direction cells continued to show directional-specific firing under conditions of
both 0 gand 1.8 g.

2) When the rat was on the wall in 0 g conditions head direction cell discharge was similar
to that observed under 1 g conditions.

3) When the rat was on the ceiling in O g conditions, two patterns of firing was observed -
a) cell fired at somewhat higher firing rate, but was not strongly directionally tuned. Thus,
cell firing was characterized as sporadic, with no definitive firing in one directional
heading; b) the cell reversed its preferred firing direction by 180°. We suspect that on
these occasions the rat was experiencing a visual reorientation illusion.
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DISCUSSION/CONCLUSIONS:

These results indicate that the generation of head direction cell activity is not dependent
on the presence of 1 g. However, the presence of gravity, in combination with visual cues,
influences the preferred firing orientation of these cells. Furthermore, the change in
preferred orientation in the firing of these cells when the rat was on the ceiling may reflect
the underlying neural basis for visual reorientation illusions experienced by astronauts in 0-

g
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GOAL:

To evaluate the Hydrodynamic Focusing Bioreactor (HDFB) aboard the KC-135 during
microgravity (micro G).
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OBJECTIVE:

The Advanced Technology Development Office at the Johnson Space Center has
developed the HDFB to support the Biotechnology Cell Science Program. The hardware
evaluation under 1G was very promising, which led to the need for testing aboard the KC-
135.

INTRODUCTION:

The HDFB technology is designed to provide a flow field with nearly uniform shear force
throughout the vessel, which can provide the desired low shear force spatial environment
to suspend three-dimensional cell aggregates while providing optimum mass transfer. The
reactor vessel consists of a dome-shaped cell culture vessel, a viscous spinner, an access

port, and a rotating base. The domed vessel face has a radius of R, and rotates at @, rpm,

while the internal viscous spinner has a radius of R;and rotates at ®; rpm. The culture
vessel is completely filled with cell culture medium into which three-dimensional cellular
structures are introduced. The HDFB domed vessel and spinner were driven by two
independent step motors.

METHODS AND MATERIALS:

The HDFB KC-135 tests were performed on October 29 and 30. The experiment
hardware was mounted on a 3’ x 2.5’ aluminum mounting base (pallet). The test
performed on the HDFB was to observe the device’s “focusing” capability and the ability
of the vessel to localize and control air bubbles within the reactor vessel for easy removal.
The test was also to observe co-location of the cells within the reactor for improved
cellular communication and tissue formation. This is referred to as the “hydrodynamic
focusing effect”. The HDFB was documented by still photography and video photography
during the micro G portion of each parabola. The vessel was preloaded with the simulated
media particles before the flight. During the flight HDFB stepper motors were adjusted at
different speeds while the cameras recorded particle and bubble movement.

The test performed on the CACS was to observe the device’s gas bubble separation
capability. The CACS circulation pump was run at several predetermined speeds. As air
was introduced into the fluid loop, the CACS was documented by still photography and
video photography during the micro G portion of each parabola.

RESULTS/DISCUSSION:

Operation of the motors, motor controllers and frequency output meters were nominal.
There was no leakage of experiment fluid or any hazardous condition resulting from the
use of required syringes. The tests were successful; we were able to visualize and record
the focusing effect of the HDFB under micro G, and also the cell aggregate simulators and
air bubbles. The recorded video and audio data are currently under review.
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GOAL:

To study the factors affecting drug reconstitution in zero-g, specifically: drug type (drug
solubility), container size and shape, amount of diluent, amount of gas in container after

diluent infusion, and mixing method.

65



OBJECTIVE:

To confirm that powdered drug reconstitution can be performed adequately in 0-G using
standard clinical and pharmacological apparatus and to evaluate the factors that may affect
the dissolution process.

INTRODUCTION:

Owing to the high cost of transporting mass into space, and the small volume available for
equipment in the Space Shuttle Orbiter and the International Space Station, refrigeration
space is extremely limited. For this reason, there exists strong motivation for transporting
certain drugs in powdered form so that they do not require refrigeration. When needed,
the powdered drug will be mixed with saline to obtain a liquid form that may be injected
intravenously. While this is a relatively simple task in a 1-G environment, there are some
diffculties that may be encountered in 0-G. In non-accelerated spaceflight, gravitational
and inertial forces are eliminated allowing other smaller forces, such as capillary forces and
surface tension, to dominate the behavior of fluids [1]. For instance, water slowly ejected
from a straw will tend to form a sphere, while fluid in a container will tend to wet the
inside surface forming a highly rounded meniscus. Initial attempts at mixing powdered
drugs with saline in microgravity have shown a tendency toward forming foamy emulsions
instead of the desired homogeneous solution. The predominance of adhesive forces
between the drug particles and the interface tensions at the gas/liquid and solid/liquid
interfaces drastically reduce the rate of deaggregation of the drug powder and also reduce
the rate of absorption of saline by the powder mass. In addition, the capillary forces cause
the saline to wet the inside of the container, thus trapping air bubbles within the liquid.
The rate of dissolution of a powder drug is directly proportional to the amount of surface
area of the solid that is exposed to liquid solvent [2]. The surface area of drug that is in
contact with the liquid is greatly reduced in microgravity and, as a result, the dissolution
rate is reduced as well.

Studies on drug dissolution in a 1-G environment lend insight into factors that may be
important in space. For instance, Elworthy and Lipscomb (1969) found that dissolution
rate depended on both stirring rate and the use of a surfactant [3]. Murthy and Samyn
(1977) found that the poor dissolution in shear mixing of drugs containing magnesium
stearate as a lubricant was due to the formation of a hydrophobic film around the powder
mass that prevented wetting and deaggregation [4]. Most recently, de Almeida et al.
(1997) have proposed that an alternative methodology should be applied to polydispersive
powdered drugs [5].

The KC-135 research described here was aimed at evaluating the extent to which it is
possible to perform drug reconstitution in the weightlessness of parabolic flight using
standard pharmacological supplies. The experiment included a parametric assessment of
possible factors affecting the reconstitution process. The specific questions that we wished
to answer were:

1) Is it possible to reconstitute powdered drugs in weightlessness using standard
pharmacological equipment?

2) What are the differences between drug reconstitution in a 1-G and a 0-G environment?
3) What techniques of mixing the drug powder and diluent are more successful?

4) What physical and chemical factors play a role in determining the success of mixing
and dissolution?
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5) Is it necessary to employ crewmember and equipment restraints during the
reconstitution process?

METHODS AND MATERIALS:
Equipment

1) Experiment supplies container:
Rubbermaid container, measuring 15 cm x 28 cm x 48 cm, with detachable lid.
2) Sharps container
3) Syringes (2 x20cc+2x 10 cc)
4) Syringe needles (20 x 18 gauge)
5) Drug vials:
e Rocephin (Ceftriaxone)(6 x 1 g) — cephalosporin antibiotic
e Timentin (Ticarcillin) (6 x 3.1 g) — semisynthetic antibiotic
e Diamox (Acetazolamide) (6 x 500 mg) — diuretic (carbonic anhydrase inhibitor)
e Erythromycin Lactobionate (6 x 1 g) — macrolide antibiotic
e Solu-Medrol (Methylprednisolone) (3 x 500 mg + 3 x 1 g Act-O-Vials) — anti-
inflammatory steroid
6) Saline bags (2 x S00 mL, 2 x 250 mL)
7) Medical chucks (1 per flight)
8) Primitive manual centrifuge (wire-frame device with handle at one end and indentation
for attaching vial at opposite end)

Procedure

Prior to flight, one vial of each drug was reconstituted in 1-G to establish a baseline. The
reconstitution procedure was performed as follows: The required amount of diluent
(normal saline) was withdrawn from an IV saline bag (“supply” bag) and injected into the
drug vial using a syringe and needle. The vial was then shaken to achieve mixing of the
powder and diluent. After a few seconds, the vial was inverted and a portion of the drug
solution was withdrawn and injected into another IV saline bag (“target” bag). In the case
of Solu-Medrol, an Act-O-Vial system was used, in which the vial is divided up into two
compartments separated by a rubber stopper, a lower compartment containing the drug
powder, and an upper compartment containing the diluent. The plastic cap and rubber
stopper in the top of the vial are pushed down, displacing the diluent and forcing out the
lower stopper so that the diluent can mix with the drug powder. After shaking the vial and
waiting a few seconds to ensure adequate mixing, the vial was inverted and the drug
solution drawn off with a needle and syringe and injected into the target saline bag. In
each case, an attempt was made to perform the actions of injection of diluent, mixing,
withdrawal, and injection into the saline bag, in under a minute so as to simulate the time
constraints anticipated during flight (about 30 seconds per parabola). The entire process
for each drug was captured on video.

The inflight experimental setup may be described as follows: The drug vials, syringes and
needles were secured to the sides of the Rubbermaid container using velcro. The two
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saline bags (“supply” and “target”), were secured to the bottom of the container using
velcro. The container itself was secured to the aircraft floor using duct tape. The lid of the
Rubbermaid container was inverted and secured to the floor alongside the container using
duct tape. The inside surface of the lid had attached velcro strips for securing the various
items in use during experiment execution (two saline bags, drug vial, and syringe with
needle) and was used as a work space, while the container served as storage space. A
medical chuck was taped alongside the lid to act as a catch area to absorb fluid escaping
from the vials due to pressurization. The sharps container was taped to the floor on the
right side of the investigator, and a clipboard with checklists was taped to the floor in
front of the lid. A video camera was mounted on a stand in front of the setup and zoomed
in to the work space (lid) to get a close-up view of each vial during mixing. Lower body
restraints were used throughout the experiment to keep the investigator in close proximity
to the equipment and to ensure safety during manipulation of exposed syringe needles. To
achieve the desired restraint, the investigator knelt down on a foam seat bottom (for
comfort during 2-G pull-ups) and was secured to the floor by two sets of straps, one
crossing his lower legs close to his knees, and the other near his ankles.

The inflight procedure was executed as follows: For the drugs that required the diluent to
be injected into the vial, the syringe was charged with the required amount of saline (9.6
mL for Rocephin, 13 mL for Timentin, 20 mL for Erythromycin, and 5+ mL for Diamox)
during a single parabola. During the following parabola, the diluent was injected into the
vial, mixed with the powdered drug, a portion of the solution withdrawn by syringe and
then injected into the target saline bag. In the case of the Act-O-Vial drug containers,
since the diluent was already in the vial, the entire process was performed in a single
parabola. The diluent was brought into contact with the powdered drug by pushing in on
the top plunger and then shaking or swinging the vial to move the diluent into the lower
chamber. After mixing, attempts were made to move the solution back into the upper
compartment for extraction be needle and syringe and subsequent injection into the target
saline bag. The following mixing techniques were performed on all drug vials (one
technique per parabola).

1. Shaking (usually a reciprocating motion parallel to the symmetry axis of
the vial)

2. Swirling (swinging the vial in a conical path by motion from the wrist and
elbow joints; radius ~ 45 cm, speed ~ 60 rpm)

3. Swinging (moving the vial through a larger circular arc by motion from the
shoulder with the arm kept straight; radius ~ 70 cm; speed ~ 60 rpm)

4. Centrifuging (vial clipped to the end of the wire-frame device and swung in
circular arc; radius ~ 50 cm; speed ~ 60 - 120 rpm)

After use, the drug vials were returned to the storage container, and discarded needles
were capped and placed in the Sharp-Trap.

RESULTS:

Ground-based experiments revealed the range of solubilities amongst the drugs. Rocephin
was extremely soluble, while Diamox and Solu-Medrol showed a high degree of solubility.
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All three of these drugs required little mixing (by shaking) before an adequately
homogeneous solution was obtained. Timentin showed only moderate solubility and
required relatively vigorous shaking in order to deaglommerate the powder. The time
required for dissolution was about twice that for Rocephin. Mixing and dissolution were
unsuccessful for Erythromycin. The powder and saline diluent quickly formed a foam and
it was not possible to extract a viable quantity of homogeneous liquid. The Act-O-Vial
system proved to be very convenient for ground-based reconstitution. The top plunger
was easily depressed causing the diluent to force out the separating stopper, thereafter the
diluent immediately dropped down into the lower compartment containing the drug
powder which it readily mixed with and dissolved. Eliminating the need for filling a syringe
with the required amount of diluent and injecting it into the vial, proved to be a significant
time-saver. During these ground based trials, it was observed that the regular vials
achieved a significant amount of pressurization, particularly with the smaller vials, such
that the needle and syringe could not be left with the needle inserted through the rubber
stopper, unless the syringe was held in place. (It was hoped that the syringe could be left
in place with the needle inserted through the stopper to save time during subsequent
reconstitution and drug solution withdrawal in parabolic flight, given the short amount of
time per parabola).

A summary of descriptive data and results from in-flight experimentation is shown in
Table 1.

Table 1. Description of vials and mixing and extraction results. Note that values in
parentheses refer to the fraction of trials that were successful.

Drug Drug | Vial Vial | Diluent | Gas: Solu- Best Mixing | Success- | Success-
Type Amt. | Type Vol. | Vol. liquid bility Method fully fully

(2) (mL) | (mL) ratio’ mixed withdrawn
Rocephin 1.0 | Regular | 14.5 9.6 0.5 | High Centrifuge | Y (5/5) | Y (5/5)
Timentin 3.1 | Regular | 59.0 13.0 3.5 | Medium | Centrifuge | Y (4/5) | N (2/5)
Diamox 0.5 | Regular | 14.9 5.0 2.0 | High Centrifuge | Y (4/4) | Y (4/4)
Erythro- 1.0 | Regular | ~30 20.0 ~0.5 | Low none N (0/5) | N (0/5)
mycin
Solu- 0.5 | Act-O- 22.0 4.0 4.5 | High Swirling” Y (2/2) | N (0/2)
Medrol Vial
Solu- 1.0 | Act-O- 250 8.0 2.1 | High Swirling” Y (2/2) | N (0/2)
Medrol Vial

"Centrifuging not attempted for these vials
TAssumed that powder does not add to volume of solution, i.e., vol. of gas = vol. of vial -
vol. of diluent.

In general, the best mixing method appeared to be full-length arm swings or centrifuging
using the wire-frame swing-arm. Swirling using forearm motions was also reasonably
effective. Shaking tended to form a foamy emulsion resulting in difficulty with extraction
of the drug solution. A higher gas:liquid ratio tended to improve mixing but made solution
withdrawal more difficult. Rocephin demonstrated the highest degree of solubility and was
easily reconstituted, withdrawn, and injected into the target saline bag within a single
parabola. Diamox followed closely behind Rocephin in terms of ease of reconstitution and
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extraction. Timentin was somewhat more difficult to reconstitute, given its lower
solubility, and it was also more difficult to withdraw some of the resulting solution due to
the higher gas:liquid ratio. Erythromycin proved to be just as insoluble in 0-G as it was in
1-G. Mixing was unsuccessful, and it was not possible to extract a homogeneous solution
following attempted reconstitution.

The Act-O-Vial system proved to be less convenient in 0-G. Depressing the top plunger
displaced the stopper separating the powder and diluent compartments, but the diluent
tended to remain within its compartment until it was coaxed into the lower compartment
by swinging the vial in an inverted orientation or by shaking along the symmetry axis.
Mixing could then be performed in the lower compartment, but the action of bringing the
diluent and powder into contact often involved enough agitation to create some foam. The
resulting foam, together with the difficulty of transporting the solution back into the upper
compartment, made extraction of the drug solution by needle and syringe somewhat
problematic. In most cases, it was not possible to withdraw some drug solution and inject
it into the target saline bag before the end of a parabola.

Pressurization of the vials due to diluent injection was undesirable since it often caused
some drug and diluent to be ejected. Spillage was minimized by pointing the top of the vial
toward the chuck taped to the floor of the aircraft as the needle was withdrawn. Zero-G,
however, greatly increased the area of distribution of the spray with some drug solution
becoming deposited on the investigators hands and on the experiment equipment.
Pressurization did, however, appear to facilitate extraction of the drug solution. Absence
of pressurization in the Act-O-Vials reduced spillage, but probably contributed to the
difficulties with extraction.

Restraints proved to be indispensable for parabolic flight. If the investigator had been free-
floating, the risk of accidental needle stick to other personnel on board would have been
significantly increased. Also, given the short amount of time per parabola, and the number
of items that had to be manipulated, the investigator could not afford to become separated
from the experimental equipment by more than about 2 feet. The technique of restraining
the investigators lower legs to the floor of the aircraft using tie downs proved to be
convenient for 0-G, allowing enough room for arm and centrifuge swings while
maintaining sufficient proximity to the work area, but was rather taxing on knee and ankle
joints during 2-G pull-ups (although the discomfort was significantly reduced after a seat
cushion was placed between the investigators legs and the floor).

DISCUSSION:

The results of this experiment demonstrate that it is feasible to reconstitute powdered
drugs in a 0-G environment using standard pharmacological supplies. Some drugs
(Rocephin and Diamox) are reconstituted more readily than others (Timentin and Solu-
Medrol), however, and some drugs may not be reconstitutable at all (Erythromycin). The
most important factor in the success of the reconstitution process was clearly the solubility
of the drug. The next most important factors were the mixing method and the gas:liquid

70



ratio. The shape of the vial appeared to be significant only in the case of the Act-O-Vial
system where the double-chamber design tended to interfere with mixing and withdrawal
in 0-G, in contrast with it’s ease of use in 1-G.

Based on the results of this experiment, several recommendations may be made for
reconstitution of powdered drugs during spaceflight:

e Preference should be given to drugs with high solubility. Drugs with moderate
solubility may be reconstitutable, but would require greater time and effort to ensure
adequate mixing and dissolution. It is likely that drugs with low solubility will be
prohibitively difficult to reconstitute in 0-G, unless a surfactant is added to the powder
mix or specialized centrifuge equipment is flown.

e The most appropriate diluent must be made available for reconstitution. For instance,
the recommended diluent for Erythromycin, namely sterile water, was not available for
the experiment, so saline was used instead. If sterile water had been used the efforts to
achieve adequate mixing and dissolution might have been more successful.

e Vial size and diluent volume should be chosen so as to approach a gas:liquid ratio of
approximately 0.5 to 1.5 to optimize the efficiency of mixing and the ease of
extraction.

The recommended method of mixing (without the use of mechanical devices) is by
means of full-length arm swings with the elbow joint extended. If space constraints
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