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CONTRACT NO.: NAS9-14562
TITLE: Development of Biostereometric Experiments

Report for period January 1, 1977 to December 31, 1977

Introduction

The primary objective of this project was to:

"Draw on the expertise of the Biostereometrics Laboratory
at the Texas Institute for Rehabilitation and Research to
develop joint experiment programs for the upcoming space
shuttle missions." .
The work reported here related to preparatory studies and joint experiment programs
dealing with hardware, software, reliability and interpretative aspects of biostereo-
metrics associated with the space shuttle flight and related applications. Also
included is a summary of an inflight experiment proposal for a forthcoming space
shuttle mission.

Item 1. A report of the joint development by the Biostereometrics Laboratory,
Texas Institute for Rehabilitation and Research and Danko Arlington, Inc. of the
Kelsh X-460 Stereometric Camera.

Item 2. A report of a joint experiment by Texas Institute for Rehabilitation and
Research and Lovelace Foundation cn the comparability of body volume computation
by stereophotogrammetry and by underwater weighing.

Item 3. A summary report of an investigation into the constancy of human body
volume using a biostereometric method.

Item 4. Discussion of the results of Skylab experiments into changes in body
composition due to space flight, based on biostereometric measurements performed
by TIRR.

Item 5. Report of quantitative three-dimensional displays developed for biomedical
applications.

Item 6. Summary of a proposed inflight study, entitled 'Biostereometric Analysis
of Body Volume Changes During Sustained Weightlessness," to be performed on board
the space shuttle.
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Phe use of the clogse-range technique in biostercometrics has created the need ?or a “
simple, precise universal stereometric camera system. The Kelsh K~460 Stereometric Camera - ¥

i has been designed to £ill this need. The camera focusing distance of 360mm to infinity
covers a broad field of close-range photogrammetry. The design provides for a separate unit
8! for the lens system and interchangeable backs on the camera for the use of single frame film
' exposure, roll-type film cassettes, or glass plates. The system incorporates the usc of the
surface contrast optical projector (SCOP) developed at the Biostereometrics Laboratory,
Baylor College of Medicine.
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I. Background

Much has been written during the past few years about the close-range technique that has
been developed at the Biostereometrics Laboratory, Baylor College of Medicine in Houston.
Under the direction of Dr. R. E. Herron, stereophotogrammetric methods have been used for
human body measurement for both medical and non-medical purposes.’

The research at Baylor has heen noted with interest by such professional organizations as !
the American Medical Association, which presented the following definition of biostereomet- . R
rics in one of its recent journals: s

"Biostereometrics, based on principles of analytic geometry, is the spatial and
spatiotemporal analysis of biological form and function. It's main tool is
stereophotogrammetry -~ the use of stereoscopic equipment and methods in making
a record of a three-dimensional object, such as man."? i

There has also been considerable interest shown in the research by specialists in anthro- i .
pology, automotive safety, clothing manufacturing, and furniture design. : ‘

At Baylor, a surface contrast optical projector (SCOP) has been developad for illumina-
ting the human body shape being photographed. It flashes a contrast texture onto the nor-
mally flat skin tones and makes accurate stereocompilation possible.

To capture the complete body shape, two pairs of stereo cameras are usually requiroed.

These canera pairs are placed opposite each other, with the body in between. The flash of

" the surface contrast optical projector system is programmed to expose one camera palr o few

: micro-seconds before the exposure of the second pair takes place. With the use of grids and -
measuring tapes near the body, or body member, a photogrammetric control network is cstab-

* lished. After development in the darkroom, the negatives of the sterco pairs may be sot up _ ;
in stereoplotiers, creating stereo models of che body forms. These models can be scaled and . ,
accurately measured in three dimensions.

The measurement of the stereo model is performed by the plotter operator, using an XYZ
digitizer. Usually, cross-sections are digitized and stored in a memory system for further . v
analysis. However, techniques have been developed at Baylor which can reveal a wealth of o
. body infermation from a relatively few carefully selected data points. Topoygraphic maps of
T the body have been helpful in dramatizing biostereometries, but in reality, have little
i practical value.

. Many software programs have been developed for extracting a variety of data from the dig-
itized body measurements. ‘The output might be in the form of volume measurement, volume dis-
tribution curves, profiles, surface area, or some cther parameter, depending on the informa-
tion required by the user, 34
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I1. The Nead for a Universal Camera

Po further the improvement of the close-range technique at Baylor, a number of experimen-
tal camera systems were devised.

One of the early camera systems consisted of two Kelsh plotter projectors mountoed ol a
base frame. Hinged shutters that were operated by solenoids were attached to the Kelsh
plotter lenses. A cassette for containing unexposed £ilm was adapted te the cone castings.
Stereo photographs were taken through the Hypergon lenses of the Kelsh projectors, while the
£ilm was held against a glass pressure plate. The same projectors were used to compile the
stereo image in a Kelsh plotter from the film negatives. Also, the same pressurc plates
that were used in the camera were used for the lower half of the film-glass sandwich in the
plotter. This eliminated any errors due to the distortion that would have been caused by
the pressure plate.

The same technique was used with Multiplex projectors, photographing the subject and
projecting the image through the Multiplex lens system.

A more recent development is the adaptation of non-metric cameras for human hody measure-
ment. At Baylor, two Hasselblad superwide cameras with 38mm lenses were mounted on an
X-frame and a tripod. The Hasselblads were provided with fiducial marks which were calibra-
ted with the lenses.

The surface contrast optical projector, utilizing a xenon lamp, was mounted on the common
plane with the optical axes of the Hasselblad lens pairs. Two pairs of Hasselblads, cach
with a SCOP attachment, were used for photographing a complete body shape. For the lasscl-
blad system, glass plates were obtained on special order, coated with a black-and-white pan-
chromatic emulsion.

In 1972, representatives of the Kelsh Division and the Biostereometrics Laboratory dis-
cussed the possibility of developing a universal stereometric camera system for biomedical
purposes. The team at Baylor had recorded the advantages and disadvantages of the early
camera systems that had beep used. And they had alsec drawn up a set of specifications for
a universal camera system,that would be ideally suited for their purposes. The Kelsh
Division was intrigued by this fascinating new field and readily agreed to contribute its
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knowledge of instrument manufacturing toward the design of the new camera system.

The result of this joint effort is revealed in the Kelsh K-460 Universal Stereometric
Camera System that.is described in this paper.

ITi. The Basic Stereo Camera with Xenon Flash

The basic K-460 camera system was designed to benefit from the many advantages of stable
base polyester film diapositives (or negacives). Extensive research has proven that thero
is no significant random deformation in properly printed stable base film diapesitives.’ Unp-
like glass, film diapositives do not break when dropped, and they may be convenicnblly storuvd
in file folders. Film is currently being used which can be precessed in an X-Ray {ilm pro-

cessor. Hospitals and other medical centers almost always have an X-Ray processor available.

And only a minute or two is needed for the development and drying of a stereo pair in such
a unit.

Panchromatie film has been found to be the best type for recording the varioty of skin
tones when photographing the human body. For the K-460, a 10Smm wide panchromatic film was
selected for a 105 X 127mm (4" X 5") format.

A photograph of the Kelsh K-460 Universal Stereometric Camera is shown in Figure 1. The
Xenon SCOP flash unit (Item 1) is supported in a central post casting (Item 2) which has
been in turn mounted on a tripod. An X-frame {item 3) suspends the two camera heads
{items 4,5) so that the optical axes of the two lenses are on the same plase as the xenon
flash. The camera heads may he moved apart to a base distance of 920mm, which is sufficient

for many qrchitectural purposes, and wmore than adequate for complete human body photography
at an optimum focusing distance.
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Figure 1. The Kelsh K-460 Universal
Stereometric Camera
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Figure 2. A close view of a camera head
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A closer look at one of the camera heads is shown in Figure 2. The camera shown uses a
Fujinon wide-angle 90mm focal length lens that has been fitted with an Ilex electronic shut-
ter, for a stop opening from £3 to £32. The focusing distance of the lers may be adjusted
from 360mm to infinity by means of the adjusting knob (Item 6). The dial on the top of the
camera housing (Item 7) displays the principal distance in millimeters, as well as the opti-
mum front focusing distance settings. A micrometer dial (Item 8); on the adjusting knob
allows the principal distance to be set within 0.0lmm.

The electrical cable (Item 9) from the camera head to the center post permits the camera
to be fired remotely. Most of the electronics for this firing system arc housced within the
center post casting. The SCOP flash is fired from a remote power supply, by means of X
synchronization within the shutter system. A small ruby window (Item 10) in the top of the
camera head indicates to the operator if the internal "marker flash" lamp has fired. More
will be said about this feature later.

‘E\
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Figure 3. Rear view of a camera head

Figure‘B shows a rear view of one of the camera heads. Three lugs (Item 11) on the front
lens housing (Item 12) support that section of the camera on the X-frame. Attached to the
rear of the lens housing is a tilm housing (Item 13). Projecting from the bottom of the
film housing is the lower half of a single film cassette {item 14) which has been ecxtended

to allow a single frame film exposure to be made.

A handle and trigger mechanism (Item 15) has been made a part of the film housing, and
controls the action of a pressure pad within the housing. Figure 4 shows the film housing
detached from the lens housing. The pressure pad (Item 16) is seen as well as the glass
pressure plate (Item 17) which is mounted on the lens housing. The 105mm film is oftset
from the optical axis of the lens to obtain the smallest camera busc possible, and to
conserve film for the single-model stereophoto format. Four fiducial marks (Item 18) are
located in holes which have been drilled through the optically flat glass plate. These
fiducial marks are pinpoints of light which emanate from four fiber optic conductors that
have bgen located to bisect the optical axis of the lens. The light source for the fidu-
cials is located within the lens housing and consists of a small flash lamp assembly. This
same "marker flash" illuminates a drum dial inside of the lens housing. By means of an
optical system, the principal distance of the camera lens at the time of exposurc is flashed
from the drum dial to the upper outside corner of the film through the glass plate.

64 /SPIE Val. 89 Applications of Optics in Mac' '~ &1d Biology (1976)
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THE KELSH K-460 STEREOMETRIC CAMERA~A NEW TOOL FGR MEDICINE AND BIOLOGY

Figure 4. The film housing may be detached
from the lens housing

The basic camera system accepts single frame film cassettes which are loaded in the dark-
room with 105mm wide cut film. The cassette is slipped into the film housing through a slot
in the top of the housing. A cover snaps closed on top of the cassette when it is in place,
effectively sealing the film against extraneous light. By pulling the lower half of the
cassette down to a stop, the film is positioned so that the pressure pad may be released
to hold it flat against the glass plate and the fiducial marks.

After exposure, the cassette is pushed up into the film housing so that the film may be
withdrawn with it to be taken to the darkroom for processing.

IV. Optional Accessories for the K-460 Camera

The design of the basic K-460 camera system was planned to perwit the evolution of many
types of accessory attachments. The lens housing has been made to accept lenses of differ-
ent focal length and manufacture. And the detachable film housing permits various other
film and photographic plate systems to be used.

I‘ A set of roll £ilm cassettes has been designed for the K-460 camera. These casscttes may

' be mounted directly on the basic single-film housing as shown in Figure 5. The upper cas-

i sette (Item 19) may be removed from the housing and loaded in the darkroom with a spool of

z 105 millimeter film which will allow 250 exposures. After loading, this cassette may be
brought out of the darkroom and easily refastened to the top of the film housing. A counter

dial on the side of the casc«.te indicates to the operator the number of available expo-
sures.

The lower cassette (Item 20) shown in Figure 5 is for removing a partial or an entire
spool of roll film after it has Dheen exposed. A crank on this lower cassette allows the
operator to index the film for succeeding exposures. The lower cassette may be detached
at any time for taking exposed film intc the darkroom for processing.

The glass_pressure plate assembly shown in Figure 4 may be detached rather easily from the
lens housing. This permits the use of a film housing with a vacuum plate,-if required.
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JOSEPH 0. DANKO, JR,, JAIME R, CUZZI

Another design option is a housing and cassette for photographic glass plates.

Figure 5. Optional roll film cassettes may be mounted
directly on the single film housings

Figure 6 shows the two camera heads mounted on a "table mount" X-frame. When the flash
attachment is not required, the table mount permits the two camera lenses to be closc
enough together to give the operator a 142mm camera base distance. This arrangement is
very useful for taking stereophotographs of small inanimate objects.

V. Compiling the Stereo Model from Film Negatives

A special close-range Kelsh plotter system has been designed to restitute the stereo
imagery from the K-460 camera. The plotter is called the Kelsh K-480 and uses a modified
projector and lens system along with the new correction cam mechanism, making possible the
compilation of either pressure plate, vacuum or glass plate photography. Because of the

added surface contrast, film negatives may be used directly in the stereoplotter and com-
piled as readily as diapositives.

The pressure plate system is the simplest way to prescnt film for a negative exposure.
The optically flat pressure plate that has been used in the camera is 3.3mm thick. When
projecting a sterec image from film in the close-range Kelsh K-480 plotter at camera prin-
cipal distance, the same thickness of glass is used for the lower half of the film-diaposi-

tive (negative) sandwich. The distortion and displacement of image caused by the glass
pressure plate are thus cancelled out.

When projecting a stereo image from a film pair at other than camera principal distance,
the model is measured using an affine solution, with a factoring for the Z dimension.

Lower sandwich plates of a different thickness can then be used in the Kelsh projectors for
a proportionate distortion correction.

66 /SPIE Vol. 89 Applications of Optics in Medicine and Biology (1976)
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————

Figure 6, Camera heads mounted on a table frame
for stereometric photos of small objects

The hew Kelsh correction. cam system in the K-480 permits the compilation of £ilm nega-
tives taken with a vacuum system. The cam system corrects for the distortion caused by a
3.3mm (.130") lower glass sandwich plate in the projector.?®

Optical train plotters can be equipped with special glass correction plates to compen-
sate for the distortion caused by the glass camera pressure plates. The film housing which
is furnished with the more elaborate vacuum system permits photography to be taken without
a pressure plate, and such photography may be compiled directly on an optical train plotter
withont the need for the correction plates.

VI. Conclusion

The theme that was kept in mind throughout the design and development of the K-460
camera system was "precision, simplicity, and flexibility". Testing has proven the camera
system to be unusually precise for the purpose for which it was designed. The use of
stable base polyester film negatives has allowed the basic camera design to be a simple one.

aAnd the interchangeability of the £ilm housings as well as the lens system has allowed a
wide degree of f£lexibility.

The camera can also be used for generating surface contours directly on the object or
body using moiré interferometry. By projecting a line pattern on the subject using the
xenon flash, interferometric regords can he readily produced. The K-460 is the first
camera system that has been designed to accommodate moiré interferometry in a close-range

stereometric camera, which shoulf prove helpful in extending the applications of these two
complimentary techniques.

Both the Biostereometrics Laboratory and the Kelsh Division believe that the K-460
stereometric camera system does show promise of fulfilling all of the original design re-

quirements, and feel that the camera could have an exciting Ffuture in the field of medicine
and biology.
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Body Volume by Stercophotogrammetxy and by Weighing

Underwater: A Comparative Study

U.C. Luft, R.C. Perron, J.R. Cuzzi, J.E. llugg and J.A. Loeppky
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TNTRODUCTTON
The density of the body (mass/voluwe) is a useful indicator of gross
body composition in terms of fat and lean hody mass ( ). Whereas the
measurement of mass (Wt) is commonplace and can be made with great accuracy,
the estimation of body volume (V) is more difficult. bdethods based on air
displacement { ) and. helium dilution { ) have not found wide acceptiance
because of difficulties in temperature and humidity control and the complicated .
equipment required. Dcnsitométry using Archimedes' principle by underwater
weighing is relatively simple and convenient to perform on healthy adults, but
it is less suitable for seriously i1l patients and small children and is
certainly not applicable in the absence of gravity as in space.
A new method for measuring body volume (and its distribution) has recently cvalved fro

work in the field of '"hiostereometrics--the spatial and spatio-temporal analysis

of biological form and Ffunction based on principles of analytical gcometry."

The method, which has been described in previous publications ( -, ), involves
thg use of a stereometric semsor, in this casc stercophotogrammetry, and
specially-developed mathematical procedures. Two stercocameras are arranged

as shown in Fig. 1. The resulting sterrophotographs, which comprisc two
""'stercopairs,'" onc for the front and another for the rcar view, are roduced

on a stercopletting instrument of the type used for compiling contour maps from
acrial photographs. The output from the stercoplotter is in the fora of

digital three-dimensional coordinates of approximately 5,000 points (for the
adult male) dist;ihutcd over the body surfnce. These data constitute a
comprchensive spatigl description of the body surface at the moment of recording.

The volume of the major body scgments wnd the bedy as a whole can then be com-

puted mathematically as outlined below.
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The following study was conducted in order to compare concurrent deter-
minations of body volume by a stercometric mothod (Vge) and by underwater
weighing (V,) in a group of adult males large cnough in number and variety

of body size and physique to warrant meaningful statistical analyses.

Methods and PProcedures

Measurements were obtained on 40 healthy male volunteers between 8-9 am and
before breakfast, with both methods. In two of the subjeccts the Vgy and ¥y
measurements had to be made two days apart, but their body weight did not
di ffor by wore than 100g. Prior to weighinpg underwater they were weighed
dry on a dynamomenter balonce (Chatillon Model 470, range 0-150kg) to the
closest 100g. Then they entered a tank with water kept at 34°C and after
romoving as many air bubbles as possible from the skin were scated on a wetal
frame chair hanging frowm a balance (Chatillon Model 470, range d—lskg) suspended
by block and tackle. The subject was then immersed up to his chin after
putting on a noseclip and the submersion level of the chair marked for sub-
sequent tare readings.  Immediately before putting his head under the surface
the subject was required to take 5 deep breaths fairly rapidly, to facilitate
breath-holding, followed by a maximal inspiration. lie then slowly cxhaled
approximately 2/3 of his vital copacity previously marked off or a spivoncter
until the operator called Ystop'. At this point the subject seporated from
the mouthpicee and submerged his head without further lass eor gain of air
until a reading was taken on the scales (5-10 sec). Three consecutive measure-
ments were performed in this fashion over a period of as many minutes and the
corresponding readings of underwater weight and exhaled air noted topether

with tare readings and water temperaturc.  The cxhaled volume was corrected
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Tor BTPS conditions and subtracted from the individual's total lung capacity
as measured previously by a nitrogen wash-cut method { ). Body volume nct

(V) and density (D) were calculated by the follewing equations:

(n Vg = Ma-(My + RV - Ny)
D
(2) D = Mg D\\'

M, = (M, F RV 1)

where Ma-= weight in air, My = weight under water, RV = residual air in the
lungs and D, = density of water at measured temperature. The average of the
three measurements was taken for each subject.

In order to ensure that the gas volume in the lungs during the subsecquent
stercophotogrammetry was as close as possible to that during the underwater
weighing, the subject took a maximal inspiration and exhaled slowly to the
same volume marked on the spirometer during underwater weighing before holding

his breath for the photographs.

Stereometric Derivation of Body Volumé

In the stercometric proccdufe, body volume is computed as follows. ‘lhe
body is first broken down into five major segments--head and trunk, left T,
right arm, left leg and right lep. The stercoplotter-generated coordinates
defining a set of serial cross scctions of cach scpgment constitute the row
data.

Each cross section is treated as a harmonic variation of the rudius
extending from the mathematical -center of gravity of the cross secction to the
surface of the skin (Fig. 2}.. The curve which eXpresses the relationship of
of the radius (ﬁj to the angle {aJ'wbich it subtends is defined by the form:

? . F s
. TN

= LT ey
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Ay : i=1 i=1 R
o
i where: p = the radius, i
? ;
‘ - l i
Lo a = the anglc subtended from the selected origin, 1 :
{ )
i i = the number of a term in the cquation, I
i ;
! ..
a and b = coelFicients which defince the relation of the ungle to % {
i the radius, and Lo
_ n = maximum value of i. iz -
R This classical form which defines any harmonic variation with the proper ; |
vaiues for n, has drawvbacks which-can be overcome by first changing the variable §
4
{ ¢
¢ of the trigonometric terms to simpler forms as in the following equation which i
; ;
3 . : R . i
v can be considered as a polar coordinate version: r :
! n . . i I
. (1} P = ay + Z [azi cosi-l o s5in o + a2i+1 cosla), ;
! i=1 .
From the above, we derive the orthogonal versionfor fitting purposes: i L
i Q
(C] p = al * z p- x'l—l (aZi Y + a2i+1 X), 3 ;
i=1 i
| , d
. where: p =+ %2+ yZ, 1
H . : . |
g The arca of each cross section is then computed by a polar integration
L =
3 of the curve defined by equation h. In normal intecgration, the infinitessimnl ? ;
. increment iz a rectangle whose smallest base lies on the axis of integration. ;
i
! lFfor polar integration, the infinitessimal increment is a triangle whose smallest i ,
1 : : !
; buse lies on the curve and the opposite vertex on the origin of polar cooxdinntes. i ;
- . : :
- The volume is derived in much the same way as the area of a cross scction, % ;
exeept there is no need to define o harmonic variation. Therefore we use #n o
overlapped, spanncd, parabolic interpolation of the cross sectional arcas vs ;f\ :
b
| N ! i
i ! |
‘- |
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.53 the vertical axis or height. The total body volume is given hy the orthogonal i

‘ integration of the spans between the first and last cross scctions. Thus, the
Vo body volume is the arca under the curve and the curve itself represcnts the

volume distribution from hezd to foot (Fig. 3). Partial volumes can be

computed between any two cross sections by considering their values as the

limits of the integration. ‘ .

r
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Results

PR

The data prescnted in Table 1 show that the subject population covered

o a wide range in age, body size and density. The net volume found by immersion

- e ke

docs not include the volume of gas in the lungs, which is part of the volume

| obtained by stereophotogrammetry. Thus lung volume must be added to the net .
; ! \ hE
volume to hbe able to compare the gross volume by both methods as shown in

the last two columns in Table 1. Without exception the Vg, values were higher

than the V,, and thc mean difference was 2.884 liters or 3.8% of the mean for %;

Vy. The difference was statistically highly significant (p<.001). On the

other hand a regression and correlation analiysis of the data rcvealed an

] almost perfect correlation:. ' -
{ (3) Vy = -1.7946 + 0.9859Vgt

?E T 0.9987 SEE = 0.706 liters

The standard error of estimate is 0,95% of the mean valuc for Vw.
-

Discussion , ' f

The high correlation found between the results of the two metheds and

the relatively small standard error of estimate for the regression implics

that both methods have high degree of precision. Ilowever the highly significant
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difference between the mean valués raises the question: which of the two
methods is more aécurntc in estimating the true body volume. A strong argu-
ment in favor of the immersion method is that the values obtained for body
density with it give results morc compatible with theorctical caleculations
in the literaturce ( } and with direct chemical analyses of tissues in

animals ( ) and man { ). The mean density using the net volume derived

by underwater weighing of our 40 subjects is Dy = 1.058kg/liter while using
Vg¢ less the mean lung volume (3.050 liters) Dgy is 1.014 kg/liter. According
to the equation proposed by Keys and Brozek (1953) to estimate the fat
fraction (F£) of the body from densityr(D):

(1) pe = 4201 | 3 g1z
D

The mean value for Ff using D = 1.258 from underwater weighing is 0.158, while
the same calculation with D = 1.014 kg/liter obtained from Vge ‘corrected for
lung volume gives an Ff = (.330, more than double the amount of fat. The
I:ttcf would suggest thaﬁ tﬁe majority of our subjects were obese, which was
not the casc. 'Actua11y~only two of them (Table 1, No. 16 and 28) were

unusually fat,

The consistency and precision of the stercometric method and the fact
that the discrepancy between it and the immersion method is apparently not
due to a random error but to a systematic one, could justify the use of the
regression equation (eq. 3) established by this ¢udy to adjust future measurce-
ments by the stgrcometric method to values that would be obtained by underwater
weighing on the same subjects.

The systematic overestimation of body volume by the present stcrcometric
method is probably due to the limited coverage of the dual stercocameras,

which does not take account of such hidden concavitics as the armpits and the
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perineal region, among others. Therc are other possible sources of discrepancy,
but it is outside the purview of the present study to cvaluate them definitively.

An attemptwas made to determine whether or not the difference between
the two methods was related in any way to the physical characteristics of the
subjects, by computing correlations between the difference (VSt - \h] and
the four parameters of body build shown in Table 2. Neither gross weight,
dcﬁsity nor bady.volume had a significant correlation with the‘diffcrcncc,
but therc was a highly significant, positive correlation between the latter
and the subjects stature, suggesting that the taller the subjcet, the greater
the discrepancy between the two methods. Considering the relatively small
range of variation in height as compared to weight and volume amoﬁg the subjects
(Table 1), it is notable that the correlation with height is the highest.

Since height apparcently affects the magnitude of the systematic error of
the dual stercocamera method it was included as the sccond independent variable
in a regression equation to predict y = “q (liters) {from x = V§¢ (liters) and
z = lit {em):

(5) y

I

6.0833 + 1.0007x - 0.0508z

I

0.9989 SECE = 0.634 liters

With this regréssion the correlation coefficient (r) is slightly better and

the standard error of estimate less than in equation (3). Using cither equation
(3) or (5} stercometric determinations of body volume with the technique
described above can be adjusted to approximate values by underwater weighing

for the estimation of body density (eq. 2) under circumstances where the !

latter mcthod is either inconvenient or not applicable.
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{’ A advantape of the stereometric method is the additional information '
f? it provides regarding how the body volume is distributed among the component ;
.‘ & - * - » -
ﬂg ~ body parts. The volume distribution curve is a simple and mathematically i
! . : X
::f clepant means of displaying the total body volume. This parameter has already :
i ] .
8 proved useful in acrospace, growth, nutritional, orthopedic and other bio-
i s
P medical studies and it would seem to held promise for adding a new facet to
applied physiological research.
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THE COMPONENTS OF VARIABILITY IN VOLUMETRIC DISTRIBUTION
DETERMINATION BY STEREOPHOTOGRAMMETRY
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by
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CHAPTER V
SUMMARY, CONCLUSION AND RECOMMENDATIONS
Summary

The underlying need for this investigation was the lack of informa-
tion regarding constancy of body volume. The purpose was to determine
the contribution of selected components of total variability in
biostereometric measurement of the distribution of body volume in
human subjects. The objectives of this study were to: (1) determine
the contribution of measurement error varjation in volume distribution
calculation using stereophotogrammetry, and (2) determine the contribu-
tion of intra-individual variation in volume distribution calculation
using stereophotogrammetry.

Collection of data for this study entailed the use of stereophoto-
grammetry for determination of the biostereometric measurement of the

volume distribution. The subjects in the investigation were

six male volunteers between the ages of 20 to 30 years. The stereo-

photogrammetric technique of data acquisition provided simultaneous

recording of the front and rear stereopairs of each subject. Two sets

of modified Hasselblad stereometric cameras 1inked by electro-mechanical

shutter releases and synchronized with flash projectors were utilized.
Each subject reported to the'Human Performance Laboratory at

Texas A&M University for eight consecutive days at a prescribed time

between the hours of 6:00 and 8:00 a.m. for the photogrammetric measure-

ment. At each testing session, the subject wore a non-elastic type of

.
)
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athletic supporter that did not compress the waist and buttocks areas.
The subject had certain anatomical Tandmarks identified throughout the
study so Lhal his body could be analytically dissected for segmental
evaluation. A standardized pose was assumed by each individual that
allowed the maximum amount of his surface to be exposed to the cameras.
The posc also was easily replicated so that variation in volume dis-
tribution due to differences in stance would he reduced. The pulmonary
vital capacity of each subject was predetermined using a Collins
respirometer. At each testing session the subject was required to
hold one half of his vital capacity during the photographic exposure
in an effort to reduce volume deviation due to lung volume changes.
Following the data acquisition, the photographic plates were
developed and enlarged for the data reduction process. The data were
reduced by o skilled technician on a Kern PG-2 stereoplotting instrument
at the Biostereometrics Laboratory, Baylor College of Medicine. The
purpase of the data reduction was to obtain a series of Cartesian
coordinates that represented points lying on the surface of a precisely
scaled stereomodel of the subject's body. The coordinates for the
surface points were read in parallel cross-sections approximately 5.08
centimeters apart and perpendicular to the long axis of the body. The
coordinates of each cross-soction were recorded beyinning at the head
of the subjoct and continued Tower until the entire subject was read.
The reduction output was automatically entered on data processing cards
which provirded Lhe suitable input to a digital computer programmed to

calculate the body volume distribution.
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The resuitant volume disiribution output was examined for variation
over an eight day period in the total body, the right leg and 2 ten
centimeter secment of the right leg. The within-subject variation in
the repeatec determination was partitioned into measurement ervor
variation and intra-individual variation as described in a model by

Henry {28). 7The lack of a treatment variable common to all subjects

in this study prevented the computation of a meaningful inter-individual

component, a part of the total variation model.

In an effort to obtain an estimation of the measuremert error
variability, the volume of a steel cylinder was calculated using a
geometrical equation and compared to a series of three volume deter-
minations by stereophotogrammetry. The resuitant comparison yielded a
range ¢f volume deviation from +1.02 to +1.71 percent, with an average
error of +1.39 percent.

The volume distribution for each subject was examined separately
so that an indication of intra-individual variability over repeated
measures coulc be determined. Total body volumes of the six subjects
ranged in deviations of -1.28 to +1.13 percent. In view of the
possible measurement ervors, the changes in total body volume could be
considered as stable over the eight day period. Examination of the
patterns of deviation from day to day demonstrated that the manner in
which the subjects varicd was not similar in respect to one another.
The right Teg volume deviation yielded similar results as the total
body variation. The range of deviations was somewhat greater, -1.82
to +1.68 percent for three of the subjects. However, these variations

remained within the 1imits of possible measurement error variation
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and the right leg could be considered stable in its volume from day to
B4 5 day. NAgain, as seen in the total body variation, the manner in which

: the subjects varied from day to day over the eight day period was not

similar.

The greatest amount of intra-individual variability was found in

the ten centimeter segment measured in the right leg of four subjects.
The volume deviations ranged from -4.43 to +2.96 percent for these

subjects, which indicated there were changes in the right leg segment

g : ; that were not due to measurement error alone, but could be attributed
to actual segmental variation within the subjects. Subject 4 demon-
strated slight variation in the leg segment. This finding was

consistent for Subject 4 whose total body and right leg volume remained

PG R T p e 12,
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stable over the eight days.

PRTIREN

Conclusions

lased on the results of this study, it was concluded that total

body volume and right leg volume remain stable over an eight.day

LR N s Y TR RIS A o e A

1 testing period. It was also concluded that the. volume of a ten centi-

: meter leg segment does vary from day to day. It was further concluded :

; i i ]
i that by utilizing the biostereometric technique of stereophotogrammetry, ,
E ; ? : it is possible to measure the volume distribution of human subjects
;.f ? : not feasible by the standard anthropometric techniques. ) ;'
g g % Recomiendations 3
2 @ The following recommendations are based on the findings of this
@f'.i study:
3 %
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Table t .
, Eight déy devfation fn total body vclume for male subjects
Subject Day 1 Day 2 Day 3 Day 4 Day § Day 6 Day 7 Day 8 Haan 5.8,
1. YoTume® - 91093.86 « 90486.0 91296.3 91500,0 91497.3 92327.8 91848.9 '92619.7 91552.5 + 558.2
Paviation (%) (-.55)  {-1.16) (-.28) {+.38) {-.06® [+.84) (+.32) (+.51) (+.61)
2 Yolume 72740,2 72800.6 72293.9 73078.5 73347.2 72810.5 73776.0 73039.4 72985.8 + 413.9
Peviation (%} {~.34) {-.25) {-.95) {+.13) (+.49) {-.24) {+1.08) {+.07) ' (+.56)
j‘ 3 Yolume 92512,6 92677.4 916590.1 93251.8 93470.8 92275.7 93934.7 93246.7 92882.7 + 6796
?- : . Deviation (%) (~.39) (-.22) (-1.28) {+.39) (+.63) . {-.69) (+1.13) (+.39) (£.72)
4 Yolume 104259.6  102985.6 102706.2 103038.6 102660.0 103110.3 103697.4 103926.7 103298.1 + 551.9
Deviation (%) {+.93) (~.30) {~.57) (-.25) {=.51) {-.18) {+.39) (+.61) {+.53)
5 Volume 74359.4 742941 73736.8 74551,5 75151.7 75007.4 75002.2 74542.2 74591.9 + 449.3
: Deviation (%) (-.31) {-.40) {-1.15) (-.05) (+.75) (+.68) {+.55) {-.07) {+.60)
i . _ -
| 5 Yolume 83767.0 83502,4 84477.9 84241.9 84042,3 43480.D 83452.3 84400.4 83920 5 + 398.6
|
f . Daviation (%) {-.18) {-.50) {+.66) {+39) {+ 14) (- 52) {-.56) (~.57) {+.47)
© yolumes are in cubic centimeters
!_ — —— .y J .o o e L e e Tureneedr T e e . — .\.—-.-x. _“..., e -
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CHAPTER 7 ' 90,

DISCUSSION OF RIESULTS

7.1 Changes in Body Gomposition duc to Spaceflight

The Skylab experiments have provided the first elear insight inte the
changes in hody composition which cccur when man is exposed to the weight-
less environment of spaceflight. Changes were observed in all 4 of the

major body compartments -~ water, cell solids, fat and bone mineral.
7.1.1 Water

The results obiained from the Skylab experiments suppoxrt the hypothesis
that there is a net loss of water from the body during ihe first 1-2 days
in orbit, which is followed by & stabilisation of the total body wnter at a
reduced value (gection 3.2.2). Berry (1973) postulated ihat tne loss of
waler was brought aboub by the HenfyaGauer reflex (llerry et al 1950), in
which the stimulation of atrial stretch receplors induces a diurvesisz, hy the
supression of production of antidiurvetic hommone (ADII). lowever, Leach
and Rambaut (1977) observed that ne diuvesis {ook place, and thal the net
loss of water appeared {o be caused by a supression of thirst., The
physinlogical mechanism responsible for the reduction in total body water

has not yet been explained.

The mapniiude of {he inflishi woter loss was estimuied in several
different ways, probably the most aceurate of which was from the change in
body mass,  The loss in body mass early in the flighth was 1.55 ko, wvheveas
the gain in mass immediately following splashdown was 1.2 ~ 1.4 ke (scction
G.ﬁol). The discrepancy between these eslimales may be explained hy Ghe
supgestion of Thornton amd Ord (19?7) that part of the early inflight lous
in mass was causcd iy anorexia, due to lspacb siclnesst (section 3,2.1),
and not by lhe mechanism whielh mainiains the inflisht {otal body water at
| ycduvnd level., Leach and Ramhaut (197?) ez Limttad the carly inflirhl
net loss of viler 1o be 1800 wl, based on waler balance data (section G.0.73),
but they pointed oui that the data were so scattered thail they did little

move than indieate {hat o net Joss of water had taken pluce,

The differcuee in the measured Lolal body water between the beginui:r
and end of the [light jivclwded not only the early inflight reduction in
body water, but also the loss of water which would have acconpaniod any
reduction in cellular miss, sueh as that due to the pariial wmuzcle atrapiy
thouahi 1o oceur in Tlight (sdﬁtiou 7u1,2)u Tracer dilulien mearurements
gave & 1,18 ke mean change in total hody waler over the conrse of tHhe
Llight (Table 6-9), which is less Cthan ithe estimsted 1.2 - 1.4 ey enrly

Inflipght walor loss, ol makes ne allowinece (o

0 Tuardhier loss of

vaber alage
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to partial muscle atrophy. However, the standard deviation of the
E measurement of total body water is about 2% of the body weipht, or about b
| *‘ 1.4 kg (Table 2-2, page 24), and it is possible that the loss of total g

body water was underestimated. It is certainly difficult o reconcile a
. cellular water content of 75% (Allen et al 1959b) with the observed loss

- of 0.71 kg cell solids and 1,18 kg water (Table 6-9), unless it is. assumed Ho
' | that either the cell solids were overéétimated, or the water underestimated, T
or both, Estinl:ﬁzcs of the loss in total Im(iy water derived from the "
regression equations :Cor.toi;.al body volume and body weight were 1.4 kg and
1.8 kg.respeef:ively (section 6.5.%), bubt although these values are the R
expected order of magnitude, they were obtained very indirectly, and can | 1

not be regarded as at all anccurate.

Taking all the data together, it seems unlikely that the mean change

in total body water over ilie course of the [light was more than about 1.6 -

. 1.8 Ikgo There can be no doubt that some partial muscle atrophy toolk place
during the flights (section 7.192),‘ but if it is accepted that 1.2 - 1,4 kg

of the water loss was due to the acute adaptation to zero pravity, the loss

of water from muscle atrophy could mot have exceeded 0.6 Ly, corresponding

to o mean loss of muscle mass of under 0.8 kge This estimate is in accord S

with the estimated mean loss of 0.52 kg mﬁscle.i‘rmu the legsy by

W

biostercometric analysis (Table 6~9), but is in sharp contrast with the
much higher estimatbes of cellular lass by other methods. Tt is possible .
that the water lost in the acute adaptation to zero pravity was somewhat !

less than the 1.2 - 1.% kg estimated, and that part of fhe inerease in

weight during the fTirst few days postflight was due to en increase in fati £

or muscle lissue, rather than fo a simple *rehydraltiont, Lub without

further studies there is ne way to resolve this yuestion.

Sumarising the observations on the changes in body waler, the Skylab

- - results support the ﬁyp‘u‘l:-hesis thiat the body loses watber 'du:cing. the first ;

1-2 days in orbit, as an adaptation to zere gravity, The loss of water

appears to be mediated by a supression of thirst, rather than by a diuresis,

as previously speculated, The mean loss has been estimated at 1.2 - 1.4

ke  The mean loss in body mass during the first 6 days inflicht was 1,55 kg, 5 té? .
probably made up of a combination of this loss of water, and a further loss n"? §'
of \ra.tur, and possibly fat, resulling from the anorexia caused by ¥spuce Q}' &
sicknesst (seelion 3.2,1) during the first 3 days in orbit, lLater in the §§ 1‘
i‘ligh'[‘. there was almost certainly a further loss of water associnted wilh é&? éz" ;
1 the purtial atrophy of skeletal miiscles, due to relative disuse {scetion = ;
' i 7e1.2)s  The mapnilude of this loss cannot be estimited with any fxrccisinn, ' :
‘ o e S RME e
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but is unlikély to have exceeded 0.8 kg, and was more probably in the raqgc
0.k — 0.6 kg, ' ' '

.
-

7e¢l.2 Cell Solids

-

The most direct information oﬁ the chanpge in cell solids over the
cowrse of the Skyladb fliphis was provided by tle exchangeable potassium
(fable 6-9), the mean loss being 0.71 kg, About 0.1 kg of this loss was
undoubtably associated with the 0.2 - 0.3 ki loss of red cells reporied by
Jolnson et al (1974) qnd described in section 3.3. The remaining loss of
cell solids was presumably due to the partial atrophy of skeletal muscle,
due {o relative disuse in the absence of gravity. Several studies have
demonstrated a reduction in the girth of the thigh or caldl nmuscles
following spaceflight (e.g. Berry, 1973b), and a progressive reduciion in
call girih was observed in lhe Skylab astronauls over the course aof Lhe
SL-H flighf'(Johnson et él 197?). © Ilowever, in such determinations it is
impossible to distinguish between changes in girth due to changes in muascle
mass, and these due to changes in fat or fluid., FEvidence Tor muscle
alrophy was provided by +the high correlation between the change in log
volume and excrcise (Table (6-10)}, and by the observation of a marked

reduction in leg strength postflight (Thoxntnn and Tummel, 1977).

Table 6-1% gave esbimntes for the change in cellular mass over lhe
course of the mission, calculated from {lie exclangeable potussium, the
nitrogen and potassiuvm balances, and the biostercometric analysis. The
latler dilfered Lrom the olher measwvements in that it was an estimate of
The change in musele mass in the legs, rather than cellular mess in ihe

whole body, alihough il is probable that the changes in lep musele Tormed

the greater purt of Llhe 1leolal chunge in cellular mass.

The wost nodable fealure of Table 0-1h is fthat the values in columms
(2) and (3) appear to be far boo high., The Skylalb mineral balanee
experiment was troubled by very erratic data, which fhe author belicves was
due to the investigotors being unable {o exercisce sufficient control over

the conduet of the experiment. It is simply impossible to believe, for

example; Lhat subject CIL lost 4,71 mrams of nitrogen and 10,99 millequivalente

of polassium per day over the course of the fIight (Table 0-13), to pive
cslimates Tor ihe.cellulnr loss of 12,52 aud 9.25 ke (Table 6-14), comgrel
with o lotal luss of body weight of only 0.18 ke, It is the epindian of
the anthor that {he mineral balance resulis for potassium amd nidrogen are
incorrect, and lhey will net be_considered further. 11 is Lo be hoped,
Irowever, thal further analysis of these results may cvewlual by produce some

usclul conclusions,

o
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The estimated change in cellular wass from total body potaésimn
(Table G-~14, column 1) is considerably higher than the estimated change in
muscle mass in the legs by Dbiostereomelrie analysis. (column %), Between
0.2 and 0.3 kg of the reduction in cellular mass may be explained by the
loss of red blood cells, leaving a mean loss of about 2 kg from other tissues.

As stated in sechion 7ola.l, it seevms'likely that this is an overestimate of

'the cellular loss. This is not surprising, since the measurement of

cellular mass from total body potassium is relatively inaccurate, with a
standard deviation of about 3% of the body weight, or 2.1 kg (Table 2-2).

It is impossible to assess the accuracy of the biostereometric es{.-imutcs
of leg muscle change (Table G-1%, column 4). The estimates are the order
of magnitude suggested by considerations of total body water (section 7.1 o1},
but they show only partial agreement with the postflight measurements of,
leg strength by Thornton and Runmel (19??). The latter noted that the
SI-2 and 8L-3 crews showed a greater loss of stwenglh from t.ﬁhe legs than the
SL-4 crew, and a.:lsé noted that suhjedt CN showed less change than the othoer
two SL-2 c‘rewmﬁn, all of whicﬁ agreed with the observed changes in muscle
mass. - Ilowever, they noted little difference in leg stréngﬁh hetween the

SL-2 and SL-3 crews, whereas the estimated loss of muscle mass was much

greater in the S1L-2 crewa  Two factors complicate this type of analysis -

Tirstly, while it is lo be expected that there will be a genecral 'agret'm'cm't
between sirength and mascle mass, it is unlikely that the two will always
correspond, and sccondly, the inflight exercise programme was complicated
by the use of several different devices. Thormbon and Rumme] stated thab
the 8I-2 erew uscd only Lhe bieycle crgometer, whereas the $L-3 crew used
also exercise springs, and a device called the Mk 1 exerciser, which
provided isolonic exercise for various muscle groups, The SL-4 crev used
all of these devices, and alse a Ttreadmill?, in whicl {he subject walked
on & slippery surface, with elastic cords over the shoulders to simulate
the force of gfavity. The treadmill excrcised primerily the calfl museloes
whiclk showed fatigue in a few minutes, in contrast with the bicyecle, which
could be used for prolonsed periods, with fatigue cccuring first in the
{thigh (Astrand and Rodahl, 1970). . The regression equations fLor the change
iu leg volume (Tahle 0-11) supported the suggestion that the hicyele .
ergomeber provided greatér exercise for the thipgh than for 4he cull, in Lhal
they predicted ihat an exercise level of 100 watt—min/huyj%u LM was
necessary to prevent muscle atrophy from the calfl, whereas a Jlevel ol anly
81 watt-min/day/lcp LIM was nccessary to maintain tle Lhipgh muscles at theiv

preflipht volume,
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In summary, it is impdssiblé to pive an accuxaﬁe estimate for the
changes in cell.solids over the course of the Skylab flights. The reporled

0.2 = 0.3 kg reduction in the red cell mass ovex the course of the ilights

(Johnson et al 1974) accountsfor a loss of about 0.1 kg cell selids. It
is probahle_that the remaining changes in cell solids were associated with
changes in muscle nass, dlthougﬁ changes in tissuies other than red blood

cells and muscles camnnot be ruled owb. Estimates of the changes in cell

 solids derived from the mineral balance experiment were extremely high, and

almost certainly in ervor. The change in total body potassium gave an
estimated.mcan logs of 0.71 ke cell solids, equivaient 4o o cellular loss
of abdut 2.3 kg,  Such a loss is not supported by the changes in total
body water, and it is probably an overestimate, Biostereometric analysis
provided estimabes for the change in muscle mass in the legs of -1.43 kg
to +0.10 kg, with a mean wvalue of -0.52 kg,  Such values appear te he the
correct order of magnitude, bub it is impossible to assess their accuracy,
and they do not accowt for any'changes in parts of the hody other than the

legs.

- 7.1e3 T

The chinpges in body fat over the course of the Skylab fliphts were

examined in two ways — by attempting to determine the changes occuring in

all of the body compariments (Table 6-9), and by relating the calorie intake-

~of the subjects to Lheir changes in Lotal body voluwme (Table 6-12}, There

was, unfortunately, only a weak correlation between these two estimates

(r = 0.6Y, significant at the 5 1evel), although they agreed thal suljeet
CH. gained Tat dwuring his bime in ovbit, and that 7 of the others lost fat,v
the resulds disagrceing Tor subject P, Table 6—9 gave o mean loss of 1.20
kg Lor the 9 subjects, whereas the biostercomelric analysis estimated bhe

mean loss o be only 0.98 kg.

The estimates piven in Table 6~9 were based on the measurements of
totul hody water, exchangeable potassium, and bady volume. Fach of these
measurements hag an estimated standard deviation of about 2 29 of the Dody

weight (Fuble 0-2)._ Addlng vur:anccq, and ignoring the relatively mwall

'lnﬂceurqcnos Jnvo]vod in the measurcment of body weight, the standurd

deviation for the eslimulion of body fat was 33%, The standard deviation

Lox the pustfllght chiange in body Iat, grven in Table 6~9, was 1.40 kg, or

~about 2 of the body weight.  This figure included both measurement errors

and true suhxrc»—!n—quh1oct varigtion. The measwrement was. thercfore.
rather more nccuvnte than the "_ﬁ e=+1m1ted ahove. Ilewever, the latber
Tiguwre applied Lo absolute delermimabions of body fat, and it iz probablc

that the aceuracy [or repead measurements in the game subject would have
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been better then this. _ _ S .o 1
The esiluation of change in body fat from ca.loljic intake is prone to :
two types of errox; - the exrors of the biostereometric volume determination,
i probably with a standard deviation of about 2%, and the errors introduced i

g by the assumpiion that all the subjects would have the same xatio of caloric
8l needs to Lean body mass. . Even if all the subjects hed the same basal |
' ?E: metabolic rate (per kilogram LBBi), there were considerable differences
| 9' :. . between them in the amount of exercise talken, (Table 6-2). This could have ;
; f;’ . been expected to produce differenc_:es in caloric require:‘nénts from one subject
g‘f to anothier, and hence to produce a spread in the values for the caloric -
' c* v 'NEEDS?, derived in section 0.5.2. 1000 watt-minutes of cxercise (Go ;
: . Icilo;joules) rcpxjeéent an energy conswnption of 5? lcilocélofies, assuming a
;?-:‘.' 254 efficiency for bicycling (Asirand and Rodahl, 1970). The greatest i
: f:‘_:: difference in inflight exercise (between subject K and subject GB) was 67.2 ‘5
A watt-min/day/ly LBM, which is equivalent to a caloric difference of 3.8 leal/
, : day/kg LBM.  Thus the mean inflight calorvic requirement of 49 keal/duy/ke o
* LB.M, derived in- sectioﬁ 6.5.2, is subject to individual variation, although - :
is it seems 'likély that the range 47-51 keal/ dayflcg: LM wonld apply to the
L ;

majority of the subjects.  On thig basis, the accuracy of determining the

change in body fat from the caloric intake is wnlilely to be bebber than

RN Ty

1 3.0 = 1.4 kg, or about 25‘5._ of the Dbody weight, Thormton and Ruwwncel (1977) _ |
esbimated the caloric INEEDS! to be 51.6 keal/day/kg LBM, Lascd on the
inflight change in body mass (seetion 6.0.1), a value whicl agrees lairly

well with the present estimatc.
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- One aspect which should be discussed is whether the loss of fatb
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observed in at least 7 of the astronauts was due Lo a lack of appetiie, or

to dietary restrictions, With the excepiion of subjeet W, who told the

awthior that he had deliberately under-eaten, -as he thoughb he was overweipght,
" there can be no doubt that the loss of fat was due to the strict enforcement S
of the pre-planned diet, in support of the mineral balance experiment.
Bxcept for subject W, all the astronauts on the 5L-2 and SL-3 missions

complained of hunger, alier the first few days in flight. The dieds had

of wore conventional foods Lo be eaten, TPhe SI~4 crew did not complain

§
i
! %E 2] E been planned Lo contain ahouwt 300 kcal/day’ Less than the astronauts usunlly ‘,}
: f' ' 5;" 5 - ate, foiluwii_:g e recommendabions of Vanderveen and Allen {1972), alilioush :
| ?i 'EE g‘ a Turther 500 kilecalories were available, for use if required, in the forw
- iE . # o of items such as sweets and bicuits, \x*hich.cuntained no nitromen or
. ;! 5 § winerals.  Phese items prévetl unpopular, hmrevéi*_. and from the mi d;min‘h of
gi} gg: the S'L—'j £light the coutrols had $o be r‘elaxed,. to permit additional itoems P
A
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result at least crewnan CR returned to0 carth with an ﬁncreased boiy {at.
There is thus little doubt that the loss of body fat is not an 3.nev:.table
result of spaceiligh‘t, and the planners of fubure long term missions must

aim to provide aveund 49 keal/day/lg LEM for the crewmen.

Sumarising the findings relating to changes in body fat, two methods
were used to examine'this body compartment in the Skylab astronauts. 0One
was based on the total body water, potassium and body volume, and the
other on the relationship between caloric intake and the postflight change
iﬁ.body:volume. Doth methods had an estimated standard deviation of
between one and two kilegrams.  The mean change in body fat by the first
method was a loss of 1.20 kg, and by the second method a loss of 0.58 kg,
The correlation bhefween the two sets of resulis was poor, probably because
the changes obzerved were similar in magnitude to the standard deviations of
the two methods. Nonetheless, the meillods apreed to the extent ilhat one
subject gained fat during his flipht, and another 7 subjects lost fatl, ihe
resulis disagreeing on the remuiﬁing subject., The high correlation 7
between caloric intake and change in body volume strongly suggests that a
caloric intake of helween 47 and 51 kcal/ﬂny/kg LIM is necessary Lo prevent

tlie loss of Dody fat over the course of a flight.

7.1.% Bone Mineral

Two cxperiments provided information on the change in bome mineral
over the course of the Skylab flights — bone densitometry and mineral

balance, Table 6-17 swmarises the results of hoth experiments.,

Measuremenis of control subjecils in {the bone densitomelyry experiment
gave standard devialions of up to 1.2% for fhe radius, 1.8F for the ulna,
and 1.6% [or the os caleis (Vomel and Whittle, 1974). - Dostflight changes
of less Lhan two stlandard deviations were rogardvd s insiguidlicant, and
uslnp thig ecriterion the only significant changes observed in the Shvl“h

crewmen vere losses of dnnsltv from {the os calcis of 7. hr, h.5% and 7.9 p,

- from subjects GRy GD and P, resPectchly.

-

Ag gslated in scction 7.1.2, thie results from the mineral balance

experiment were crratic and difficuli 1o interprot, In the ease of culcium,

the faecal exerclion was extremely variable, and the balance calculaiion.

gave no consisbent patberi. In contrast, the urinary caleium wos

relabively stlable from day to day, and showed a consistent pailern j.nI‘l.i'g:hL,'

inereasing over lhe course of 3 —~ & weeks to betwecnn L. and 2.7 Limes the
prellight value (mean 1,9}, at which level it siubilised for the remainder
of the Lflipht.
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If the uwrinary excretion in the last éolumn“oi Table 6~17 haq
persisted for “the whole of the flights, the subjects would have lost
between 3 and 15 g caleium while in orbit, equivalept to between 8 and 537g
bone mineral. In praétice,ﬁhow&Ver, Lhe loss would have been less
than this, as the caleium excretion build uwp to its final level over the
course of 3 — & weeks., Although such calenlations are very approximate,
they tally with the results of the bone densitometry eéxperiment, in that
the highest losses of calecium were observed in subjects GR and P, followed
by subjeet GB. .

In Table 6-9, the subjects were estimated preflight to posess between
5.19 and 4,81 Iz of bone mineral.  The estimated losses of up to 37 g
thus represent at most only about 1% of the total. The investigator for
the bone denéinometry experiment, Dr.'JaMa'Vogel; told the anthor that in

prolonged immobisisation the densities of the distal radius and ulna tend

~to reflect the total body calcium;'whereas.ﬁhe 08 calcis loses density much

more rapidly. The failure to observe a change in the density of the

distal radius and ulna is thus in line with the very modest gstimdted logs

in total body bone mineral, It is not lmown wheﬁhér the loss in dcﬁsity
of.the os calcis is a magniiied'reilectiun of a change in total hody calcium,'
or whether it is primarily a local phenomenon, due to the removal of stress.

Lrom thig particular hene,

One interesting observation is that subject CR did not show a loss of
density from the ns caleis, when his estimated urinary calcium‘lﬁsq was unlj
23% less than that of subjeet GBI, who had a 4,5% loss of density. Dr. W.l,
Thornton, who was responsille Torx the-iﬁflight exercise programme, told il
aubthor {hal subjeel CR was the only astronaul to perflorm ftoe springs?
inflight, an exercise performed on the treadmill (section 7.1.2) in which
the heels woere repealedly lifted off the wulkiﬁg surface by contraction of

the calf museles.  This exercise could be expected to produce a

~gonsiderable shear stress in the os caleis, and also some compressive siress

as the heel impacts back onto the walking swrface, and it is intercstiﬁg Lo

speculate that this subjeet may have therely prevented a significant loss

of caleinm from this bone, However, there was no general correlation
between the iuflight exercise (Table 0~2) aml eilher the uwrinary calciumm

exerclion o the chinpe in density of the os caleis..

Whodon et al (1977) anbicipated no serious difficultics due Lo calcium
loss on [lights of 0-9 months, but they regavded the development of
protective weasures as essential for Llights of any greatoer duration.

This subject is {urther considered in Chapier 9.
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Summarising the observations on bone mineral, the urinary calecium
increnged dﬁring the first 3 - 4 weelts of the flighi, Lo an average of
nearly double ils preflight value, thereafter remaining at that level for
ithe rest of the Llight. Tlie loss of caléium varied considerably from one
subject to another, the mean loss being 155 mg/ﬁay during the Lth weele of
the flipht. The total loss of caleium, estimated from the urinary
excretion and the time in orbit, was in the range 3 - 15 g, equivalent to
8 ~ 37 g bone mineral, or less than 1% of the body total. Bone densitometry
showed no measurable loss of density from the radius and ulna, an observation
which is consistent with a loss of bone mineral of less than 2 - 3% of the
body total. 3 subjects, however, had significant losses of deusity from
the os calcis; they also had'the highest indlight losses of caleiun,
estimated from ihe excretion dala. It is pussible that exercise taken
inflight may lave modilied the change in densily in the os caleis, in at

least ane subject,

o - Postllipht Necovery of Body Compositbion

Only Iimited information is available on the changes in body compos:ilion
whiell occured alfter the astronauls reburned Lo carth, Illowever, it is
possible to deduce the general pattern of the postflight changes Trom such

data as exist.,

The mean body weight increased rapidly for the first 3 days posilliphi,
after whieh it stabilised (Figare J-1, page 32), This patbern is
consigtent will an inerease in Lotal body water ito replacc thal which was
lost carly in the Flight (secetian ?.1.1), allliovgls Lhe chungc apjunirs o
have been slower, taking abount A8 hours, in coniragt {to the inflisht Loax
of water, whieh was almoest complete in 24 hours, The pnyfrlight inerense

in body waler was appavently brouslt about wainly throush an inerease in

Lluid intalke (Leaeh and Rombaul, 19??). The aulhor obcerved that all itw

agtronauts were very thirsty Lollowing lheir flighis, amnd it seoms Likely
that boti the inflight loss of waler, aud its posLflight ruplucomeht, Wi
brought about by an alteration in thirst.. Il is not known how an
alteration in pravity is able o modify the thirst mechanism, and there is
a eclear need lor further researelt to explain this obzervetiun, The
postiTight replacement of hody watler was confimmed by the observation  thak
th? total body water of all the subjeets had relurned to approximaloely
preflight values by ilie next time it w&slmeasufod, arownt 414 (D, Cavelsn

Leach - personal communication).

Very Little inforwation existis on the chanses in ciiher cell solids
or fabt during the postflight period. A gradual replacemuent of eell solids

is suggesled by the observation <{hat about twe thirds of +he posirlight

98.
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defieit in exchangeable potassium had been replaced by R+l4 (Dr. Carolyn
Leach - personal commuication)s All of the asironauts slowly increased

their body weight during the postilight period (see appendix), indicating

~an increase in iét, or muscle, or both ol these.

The changes in regional body volume (Table 6-5, Figures 6~1 and 6-23
pages 74-76 ), indicated a general increase in the volume of all_fegions
of the body during the postflight period, fairly rapidly during the first
k days, and thereaiter more slowly. There were insufficient measuvements,
however, to establish the exact time course of the changes, It was

originally intended to make measurements on the SL-%4 crew at R+31l, but

Vuufortuuately administrativé difficulties prevented this. The R+68

measurements of the  SL-4 erew showed‘donsiderable inereases in the volume
of the bultnels ﬁnd thighs, strongly suggesting an increase in hody fat
over this peried, an cbservation which is supported'by-the'iact that their
mean weight at this time was 2.8 kg higher than preflight. It is
unfortunately impossible to distinguish between the goins in volume due to
Ipi, and those -due o muscle, Sn'althdugh it seems likely that any muscle
mass lost dwring the flight would bave been replaced during the postllight
pexriod, this'cannoL be confirmed, If, as suggested in section 4.8, future

work is able +o esiablish the patierns of regional volume change associated

with alterations in fat and muscle, it might well be possible fo distinguish

between the changes in fat and muscle on the Skylub data.

No esiimates of lean Lody mass were mede drring the late postflight
period, Trecause the biostereomeitric analysis, and the measurements of total

body water and exchangenble potassiwi, were made several days apart.

The red cell masyg reburned to its preflight level 30 - G0 days after
the flight, rccovery being slowest following the shortest flight, and
quickest fullowing the longest one, an observation which has yet to he

explained (Johnson et al 197%),

The bene densitometry experiment revealed a very slow recovery in the
density of the os caleis during the postilight period., Subjeet Gt Lad
resained his Lone mineral by Tt+87, whereas subjects GB and P had net fully

refurned to preflipht levels by the last occasion on which they were

'muasuﬁeﬂ, 495 (Vugel and Whittle, 1974). These observations sumgest that

it toolt longer to replace the bene mineral than it did 4o leose it, The
uripary caleiwn was menitored for 18 days postflight, during which time
it fell sbteadliy, rceaching lhe preflilght level witer 12 - 18 duys. It is
Lo be preswncd tiatb caleiwm retbension took place dwring the postflipht

period, to replace the iuflight losses, bub apart from bhe increases in
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densibty of the os calecis, reported ebove, there is mo evidence to support 100.

this agsumption.

In summary, all of the changes which oceured in flight ﬁpparcutly
reversed during the postflight period. Theré is very little information
available, ho“ever, on the postlflight changes in muscle or fat. DBoth
waler and bone mineral were probably replaced more slowly than they had
been lost in Tlight. The red cell mass was vrestored to preflight values
in 30 - 60 days. There is no evidence to suggest that any of the
astronauts rurfered a permanenb change in body composition as a result ol

his time in space.

7;3 ' Techniyues for the Measurement of Body Composition

The prcéent‘study is probably the first in which watnf, cell solids
and fat have been measured simultancously im a group of individuals, therciy
covering 3 of +the & body Tcompartmewbs? suggested in Table 2-2, It is
regrettable that the fourth compartwment, bone mineral, was not also
measuwred, but it is understandable that the NASA management should crr on
the side of.cuution,:when considering the radiation dose involved in neutlron

activation analysis.

When the lean body mass (LBM)_ﬁas cnlculaﬁed Irom Lhe tobtal body waler,
exchangeable potassium and body density, both singly and in combination,
swrprising vaviabilily was observed (Pable 6-0). The results sirongly
suggested thab the widely accéptcd formulae for esilimativg ihe LBM lrom {hese
variables were incorrect, In particular, the total hody water gave
slighlly high esiimates for the 11, and the exchanpeahle polassiwa very low
ones, when compared with all the other eslimates. T1L ecamiol be raled oul,
however, thal the discvepancics were due to differences heiwcen the
astromauts? body composibion and that of ihe ¥normal? pnpulatiﬁu, possibly

as a result of their high physical f{itness,

Dcspitn'the muneertainties in its measurement, the LM is a wood hasi-
for fneormalisingY data, in order to compare vesulils belween individuals
(Buhnke, 1953; von Doheln, 1956), -Without such normalisution; the analy-ir
of the present resulils, with vespeet to diet and exercise, would no! have
beenr poseible,  When used in this way, it is likely bhal ervors of U-3 b
in the IBM avie of 1itile consequence, and the commion practic: of

egbimating 1L from ecither the totnl Ledy water or potassium is acceplable,

When studying bedy fal; however, it is considerced that these two methads

are insuflicicenlly accwrate, and.one of two olher approaches should be uscds
1) To estivtle LBM Crowm body deusity, the volume delerainabion heing made
by underwiler weishing (Behnke ot al 1942} ox volumelry (Alen, 1963).

While hLO‘Lvlnomvlmjc ana1y=ms, nrtvr fu:iher develupmvnt will almast
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certainly bevacceptahlé for this purpose, the results given in Table 6~6
suggest that, at present, the method is not accurate enoﬁgh.

2) To estimate LBM by the *combined eshimate’ method described in seetion
5e¢3.5; by measuring total body wadier, total body potassiun, and body volume.
In the present study the bhiostereometric method was used to estimgtc body
volume; as no obher method was possib}e, but‘again.the accuracyy as it
existé at the woment, is probaﬁly a little lower than desirable, [For the
most accurate. estiwate of LBM, it would alse be advantageous to measure
the bone mineral, by neutron activation analysis, although this is
probably unnecéssary'except in speecial cases, The body contains 3-5 kg
of bone mineral (Table 6-9), and an error of 20% in its estimation would
amount to only aboub 1% of the body weight, which is comparable with the

accuracy with which the other- body Pcompartments? can be measured (Table 2-2),

When stwiying loss of weipght, whether from spucefllighl or from olher
causes, a knowledge of the density of the tissue lost would make it possible
to say whether the loss consisted of fat, water, tissue solids, or a

mixture of these. Unfortunately, none of the present technitues is

sufficiently accurate for this purpose. Dr, P.C. Rambaul, one of the

investigators foxr the biostereometric study of lhe Apolle 10 astronsuts
(Bexry and Smith, 1972), told the awthor that the results of this experiment
ﬁéré'nut pubiished-in full, hecause the calculated density of {he tissuc
lost was out~ide the physiological ramge. The reason for this is Ul

the changes occcuring cuuld not be measured with sufficient accurancy, since
they were similar in magnitude do the standand devintion of ihe measurcwent
teelmique,  Ior eiample, au ervor bI 1 litre in the volume determinuation,
which could be expeeted even from a techaiyne with a stundard deviation as
low as 1%, would represent a 33% error in debermining the density for o

.

tissue loss of 3 kg,

It scems unlikely thal methods of measwring gross body cnmﬁositiun
will, in the foisecable [ututre, reach the acewraey required io determine
the Bissues invelved in changes of weight of the order of a few kilograms.
llowever, ftwo approaclhes appear promising for such investipations:

1) ‘Yhe use of a carefully conducted metaholic balance technigue, such as
hat a Deitrick et nl (10h8).  This procedure was attempled on Skylab, but
the resalts were very voriable, as discussed in section 7.1.2. The
metabolic balanuc teehnigque is much better at detecling chavues in Lone
mineral and cell solids, which are peflected in changes in ihe caleium and
ni brogen halances, vespectively, than for studying cither water or fol, as
it is menerally lmpractical to measure either the insensible water loss ar

the expenditurc of metaholie energy.
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2) The use of ‘the biostereometric 'I;eclm:'.q\;e {10 determine the change in
wolume of different regions of the body. Although more backpground stwdies
are needed, the results obiained in the present .study sugaest that changes
in the different’ fcompartments® of the body ave associaied with
choracteristic pa‘btcrné of regional wvolume chanpge, and that lknowvledge of

these could be used to determine the tissue changes in a given subject.

It thus appears that the biostereometric technique is potentizlly a
very poverful fool for the study of body composition, and its ability to
measure regional body volumes, rather than being simply a by-product of iLhe

measurement of total body volume, may prove to be its most useful atiributle.
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CONCLUSTONS

The 9 Skylab astroneuts returned from their spaceflights welghing
less than they did at the time of launch, the mean loss heing 3.03
kg, wit? a range from 0.18 to 5,17 kg. This weight loss was
similar to +hat observed on carlier American and Russian flights,
The change in body weight is thought to have resulted Iroﬁ changes
talcing ‘place in all % of the major bod& compartments - wateyr, fﬁt;'

cell solids and bone mineral.

Water was lost f{rom the body during the first 1-2 days in orbit,
probably by a considerable reduction in Tluid intake, in the presence
of a slightly reduced wrine volume, in respouse to ihe movement of
blood into the central venous pool., The cstiﬁafed 1033,_iﬁ a
erewman ‘of average size, was 1.2 « 1.4 kg, Tt was rcplaced in 2-3
doys following return to earth. The thirst mechanism is thought
to have played a key wole in bringing ahout, the éhanges in tﬁtul

body water, although the mechanism is unexplained.

Al least 7 of the 9 astronauts lost hody Latb, prohably’due Lo Lhe
combined efforl of anorexia early im the flipght, and inadeguate
caloric intuke later, due to strict dictary control, fThe greatest

esbimited loss of lat was 2,735 kg, and {he mean loss was 0,58 lx.

Thore vas o high correlation hetween the inClight calorie inlake
and the change in tolal hody volume. From this relalionship it wos
deduced {hal, a calorice inlake of 47-51 kuul/ﬁuy e Toan body mass

would be necessury to prevent the loss of fal while in orbid.

Changes in ccll solids were fhought principally tu be duc Lo the loss
of red blond crlls and musele tissue, The loss of red blood cells
amounicd to 0.2 - 0,3 kg, tie loss beecomimz smaller as the mission
Ienglh increased.  The mechanism fur the loss las not been [ully
explained, althoush it may De assceinted with the haemoconceniration

which aceompanied the inflight reduction in fatal hody water,

Chanpes in nugcele were measured wilh less cectainiy, bul i6 is
prabaule that all bud one ol the Skylab aslronnuts lost muscle Tron
Lhe Teps, Whe groalest estimcbed loss beding 1047 ke, aad the mtean
toss U592 kpe I is possible that musele was also Josl Frowm T RAS

of We Loady olber Ghan the legs,
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There was a high correlation bebween the inflight level of exercise
on the bicycle ergemeter, and the change in volume of the legs.

From this. it was caleculated that an inflight excerise of 80-100

watt-min/day/icg lean body mass would be necessary to prevent atrophy

of the ieg muscles, I4 is possible, however, lhat some of ihe
other cxercise devices used may have been more imporiant than the

bicycle ergometer in limiting the extent of the muscle atrophy.

Although contributing little to the change in body weighl, losses _'
of DLone* wineral of up to 1% ccewred in the Skylab asirenauls.

Local losses of bone density of up to 8y were observed in the os .
calcis of 3 subjects. The loss of bene mineral could be expected

to produce a significant weakening of cextain henes aficr 06-9 months.

Biostercometrie analysis, using sterecophetogrammectry, was used lo

measure the total and regioﬁal body velumes of the Slkylal astronautis, :

The estimaeted standard deviation for the volwme measurement vas 2,

although there is a systematic difference between the results from

ihis methed and thoge from underwater weighing, Ceriain improvements

in the method, and a series of studies on the effeets of diet and 3

exercise on regional body wvolume, could male this mebthod one of the j %

C

!
;

most accurate and versatile for the sludy ol body compositioin,

In contrast Lo other methods of studying body composilion, ilhe

stereoscopic photograplis of the Skylab asiromauts form a permanent
aveliival record of ibeir preflight and postflishl Lody lform, which o
can be re-examined at auy fulure dadte, either te answer new question-, -

or bo take advanlage of improvemends in analyilical teehnigue. I
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THREE-DIMENSIONAL DISPLAYS IN BIOSTEREOMETRICS
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' THREE-DIME&SIONAL DISPLAYS IN BICSTEREOMETRICS

R. E. Herron
Fleming Department of Rehabilitation
Bayigr College of Medicine
© 1333 Moursund
Houston, Texas 77030

Abstract

In biostereometrics, which is a modern approach to the study of biclogical form
and function based on three- and, often, four-dimensional measurement of living
organisms and their constituent piarcts, three-dimensional displays already sexve
many useful functions. These can be classified into two main categories, where
the three-dimensional display is used: (1) as a substitute for the object itself
or (2) to highlight spatial or spatio-temporal features of particular interest.

In the former category, the ability to "freeze" the form of a living organism and
to analyze the resulting photo-optical analog ad infinitum without fear of object
novement is a major advantage over conventional direct measurement methods. Appli-
cations which £all into the second category are particularly valuable for conceptual
and educational purposes. Such applications are expected to grow as cliniciaus,
biomedical scientists, biologists and others become more familiar with the poten-
tials of biostereometrics and suitable graphic display capabilities become more
widely availzble.

Biostereometrics is a modern approach to the study of biological form and function
based on three- and, often, four-dimensional measurement of living organisms and
their constituent parts. In this exciting new field, three-dimensional displays
already serve many useful functions. For present purposes, we can classify these
functions into two main categories where the three-dimensional display is used:
{1) as a substitute for the cbject itself or (2) to highlight spatial or spatio-
temporal features of particular interest.

To appreciate the importance of these roles it is necessary to understand some of
the difficulties associated with measuring the form of a living organism. For
example, there is the fact that living organisms are dynamic, which means that
they change their form from moment to moment. Thus, during the time it takes to
make just one dirsct contact measurement, the organism may significantly alter its
form (e.g., by breathing or postural changes) so that the measurement becomes less
meaningful or even useless. However, the capacity to create a photo-optical three-
dimensional "xeplica" of an organism at a particular instant in its life cycle

eliminates the above problem. In effect, the form of the living organism is frozen

and permanently recorded on a seét of stereophotographic plates or, perhaps, as a
hologram. The resulting photo-optical analog can then be substituted for the
organism itself and analyzed ad infinitum without fear of object movement.

There are other benefits from this approach which bear mentioning. For example,
let us consider the case of an orthopedic surgeon evaluating the outcome of 2
surgical procedure to correct a spinal deformity. By replacing the patient with
a three-dimensional photo-optical display, the evaluation process can be made
more comfortable for the patient and more comprehensive and effective for the

SPIE Vol 120 Three-Dimensions! jmaging (1977}
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THREE-DIMENSIONAL DISPLAYS IN BIOSTEREOMETRICS

surgeon. Three-dimensional displays can serve a similar function in plastic

reconstructive surgery, growth studies and other biomedical fields where detailed
structural analyses are required.

Another example from orthopedics illustrates the second main role served by three-
dimensional displays in biostereometrics. Here the display is used to highlight

the spinal curvature in a record of upper body geometry. Using stereometric data
(XYZ coordinates) as input and software developed by my colleague, Professor Jaime

Cuzzi, a computer graphics terminal is used to display the spinal curvature using
: different three-dimensional perspectives.

. In the short time available today, it is impossible to review in detail the wide
range of functions served by three-dimensional displays of biostereometrics. A
few examples from recent studies (Fig. 1-12) must suffice. All of the examples
illustrated below fall into one or both of the two main categories mentioned ‘ J
earlier, but in each case the function is quite distinctive. After reviewing '
these wide-ranging applications, it should not be difficult to appreciate the
significance of three-dimensional measurement and display in biology and medicine.
Although recent developments in holography and CT scanning have helped stimulate
greater interest in three-dimensional displays in the biomedical sciences, the
exploitation of such displays in biostereometrics, (where the focus is on measure-

ment and analysis rather than the perpetration of "eye-balling" procedures) is
just beginning.
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Sample Three-Dimensional Displays from Biostereometrics

’
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Fioure 1 Figure 2

fa nart M bl o) Ak

Figure 1 Contour map of two-celled mouse embryo.

Figure 2 Contour map of facial deformity (hypertelorism).

SPIE Vol. 120 Three-Dimensional Imaging (1977)
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Figure 3 Cross-sectional plot (left of body form from CRT display. 'Computerized moiré" |

plot (right) obtained by superimposing fine grid over the cross-sectional plot. | |

Figure 4 Cross-sectional plot and volume distribution curve (cross-sectional area Vv \ *
vertical elevation ) of patient prior to treatment for obesity. ‘ i

Figure 5 Serial cross-sections of 1limb segment alongside graph showing volume 1
distribution of muscle in relation to other tissues. j

Figure 6 Stereometric records of an individual's body form at ages 9,10 and 11 years. 1
i
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Figure 9

Figure 7

Cross-sectional plots from different perspectives showing the trunk of a

i patient with spinal deformity.

E Figure 8 Selected cross-sections (looking down through the trunk) illustrating

g important features of trunk geometry. The plus signs indicate the mathe-
5 matical or isometric centers of the individual cro<s sectinans.

E Figure ¥  Cross-sectional plots of patient with spinal deformity (scoliosi:s) rcccraocd
g immediately prior to and six months after surgical correction.

% Figure 10 Globographic display of maximum joint (ankle) range of movement. The trace
¥ represents the 3-D trajectory of the distal segment of the joint.

£

o

i

E

o s SO PSS L St Seeutmtian . SOV N
" ou— 7 G it i . - . )
BB A s TR TrT—- ak

PR




Figure 11

Figure 11

Figure 12

Figure 12

Series of rotated cross-sectional plots of body form with computer-
controlled superimposed moiré contours.

Solid 3-D plastic model (above) carved with computer-controlled (N/C)
carving device from contour data (below).
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1. INVESTIGATION AND. TECHNICAL PLAN

‘A.  Investigation and Technical Plan.

1.  Summary. Biostereometric. measurement of body form using a specially
designed stereometric camera system has been successfully used to defermine changes in
regional and tofal body volume in the crew of Apollo 16 and three Skylab missions. These
measurements were, however, restricted to the pre~ and post~flight 1 gravity environment,
leaving a large gap in our knowledge about bady volume changes which occurred in zero
gravity. Future shuitle flights will afford an excellent opporiunity fo study in great de-
tail the body volume changes which occur in flight. The biostereomefric experiment con-
ducted on SMS~Il (January 1976, LBJ Space Center) demonstrated the feasibility of making
such inflight measurements in a shuitle environ.sent. The available space proved more than
adequate and the responsible payload specialist found the equipment simple to opzrate and
the time demand (20 minutes per day) modest, considering the uniqueness, comprehensive~
ness, and utility of the data. Only minor modifications of the procedure are anficipated
for zero gravity shuttle operation.

The significance of the body volume changes recorded before and after
long~term space missions have been discussed af some length in our previous Skylab related
reports. However, the lack of inflight body volume deta has precluded more definitive
evaluation of fluid shifts and other modifications in body volume distribution which are
central fo a better understanding of the physiclogical mechanisms of human space adapta-
tion.

The proposed inflight measurement of body volume changes using the
rapld, porfable,, non—~confact biostereomeiric camera unit (developed and validated over
the last seven years with NASA support) will provide valuable data related fo important
cardiovascular, nuiritional and nevremuscular research questions about human adaptation
to zero gravity.

L~ . L
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2.  Objectives and Significant Aspecis., Preflight and postflight measurement of
bady volume and regional volume distribution in Skylab astronauts revealed changes in the
quantities . of fluid, muscle and fat in their bodies. All nine astronauts demonsirated region-
al changes in volume distribution which could be related to changes in fotul body water,
muscle mass, and faf deposits. The change in water resulted from a redistribution of fluid
in response to zero gravity. Changes in muscle mass resulted from an alteration in patterns
of muscle activity in the absence of gravity and changes in fat resulfed from discrepancies
between the individual's caloric needs and his food consumption.

The volumetric analysis in these siudies was based on biostereometrics,
a relatively new science which s emerging as a powerful tocl in the biomedical sciences.
The hardware consisted of o set of fwo stereomeiric cameras developed with NASA support
at the Biostereomeirics Laboratory at the Texus Instifute for Rehabilitation and Research,
Baylor College of Medicine.

From the fronf and rear view sterecscopic photographs taken of each
crew member, pre~ and post-flight, three~dimensional coordinates of numeraus points on
the body surface were derived using a stereoplotter; these dafa, in furn, provided the
input to a computer which was pregrammed to yield the volume of segments of the body
and the body as a whole. These data have proved %o be of great value as a means of gain-
ing insighis info the effects of space flight on human physiology which were impossible
using any other method. The records obtained in connection with the Skylab missions
constifute an archival documentation of the entire body geometiry of each astronaut before
and affer his flight. Analysis of the data is continuing and us new questions arise the
body models can be re~examined fo satisfy those needs.

Although we have learned a great deal about the effects of space flight
on body volume and velume disiribution through the Skylab studies, we are still lacking
any comparable data concemning the body volume and volume disiribution changes which
occur during the mission. Therefore, the main purpose of the present study is fo measure
and evaluate changes in body volume and volume distribution in flight. The resulis will
be examined in relation fo current theoiies about the mechanisms of shorf~term and long-
term human adaptation fo sustained weighilessness, with special emphasis on the cardio-
vascular and nutrifional implications for human space operations,

To put it briefly, biostereometries is the spatial and spatial temporal
analysis of biological form and function based on principles of analytic geometry. When
applied fo humans, it constitutes a modern approach to anthropometry and plethysmo-
graphy. A suitable stereomeiric sensor (in this case a pair of stereomeiric cameras) is
used to locate the three-dimensional coordinates of points distributed over the body sur~
face. The coordinafes serve as input to a digital computer which is programmed fo yield
permutations of numerical or analog (physical or graphical) ouiputs as the application
requires. A series of sfudies conducted under the sponsorship of NASA, Air Force, Amy,
DOT~NHTSA, SRS, and other government agencies, has led to the development of a

solid scientific  foundation for the field. Recent, double-blind studies have shown

remarkably high correlations between the biostereometric measurement of body volume
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and the traditional hydrostatic weighing method (Luft & Herron, 1976). However, the
portability and non=contact features of the biostereometric approach confer obvious practical
advantages for the measurement of inflight body volume changes.

The data reduction procedures are based on well established principles
of engineering instrumentation and mathematics, which have been developed and tested
over many years in the earth sciences, most notably in cartography and surveying. Special
hardware and software developed af the Biostereometrics Laboratory has been used effectively ‘
in over 30 investigations during the last 10 years. Further details of these studies are con- ‘
tained in a number of articles and project reports (see Appendix). |

The current status of our research concerning the effects of sustained i
weightlessness on human body volume was the subject of a recent article by Whittle, Herron,
Cuzzi, and Keys (1976). The working hypothesis underlying this research is illustrated §
in Fig. 1. |

CENTRAL :
VENOUS 1

(A) (8) ) (0} ;

| E

EARTH GRAVITY IERO GRAVITY IERD GRAVITY EARTH GRAVITY ;
HORMAL CONDITION ACUTE EXPOSURE CHRONIC EXPOSURE UPOH RETURN

Figure 1. Response of the circulating bloc volume to
zero gravity. 1 9

AR ——




Ll e .-_A .

PP

g e

3.  Investigation Approach.

a.  Concept of the Investigation.

The sustained weightlessness experienced during space flight has
fwo main influences on the body: it removes the normal hydrostatic pressure gradient
from head o foot and it makes postural control and locomotion less demanding than
under ferrestrial (1 gravity) living condiiions. The ensuing physiological effects are
not yet completely understood, but a working hypothesis which has gained wide currency
goes as follows. The adaptation begins when weightlessness causes a reduction in weight
of the long columns of blood in the body. This reduces poolirg of blood in the exiremities
and cancentrates greater amounts in the chest regions. There is then a change in the ratio
of blood fo air in the lungs. Increased amounts of biood return fo the right side of the
heart. This increases the velume in the right airium and initiates © reflex stimulus
(the Henry~Gaver reflex) fo the pituitary gland. This reflex causes a reduction in
secreiion of antidiuretic hormone; more urine is excrefed. As urine flow increases, the
adrenal gland is stimulated to increase the level of aldosterone, another hormone,
probably due o the renin-angiotensin mechanism. Aldosterone causes the kidneys fo
retain sodium. Buj there is no observed sysiem that causes the kidneys to retain potassium.
Thus potassium is lost. The body has now entered aphase of elecirolyte fluid imbalance.

It is seeking {o establish a new blood volume level that the reflexes indicate it needs.
In addition to potassium losses, the lack of gravity also couses decreases in calcium,
magnesium, chloride, nitrogen and phosphorus in the benes and muscles.

Figure 1 (A=D) illustrates the hypothesized response of the

circulating blood volume fo zero gravity in more detail; based on our pre= and post-
flight volurmetric analysis of the nine Skylab astronauis.
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Figure 1(A) shows the nomal pooling of blood in the lower fimbs due
to gravity. On acute exposure fo zero gravity the venous fone in the fower limbs digplaces
blood into the upper part of the body, and causes an increase in the volume of the ceniral
venous pool, shown in Figure 1(B). A negative fluid balance exists for 2-3 days, probably
mediated by the Henry-Guauer reflex, and the central venous pool returns fo s previous
volume, in the presence of « diminished infravascular and extracelivlar fluid volume,

Figure 1{C). Upon retum fo a gravitational field, as in Figure 1(D), pooling of blood

in the lower {imbs again occurs, with a reduced cenfral venous pool and a marked fendency
fo orthostatic hypotension, Retfention of fiuld occurs, and the patiern of Figure T{A) is
resfored in 3-4 days. The fluid changes resulting from space flight are thus a "stepwise"

loss of fluid in the 2-3 days immediately following orbital insertion, and a stepwise re-

placement of that fluid in the 3-4 days foilowing retum.

A related hypothesis concerns the effects of sustained weightless-
ness on body composition. In zero gravity muscular activity is not required to mainfain the
posture of the body, as it is on earth, except when the crewman is aitempting to perform a
task requiring his position to be stable. Movemeni about the spacecraft requires very liftle
muscular activity, normally being accomplished by pushing off in the required direction
with the hands, and catching hold once the destination is reached. The fotal amount of
muscular activity would thus be expected fo be decreased, with a change in emphasis

taking place, the arms being used more than the legs. The reduction in fofal energy expen~

diture should resulf in a diminished caloric requirement, and unless food intake were simi=
larly reduced, an increose in body fat would be expected.

Stereomeiric measurement of body form (before and affer extended
space missions such as Skylab) has proved to be a convenient and objective means of obh=
taining  unique information about fotal body volume and how if is distributed among the
major body segmentis before and after periods of sustained weightlessness. The Skylab
biostereometric experiments referred to above and documented in several reports have
already yielded archival physiological dafa on the effects of sustained weightlessness
on total body volume and volume disiribufion which was impraciicable to obtain using
more fraditional biomedical procedures. Examination of these pre- and post-flight
data is continuing (Whiitle ef al., 1976), but it is already apparent that inflight
stereometric measurement of body volume parameters would further advance our under-
standing of the mechanisms involved in short-term and, ultimately, in long-term human
adaptation to susfained weighilessness. More specifically, it would permif us to document
the chronology and extent of regional body volume changes due to flmd shifts and any
other plausible shori-term adaptive responses.

There may be other scientific bonuses from recording the folal
body geomeiry at regular infervals during shutile OFT missions, but the present proposal
focuses on a profocol for documenting inflight body volume changes, which could shed
further light on the cardiovascular mechanisms associated with human adaptation to
sustained weighflesshess.

e T e R e At S

v

e

o et aat sttt _J.-d\



ST Y

i,

A simulafion of the proposed shuitle experiment was carried
out in January 1976 ai the NASA/Johnson Space Center, as part of the seven day
Spacelab Mission Simulation 1. The simulation demonstrated that integration of daily
stereometric measuremenis of body volume into a "mixed" fife science payload should

_present no great difficuliies. All three crew members prmsed the efficacy and efficiency

of the biostereometric procedure and urged that it be given serious conmdercﬁ';on for
inflight application in future shuitle missfons.

b.  Methods and Procedures.

Biostereometrics is the spatial and spatio~femporal analysis of
biological form and function based on principles of analytic geomeiry. In a mathematical
sense, the surface of a body part or the body as a whole is comprised of an infinite num-

‘ber of points located in three-dimensional space. By locating a well chosen set of these

points in three-dimensions, we can quantify the form in an unambiguous, comprehensive
way. These data can then provide the input to a computer which is programmed o yleld
such numerical and graphical outputs as volume, volume disiribution,surface area, and
cross~sectional profiles,

Data acquisifion. Two specially designed stereomeiric cameras

' are used fo photograph the front and Back of the subject simulianeously (Fig. 2 }. A strobe

projector, centrally mounted on each camerd, projects a randomized array of lines onfo the

body, giving the otherwise monochromatic skin surface greater contrast (Fig. 3 ) which dids the

exiraction of coordinate data using o semi~aufomatic stereoplotter (Fig. 4 ).

The subject stands between two object space control units
(attached fo the equipment racks in the shuttle mockup as shown in Fig. 5 ).

A standard pose is used fo minimize the effect of postural vari=
ations. The subject places both feet on "foofprint™ pafterns to achieve suitable leg
separafion, and the arms are held alongside the body with flattened palms toward the
rear, af approximately one thumb's distance from the thighs. The subject is nude except

for o brief garment (e.g., an athlefic supporter) and a skull cap, which compresses the
hair.
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Fig. 2 Whole body volume stereometric camera arrangement 5
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Fig. § Stereometric camera set-up in SIM-II shuttle mockup
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Plotting and digitization. The photographs are faken on 6.3 cm
square glass plates, which are lafer enlarged to 25.4 cm square on thick-polyester base
aerographic duplicating film, using o specially built fixed-focus enlarger. The enlarged
photographs are placed in a KERN P-2  stereoplotter which is interfaced via a meirigraphic
terminal to a card punch tape storage device. The plotter is aligned for each stereo—
pair fo a vertical plane defined by 2 steel fape measures which form part of the object
space conirol units. The horizontal and vertical scales in this plane are derived from the
steel fapes. The scale in the long axis of the system is derived from 4 rods of known length
mounted near the steel tapes. The front and back stereopairs are scaled independenily.
Plotting of the subject proceeds from the highest point of the head for the front stereopair,
plotiing each level from side to side, and working downwards. The inferval befween
sucsessive plotting levels is 2.5 cm as defined by the markings on the vertical sieel
tapes. The same levels are used in plotting the rear view stereopair, thereby assuring
a consistent level for both front and rear views of the body. '

Initial data processing.  The card deck or tape Is processed using
a computer program which calculates the scale Tactors, converts the raw coordinates into
centimeters, matches the data for front and back views, and fransfers fo magnetic storage
a level-by-level coordinate description of the enfire body form. Cross-sections of each
level (Fig. & ) are then plofted using an x~y plotter interfaced fo the computer. Other
graphical outputs, e.g., frontal and profile views (Fig. 7 ) are produced using avail~
able computer software, ‘

Analysis of data. A computer program is used to calculate the
cross-sectional area of the body at each plotted level. Areas which were invisible to the
cameras are inferpolated and curve-fitting fechniques are used fo derive the cross-sectional
area at 1 mm infervals over the head and trunk, and both arms and legs. The volume of
a body segment under examination is calculated by integrating the cross-sectional areas
between the previously determined landmarks. This information is presented graphically

as o volume distribution curve (cross-sectional area versus height above the floor); as in Fig. 8,

where the area under the curve is the total body volume, which can be partifioned info
various component segmental volumes, Fig. 9.
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By plotting the area of each horizontal cross section T j
against height, a body volume distribution curve is

obtained sc that regional changes in body volume can

be readily measured. Each horizontal line in the

right-hand graph represents the area of the corresponding

cross section in the left-hand plot. Both illustrations

are drawn automatically from the 3-D coordinate data

describing the body geometry.
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c. Ideally the measurements fo be made on the OFT crew should
involve preflight, inflight and postflight recordings. Preflight measurements will be
made at least twice (under suitably standardized metabolic conditions and as close to
launch as feasible) to esiablish baseline values for body volume ond volume distribu~
tion. The inflight recording will be made dculy, prior to starfing the day's activities,
as in the SIM/11 experiment.

The ranges of numerical value to be expected are subject to
some speculation, since changes in body volume and volume disiribution have never been
measured before under frue zero gravity conditions.

The aggregate changes in total body volume should be some~
what less than those found in the Skylab experiments. However, inflight volume dis~
tribution curves should reveal for the first fime, the degree and extent of [imb and
trunk \rolume changes due to fluid shlffs associated with a true zero gravity environment.

The first posh‘hghf reccrdmg WQuId be made as soon as possible

after recovery with af least one furiher measurement af approximately R+7, but preferably
also at R+14.

d.  Payload Specialist's Tasks.

The tasks performed by the payload specialist are outlined below
for a 1 gravity environment such as prevailed during the SIM/Il experiment. Obviously,
the performance specifications will differ somewhat under the zero gravity conditions of

- the OFT. However, necessary changes in procedure should be minimal and the phys~

ical demands should be reduced. Ground support should not be required~~during the
SIM/1l experiment only @ minor problem developed and this was solved oy the payload
spectalist using an onboard trouble-shooting guide ( @ more complete report of the
SIM/1l experiment, including the payload specialist's observations, is attached).

For inflight recording, the equipment is set up the previous
evening by the payload specialist and made ready to operate as the crew begins their
morning activities. The measurements are faken af the same ime each day to minimize

“changes in body form due fo extraneous uncontrolled variables. The daily fime require-

ment of approximately 20 minutes can be broken down as follows:

- Setup* . Smin
Measurements 2-3 min/subject
Take Down and'Sfordge " 4min

*The set up and take down is accomplished entirely by the designated payload speciclist,

‘50 fhci‘ demands on the crew as a whole are minimal.
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¢. Previous Rescarch in Arca of Proposal

Since 1970, the Biostcreometrics Laboratory at the Texas
- Institute for Rehabilitation and Research has worked closely with NASA
and NASA-sponsored contractors (Technology, Inc. and Lovelace Ioundation)
to develop capabilities for biostercomctric mnalysis of human body and
liwb vnlume changes .associated with mamed space {light,

During the last two years (March 1975-February 1977) the
TIRR laboratory has provided scientific and technical guidance, hardware
and software, and data reduction services (sterconlotting) for several
NASA-sponsored body volume studics. These include: (1) Baylor Bedrest
Study Phase T, (ii) Baylor Bedrest Study Phasc II, (iii) Lovelace-TIRR
Corparative Study I (10 subjects), (iv) Lovelace-TIRR Comarative Study
II (30 subjects) and (v) SMS II (Junuary 1976).

Stmmary reports and cextracts from articles describing the
above investigations are attached.

The protocol for the preposed in-flicht shuttle experinent
has been applied successfully in over 30 grownd-based studies including
Apollo 16, three Skylab missions, wund the other MASA projects listed ubove,
The prime aobstacles for in-flight shuttle use appear to be fas. They
relate mainly to the maoking of necessary (but minor) procedurnl modifi-
cations to fit the inflight zero gravity conditions. The canera systen
adapted readily to the limited storage and space facility of the SIN/EE
shuttle mockup. TFurther requirenents in packaging and oricntation wiil
be made as required to fit the OFT situation.

L£. Specific Rescarch Tasks

The specific rescarch tasks to be wundertaken during tic
first year of the propoesal arc:

_ (i). A definitive experimental plan for futurc In-{light
body volume studies will be prepared.

] (ii). Minor reflincments will be made to an in-flight
biostercometric systew which was wsed successfully on the SMs II
(Jonuary 1976) experiment at NASA-LBJ.

(iii). Biostercometrics rescarch and developrent in such
arveas as acrospace physioclouy, nutrition, huswm engiscerins le.g., body

~ w3

mass distribution for maneuverability studies) and computer graphics will
be coordinated to meximize the benefits to NASA, rchabilitution medicine
and rolated biomedical fields.

B. NASA Instneent nct Sheet

Please sce Additional Notes. . ol R
asc see tion 11 Notes o Lol PAGE 3D

i POUR QUALITY
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C. Duta Reduction and Analysis.

The data reduction procedures have been outiined above. They follow the
same line of inquiry used tfo study the nature and extent of bady volume and volume dis-
tribution changes as in our previous NASA experiments. Details of the method and format for
the analytic procedures are contdined also in our previous NASA experiment reporfs (Herron
ef al., 1971, 1972; Whiitle ef al., 1974, 1976).

A preliminary report of the findings will be submitted ar R+30, o more com-~ -
plete report af R+90, and a final report at R+180. These documenis will be presented
to the technical monitor at NASA-LBJ Space Center.

D.  Results Expecied.

The anticipafed resulis were outlined under ltem IA2 above. Further dis-
cussion of the hypothesized effecis of zero gravity on body volume and volume disiribu-
tion is included in the attached reports of our previous Skylab investigations (Whittle et al., :
1974, 1976). P

E.  Payload Specialist Support.

The tasks o be performed by the payload specialist are described in Item T1A3d
above. Approximately three fraining sessinns of two hours each will be desirable; this
proved effective for the SIM/Il mission, a'though some reduction in training fime will
be acceptable, if absolutely necessary. Further details are given in the Appendix.

F.  Flight Operational Requirements.

The operdiiona! requirements which do not directly involve the flight crew
would be minimal. In the unlikely event of a problem arising which the payload
specialist could not rusolve, voice communication with a technical specialist af NASA-
LBJ would be desirable,
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G. Post-Flight Requirements.

The photographic glass plates will be stored in a specially protected container
although the usual precautions against excessive radiation of the exposed imagery should
be observed. The exposed plates would be removed as soon as possible after landing for
data reduction and analysis. The stereometric camera equipment would be recovered from
its stored location obf o convenieni opportunity following the mission,

. 1.  MANAGEMENT PLAN AND COST PLAN

A. Management Plan.

The scientific management of the experiment will be under the direciion of
the principal investigator. Scientific and technical support will be provided by the co-
investigaters, the consultani, and associated scienfific/technical personnel af the
Biostereomairics Laboratory and NASA-LBJ Space Center.

in our previous NASA studies we have used onsite (LBJ Space Center) scien-
fific and technical support from the Life Sciences Direciorate with Dr. Paul Rambaut
serving as our main contact person. We expect fo continue this relationship and to
develop a more refined plan of inferaciion as the recent changes in NASA-LBJ Life
Seience Directorate responsibilifies become more firmly established.

Life Sciences Directorate
Rep.: Paul Rambaut, D.Sc.

Principal Investigator Consultant
R. E. Herron, Ph.D. Ulrich C. Luft, M.D.
Cost Management
L] Na I-Ioi'i" TIRR BUS. MCII"!-
; Co-~Investigator Co~Investigator
J. R. Cuzzi, B.S. M. W. Whiitle, M.D.
Biostereometrics Laboratory NASA Biomedical and
Technical Staff Technical Support Staff

Fig. 10.  Shuitle Biostereomeiric Experiment Management
Organization,






