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FOREWORD

This paper attempts to evaluate and relate bone density, calcium balance,
and nitrogen balance studies that have been performed in association with Gemini

space flights to observations made from ground-based studies. The lack of appro-

priate data in association with the flights made it impossible to achieve this objective

to the extent desired by the author. No attempt has been made to present an exten-

sive discussion of the techniques, implications of space flight, or the interpretation
of data. The theme of the report has been limited to presentation of obvious limita-

tions on these experiments so that false conclusions would not be reached from the

data acquired. The presentation of the data, discussion, and interpretation of data

are the responsibility of the author and do not represent the views of the National
Aeronautics and Space Administration.

Portions of the data presented in the Appendix were collected by Dr. Pauline
Beery Mack under NASA Grant NsG 440 at the Texas Woman's University, Denton

Texas. The analysis of urine, diet, feces, and sweat relating to the calcium and

nitrogen balance studies during flight Gemini VII were performed under the direction
of Dr. Leo Lutwak under Contract NAS 9-5375 to the Clinical Nutrition Unit of the

Graduate Sckool of Nutrition, Cornell University, Ithaca, New York. Bone X-ray

densitometry studies in association with flights Gemini IV, Gemini V, and Gemini

VII were performed by Dr. Pauline Beery Mack of Texas Woman's University, Denton,
Texas. Computer services for this report were provided at the Texas Medical Center,

Regiona! Computer Facility, under sponsorship of NIH Grant FR 00254.

Contract NSR 44-024-006, a portion of which this report represents, was

sponsored by the National Aeronautics and Space Administration. Technical direc-

tion from the National Aeronautics and Space Administration has come from Dr. Jefferson
F. Lindsey, Dr. Robert L. Jones, and Dr. Lawrence F. Dietlein. Dr. Paul A. LaChance

served as the Manned Spacecraft Center Investigator and was responsible for the coordina-
tion of Experiments M-6 and M-7, portions of which are reported in this document. The

Principal Investigators for Project M-7 were Drs. G. Donald Whedon and William Newman.

The autho.rwishesto acknowledge the assistance of Mr. Michael A. Craig, Mr.

Robert E. Stein, Mr. Charles'M. Friel, Dr. Rudolph J. Freund, Mrs. Annie Weems,

Mrs. Arlene Brown, and Mrs. Joyce Erfurdt in the preparation of this report.
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BONE DENSITY AND CALCIUM BALANCE STUDIES

ON PROJECT GEMINI

by

Fred B. Vogt, M.D.

BAC KG ROU N D

Clinical studies on patients suffering from chronic disease processes, and

research evaluations of normal healthy persons subjected to reduced physical activity

and gravitational stress have demonstrated changes in the musculoskeletal system.

Of special interest in such studies were the observations of changes in the nitrogen
metabolism, calcium balance, and bone mineralization. Following the time of these
earlier observations, additional experimental studies have been conducted on animals

and humans by numerous investigators to document further the changes in the above
measurements. Since many of the conditions related to these experimental studies also

would be found in association with space flight, some investigators anticipa_,_d that

changes in the musculoskeletal system in association with prolonged space flight could

result in a detriment of the physical capability and performance of the astronauts. Ex-

periment M-6 was initiated on flight Gemini IV, and continued on flights Gemini V
and Gemini VII to evaluate the X-ray density of roentgenographs from selected anatomical
sites of the astronauts before and after flight. A more comprehensive experimental pro-

tocol, including Experiments M-6 and M-7, was planned and executed on flight Gemini
VII.

STATEMENT OF THE PROBLEM

The primary objectives of Experiments M-6 and M-7 were to obtain data on

the effects of space flights of up to 14 days duration on two of the largest metabolicly
active tissue masses in the human body, namely the skeletal and muscular systems.

Changes in the skeletal system can be reflected partially in terms of the balance of

dietary intake and combined output of the mineral calcium. In addition a more direct
and qualitative assessment can be made of the skeletal system by means of X-ray bone

densitometry. An evaluation of the changes in the muscular system can be made in-

directly by chemical measurements of excreta, or by direct testing of the strength or

functional activity of the muscles.

An evaluation of X-ray bone density of the os calcis, the talus, and hand

phalanges (4-2 and 5-2) was performed on roentgenographs taken of the hand and
foot of the astronauts before and after flight. The evaluations of the roentgenographs'

were made in the laboratories of the Texas Woman's University Research Institute.

Evaluation of changes in skeletal X-ray bone density, by necessity, could be performed

only before and after flight since equipment has not been developed which could be
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utilized on the spacecraft during flight. Some problems were presented in obtaining

high quality roentgenographs. The requirement to use different X-ray machines and

limited numbers of fi Ims was met by using highly standardized techniques for taking

and processing roentgenographs. In addition, the methodology used by the operators
of the densitometer scanning equipment was standardized. All personnel were under

the direct supervision of Dr. Pauline Beery Mack. It was realized that the bones sel-

ected for densitometry studies may show changes not totally representative of changes

in all parts of the skeleton. For technical reasons, bones of the extremities, namely of
the hand and foot, were selected for study; the small amount of soft tissue overlying the

bones, the anticipated rapidity of change in mineralization, and previous experience

with taking and processing roentgenographs influenced the selection of these sites.

The performance of a calcium or nitrogen balance study in association with a

space flight likewise presented numerous difficulties. In order to calculate an accurate
balance, precise and standardized techniques must be used. The dietary intake of each

of the astronauts must be known exactly, and it is preferable that a standardized and

regulated diet be utilized. Sources of output of calcium include primarily the fecal
calcium, urine calcium, and sweat calcium. The selection of the dietary level of

calcium is important in obtaining an equilibration of the calcium in the bones. The

period of time during which the astronauts were able to be put on controlled diets was

somewhat limited because of many other requirements of their time. The collection of
fecal and urine samples did not present as great a difficulty in the pre-fllght control

period as in the inflight period where total collection of the fecal material presented

some difficulty. Urine collection inflight was achieved by an aliquot system using an
isotope tracer; the accuracy of this system has not been determined during space flight.

The utilization of fecal dye markers to separate different periods of study also has pre-
sented difficulties in calcium balance studies. An evaluation of sweat loss in this

particular flight experiment was difficult since it was collected by a non-standard tech-

nique. The exact techniques used are described in the methodology section of this report.

The compilation of the data and an evaluation of its significance for more pro-

longed flights is complicated by the study on few astronauts, namely the two astronauts

on flight Gemini VII, who were exposed to a multitude of factors that could affect the

X-ray bone densltometry and the calcium and nitrogen balance. Included would be the
factors described earlier, the normal day-to-day variation in these measure_.-_nts, the

inaccuracies of the techniques used, physical inactivity, weightlessness, dietary changes,

psycho-physiological stress, sleep depriviation, and sweat losses. At best, only a general
comparison of the flight measurements can be made to the more controlled observations
made in bedrest studies. However, the data should serve to document the changes that

occurred in association with the 14 day flight, Gemini VII, and should point to diffi-

culties which must be overcome if more comprehensive and useful studies or experiments

are to be performed on future and more prolonged space flights in order to assure the

safety and well-being of the astronauts.

METHOD

The same basic methodology was used for taking the roentgenographs of the

hand and foot of the astronauts participating in flights Gemini IV, Gemini V, and



Gemlni VII. It was the standardized procedure followed in the Texas Woman's

University's research laboratories. The X-ray machines were calibrated before
each exposure using an r-meter manufactured by the Victoreen Instrument Company

to provide a type of standardized exposure condition. An aluminum alloy wedge was

radiographed simultaneously by placing it adjacent to the bone which was being

evaluated. The aluminum alloy wedge thus provided a standardized calibration tech-
nique for each roentgenograph to provide accurate calibration to compensate for minor

changes due to any variation in the conditions of taking or processing the roentgeno-

graph. The conditions of exposure (ma., kv., time, distance) had been selected pre-

viously to minimize the effect of the protein component, and to maximize the mineral
component in bone.

For the flight Gemini IV, roentgenographs were made of the lateral view of

the left foot and of the posterio-anterior view of the left hand of astronauts McDivitt

and White at the following times: (a) 9 days before lift-off, taken at Cape Kennedy;
(b) 3 days before lift-off, taken at Cape Kennedy; (c) on the morning of lift-off, taken

at Cape Kennedy; (d) immediately after recovery, taken on the Carrier USS Wasp; (e)

16 days after return, taken at the Manned Spacecraft Center; and (f) 50 days after

return, taken at the Manned Spacecraft Center. Members of the Texas Woman's

University research team were stationed at Cape Kennedy, on the Carrier Wasp in
the Atlantic, and in the Hawaiian Islands to assure that roentgenographs would be
taken should descent occur in either ocean.

A similar procedure was followed for the conduct of Experiment M-6 on flight

Gemini V. Radiographs were made pre-fllght and post-flight of the lateral projection

of the left foot and of the posterio--anterior projection of the left hand of each of the
astronauts pre-flight at 10 days, 4 days, and 2 days prior to lift-off, and on the morning

of lift-off at Cape Kennedy• Roentgenographs also were made post-flight immediately

after recovery of the spacecraft, again 24 hours after recovery on the aircraft carrier,

USS Lake Champlain, and finally at the Manned Spacecraft Center 10 days and 58 days
following termination of the flight.

The investigation conducted in association with the 14 day flight, Gemini VII,
was directed primarily at determining the calcium and nitrogen balance. The X-ray

bone densitometry technique essentially was the same as that followed on previous studies.

Roentgenographs were made pre-flight and post-fllght of the left foot in the lateral projection

and of the left hand in the posterio-anterior projection on each of the astronauts at the

following times: (a) 10 clays pre-flight at Cape Kennedy, (b) 3 days pre-fllght at Cape

Kennedy, (c) on the morning of launch at Cape Kennedy, (d) immediately after recovery
on the carrier USS Wasp, (e) 24 hours after recovery on the Carrier Wasp, (f) 11 days after

recovery at the Manned Spacecraft Center, and (g) 47 days following recovery at the Manned

Spacecraft Center.

The film used in these studies was Kodak type AA Industrial X-Ray film. The

history and the development of the scanning7techn|que for measuring bone mass and
X-rays have been reported by Mack et al., by Mack, Brown, and Trapp 6 and Mack. 8
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For a given distance of 36 inches, 100 ma, and 0.5 sec, the kilovoltage of the

X-ray machine was adjusted to give an exposure of 0. 167 +-0.002 roentgen using
a Victoreen r-meter. The X-ray film holders were double-loaded so that one film

could be developed immediately each time a roentgenograph was taken. The re-

maining film was kept for processing under controlled conditions in the laboratory

at Texas Woman's University.

The scanning path on the film of the os calcis utilized the anterior and

posterior landmarks on the central os calcls to provide the pathway known as the

"conventional scan ." A trace across this scanning path was made on the successive
films of this longitudinal series using a scanning beam with a height 1.3 mm. Each

time a film was taken, the hand or foot was positioned with extreme care to assure

that the resulting roentgenographic image of the bone on each film could be super-

imposed exactly over that of preceding films. The initial film was marked with a

pin prick at each end of the bone to thus define the limits of the tracing path for
that and successive films.

A more detailed presentation of the technique for scanning and calculating

the X-ray bone densltometry is given in the Appendix of this report. The equip-
ment assembly used to evaluate sections of the bone from the exposed roentgeno-

graphs is a special purpose analog computer consisting of a series of sub-assemblies,

all designed to operate as an integrated system. The basi_ units of t_e over-all
system have been described by Mack, Vose, and Nelson," by Mack, and by Vogt,
Mack, et a110

The Experiment M-7, which involved primarily the measurement of calcium

and nitrogen balance and related biomedical parameters under known dietary condi-

tions pre-flight, inflight, and post-flight, was performed only in association with
flight Gemini VII. The experimental protocol for this experiment is quite involved
and is documented in more detail elsewhere 23 The results of the analysis of data 22
collected in association with this experiment are reported in a NASA Contract Report

prepared under Contract NAS 9-5375 by Dr. Leo Lutwak of the Clinical Nutrition
Unit, Graduate School of Nutrition, Cornell University, Ithaca, New York. The

following description summarizes the methodology planned prior to the flight; devia-

tions from this design will be described under the section entitled Results.

The experiment was divided into three phases for the acquisition of data:

(a) a pre-flight phase of 10 days duration extending from F-13 to F-3; (b) the inflight

phase which had an anticipated duration of 14 days of orbital flight; and (c) a post-
flight phase planned for a duration of 3 or 4 days, beginning on the recovery carrier

immediately post-flight.

A rigorously controlled dietary intake was planned for consumption by the
astronauts. The calcium intake was determined to be optimal at approximately 800-

1000 mg/day. The milk intake was set at 3 half pints per day, pre-flight and post-

flight; other dairy products (such as ice cream, cheese, etc.) were omitted, as were
seafoods. The pre-flight menu provided a low residue diet during the last 3 days prior



to the flight. The menus were formulated and prepared by a dietitlc staff to

provide approximately 100-110 g protein daily and approximately 95 g of fat,

to thus approximate the inflight menu in nutrient composition. There was no

restriction placed on smoking or chewing gum, but the accidental swallowing
of such things as toothpaste, which are high in calcium content, was avoided.

The diets were formulated on the basis of calculations from food com-

position tables; however, all foods were analyzed chemically to determine the pre-
cise composition by preparing identical diets or meals to that served to the astronauts.

Pre-weighed meals were served. With few exceptions (such as milk, cheese, ice

cream, and shell fish), no limit was placed on the total quantity of food ingested.

Any food remaining on the plate after a meal was weighed and consumption record

corrections were made accordingly. _.

The inflight diet was composed of a Gemini menu of freezed-dehydrated foods

and otherwise dried or processed foods of known composition. Each serving was weighed

before flight and any remaining food material weighed after flight to make corrections.
Fluid intake was allowed ad libitum, but the quantity of fluid intake was recorded.

The Gemini flight food items had been prepared within the pre-determined

weight tolerance, and each package had a serial number. A record was kept by the
astronaut of food consumed during flight. The composition of each lot of food was

determined so that the consumption of calories, protein, fat, carbohydrate, and se-
lected nutrients could be calculated.

The collection of excretory specimens followed a carefully planned procedure.
The pre-flight and post-flight urine and stool specimens were col lected by providing sepa-
rate facilities for urine and stool collection which were located at permanent locations

at Cape Kennedy and on the primary recovery ships. Otherwise, appropriate containers
were made available in a carrying case for use at other locations, for example, when the
astronaut was on travel. The collection of fecal material inflight utilized the Gemini

defecation devices to provide for the collection, preservation, and storage containers.

Defecation gloves P/N 9557-3-109 were provided as follows: three-fourths glove per

man per day, plus 20% contingency. A tab for identifying the name and mission time
was attached.

The spacecraft engineering restraints did not allow for retention of all urine

voided. Therefore, a urine transport system was provided as a means for measuring
the total volume of each micturitlon by means of a tracer dilution technique. 9 A

detai led description of an evaluation of this system is presented in the Appendix of
this report. Aliquots of urine were collected and labeled with the astronauts'initlals,

mission time of voiding, etc._ these were recorded on a sample bag P/N 9557-3-485. '

Six sample bags were provided per man per day, plus 20% contlngency_ in other words,

a total of 200 bags were stowed on board.

An attempt was made to obtain information on the sweat excretion pre-flight,
during flight, and after flight. In the pre-flight phase, for two 24 hour intervals
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separatedby at least2 days, the astronautswore constantwear garments(one during
the day and one at night) for the collection of sweat. These garments were washed
and rinsed in distilled water prior to drying. On the day of sweat collection, the

astronaut was required to shower and a,ter a regular rinse was rinsed again with dis-

tilled water, and finally dryed with a towel which had been prepared with distilled
water. Following this the astronaut then donned the constant wear garment, which

was similar to a pair of long underwear that could be worn under a summer weight

flight suit or similar clothing. Upon changing of underwear, (at 12 hour intervals, if

desired, and definitely after a 24 hour period was completed) the astronaut turned the

garment over to the responsible person who assured that the garment did not become
soiled by contacting the floor, the sides of the shower, etc. The participants then,

prior to showering, rinsed off with a moist towel prepared with distil led water; the

towel then was placed in a collection basin and kept for analysis. A similar procedure

was repeated during the post-flight period.

During flight the constant wear garments were prepared in a similar manner

prior to donning and were removed post-flight in a similar manner. Because of fecal
contamination during the flight, a portion of the crotch of the underwear was removed

before an analysis was made of the chemical composition of the sweat collected. No
attempt was made to collect sweat from areas such as the palm of the hands.

After recovery, the spacecraft engineer assured that all food containers eaten

or uneaten, all urine sample bags, all identification devices, and waste containers

were provided to the Manned Spacecraft Center coordinator of the experiment who
was on the recovery ship, so that processing of these biological samples could be

implemented without delay. Access to onboard log and voice tape information rele-

vant to food, drinking, urine, feces, and emesis (if any) was obtained. The dietary
intake and scheduling of meals is described in detail elsewhere. The techniques

of biochemical analysis of the food, feces, underwear, and urine also is described
elsewhere.

Since all urine volume could not be retained, a special system was devised

for the collection and storage of aliquots of the urine using a tracing material to
determine the total volume urinated. A block diagram of the chemical urine volume

measuring system is shown in Figure 1. The unique feature of this system is the storage
of the tracer material in a cylindrical container extending into the coiled urine ex-

haust line. It also provides a metering system to inject a glven amount of tracer chemi-

cal into the urine. A mixing bag with the capacity of 800 ml, made of nylon rein-

forced neoprene, was attached permanently to the main body of the function selector

valve. A separate sample bag was used and attached to the valve for each micturition.

The unit is provided with a function selector valve having four positions: °

blow down, sample, urinate, and by-pass. The sealing of the valve is accomplished

by a teflon coated tapered plug which has additional "O" ring seals, top and bottom,
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to insure no leakage into the space cabin. A cam actuated sample syringe was

provided to complete the connection of the valve to the sample bag. A tracer

chemical metering pump, built into the main body of the valve, is activated by
the movement of the valve selector knob. This delivers a fixed volume of tracer

chemical for the urine inlet passages before the start of urination. The rotation

of the valve selector knob from the by-pass position to the urine position causes
the knob cam surface to make contact with the tracer chemical metering pump

piston. The cam surface then will force the piston down to expel the tracer chemical

beyond the outlet check valve and into the urine inlet line. The stroke of the meter-

ing pump is controlled by a cross pin which limits the travel of the piston (and therefore
the volume of the chemical) in both directions.

When the cam has completely passed over the pump piston, a built-in spring

retracts the piston, drawing a fresh charge of tracer chemical into the metering
cavities through the storage bladder check valve. The driving force for the move-

ment of the tracer chemical from its reservoir, through the check valve and into

the metering cavity, is obtained by a combination of the 5 psi cabin pressure and

the 5 to 10 psi tracer chemical storage bladder pressure.

The tracer chemical is stored in a long cylindrical rubber balloon enclosed

in an aluminum housing extending from the main body of the selector valve into the

center of the coiled urine exhaust line. The balloon storage system is used to provide

relatively uniform back pressure for a more reliable operation of the two check valves
of the tracer chemical metering system.

The chemical urine volume measuring system is stored with the selector valve

in the blow down position. After the crewman has attached the urinal to his penis,
the selector valve is rotated counter-clockwlse through 180°_ beyond the by-pass

position to the urine position. The selector knob then points directly at the crewman.

The flow of urine from the pilot washes the tracer chemical from the urine inlet llne,

where it was deposited by the metering pump_ into the mixing bag. The tracer chemical

and the urine then must be mixed by thorough manipulation of the mixing bag.

The sample bag is attached to the fitting on the main body of the valve and
the syringe cam knob rotated 90° . This action causes the syringe needle to_ove out

of its housing and to pierce the silicon rubber seal on the sample bag. This action

also uncovers an additional port in the syringe to complete a passage from the selector
valve plug to the sample bag. When the selector valve is rotated 90 ° , it will line up

with the passage in the selector valve plug and the sample syringe line. The crewman

then squeezes the mixing bag and transfers approximately 100 cc's of the urine tracer
chemical mixture into the sample bag. Then by rotating the sample syringe knob back

90 °, the syringe is withdrawn from the sample bag and the inlet passage of the base of'

the syringe is closed. The selector valve plugs turn to the blow down position by a

further 90 ° turn, where the excess urine is blown overboard, using the existing U.T.S.

bellows and valving system.



Thefollowing informationon the collection, storage, and preservationof
samplesin relation to M-7 is extracted fromAppendix IV from the MannedSpace-
craft Center proje:t documentreport for Gemini Inflight ExperimentM-7. The
material waspreparedby MissMarilyn E. George for the collection of urine. Moni-
torswill accompanythe astronautsat all timesand be responsiblefor providing con-
tainers, accepting specimens,processingthemand maintaining accurate records.
Specimensrepresentativeof 24 hour collections were collected for 10dayspre-flight.
Forthe inflight samples,the tracer dilutlon technique describedabove wasusedto
measurethe volumeof each micturltion. Aliquots of eachvoiding were collected
and mixedwith the preservative_each waslabeled with the subject's initial and
missiontime. Thecollection of the samplespost-flight wasaccomplishedby monitors
as in the pre-flight period. Twenty-foururine sampleswere collected for 3 days
post-flight starting the morningafter landing. All urine sampleswerecollected fromthe
time of landing until after the time of the first mlcturition the following morning_
all specimenswere processedseparately.

During the pre-flight and post-flight periodswhenthe subjectswere not
accompaniedby monitors, they were suppliedwith a collection caseholding con-
tainers for individual urine samples. Thiscasewas insulatedand had a compartment
containing dry ice. Whenan astronautwasaway fromthe usual collection area, he
was instructed to void directly into the container, cap it tightly, and label it with
his initials and time, and to place it in the dry ice compartmentof the collection
case. Upon return to the main collection area, the monitor removedthe sampleand
placed it in a deep freeze. Therewere a total of twenty-six 24 hour specimenspre-
flight and post-flight, 13 from each subject, 10pre-fllght, and 3 post-fllght. The
numberof urine aliquots and urine samplescollected on the daysof launchingand
landing varied for the two subjectsand aredescribedin the results. Prescribedamounts
of urine were set up for each of the primary parametersof interest.

For the pre-fllght and post-flight 24 hour urine specimens,the urln¢_pecimens
were pooled and kept in a refrigerator at 4°C. until the 24 hour specimen was com-
pleted. Then the total volume, pH, and specific gravity were measured_ a routine

urinalysis was done, consisting of qualitatlve tests for sugar, albumin, blood, and

a microscopic examination of the urine sediment. For some of the tests, special

preservative materials were provided. The urine aliquots collected inflight were
stored at cabin temperature in polyethelene bags containing a preservative and a

tracer material. As soon as possible after recovery, these samples were stored in a deep

freeze. After these specimens were delivered to the laboratory, the total volume of
each micturition was determined from the dilution of the tracer, and a 24 hour volume

was calculated by a method to be described later.

The feces passed in the 10 day pre-flight period were collected and pooled

in 3 day samples. Carmine dye was given to the subjects every 3 days to help

separate the 3 day samples. All fecal specimens inflight were collected in a fecal
glove device containing a preservative. The fecal collection post-fllght was per-

formed in a manner similar to that pre-flight. Carm|ne dye was given the first day

after landing as an indicator of the start of a new collection period.
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Approximately 4 g of fecal materialwererequired for each pooled sample
for the determination of calcium phosphorus,magnesium,and nitrogen. For the
pre-flight and post-flight periods, thesesampleswere collected in a plastic bag_
the samplewasweighed and inspectedgrosslyfor Carminedye, and then was
labeled and placed _nthe deepfreeze. Individual specimens,comprising the
3 day samples,were kept and pooled togetherat the laboratory. Theinflight
stool specimenswere weighedand frozenwhen obtained after landing of the space-
craft. After collection and proper labeling, the specimenwasweighed and all
identification recordedin the record bookas well ason the bag label. It then was
placed in a can in a deep freeze.

Thefecal samplesfrom the 3 day collection periodswere storedand pro-
cessedin a gallon canwith a grooved lid. Thesecanswere usedto homogenizethe
samples. Thefeceswere frozen and the bagswere delivered to the lab_the_amples
were expelled from the bagsdirectly into the can, and an equal weight of water
and pure acid washedsilica chipswere added_and the entire can shaken. The
homogenizedsamplesthenwere stored in a can in the refrigerator, without the
possibility of drying, and aliquotswere takenasneeded, to thusobviate the neces-
sities for repeated transferof fecal samplesto blenders, storagecontainers, etc.
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RESULTS

A summary of the results of the X-ray bone density measurements made on
the astronauts1,2,3,4, 5 in assoclaHon with flights Gemini IV, Gemini V, and

Gemini VII are shown in Table I. The data are expressed in percent change in

bone mass, based on the X-ray absorbency of the aluminum alloy calibration

wedge (described in the Appendix). Evaluations were made (a) for the conven-
tional scan of the os calcis as described in the Appendix A of this report, (b) for

multiple scans of the os calcls, (c) for multiple scans of the hand phalanx 5-2,
and (d) for multiple scans of the hand phalanx 4-2. It should be noted that scans

of hand phalanx 4-2 were not made for flight Gemini IV.

The data for the bone density of the phalanx represent the average of

multiple scans made across the finger phalanx 5-2, or the finger phalanx 4-2, in
terms of the wedge mass equivalency values. The scans were made across the

posterio-anterior view of the finger. The technique is described in Appendix A

of this report and the instrumentation is documented6,7,8 elsewhere.

These data show appreciable losses in bone mass occurred at all sites

measured in association with flights Gemini IV and Gemini V, with the greatest

change observed in association with flight Gemini V. Smaller, and doubtfully

statistically significant changes were observed in associaHon with flight Gemini
VII.

In addltion to the difference in duration of three space flights, the amount

of calcium intake by the astronauts was considerably different for these three flights.

The comparison of the flight bone density data with bedrest data under conditions

of similar dietary intakes of calcium are shown in Table II. The day-to-day change
in bone density for the astronauts cannot be presented because roentgenographs could

not be taken during flight. In Table Ill is shown the recovery pattern for bone density
for astronauts who showed loss in X-ray bone density during flight.

As seen in Table I1, astronauts on flight Geminl IV showed a greater loss in

bone density than the bedrest subjects onasimilar level of calcium intake for a simi-

lar 4 day period of time. One of the astronauts on flight Gemini V showed greater
loss in bone density, for the specified calcium intake, than the four Texas Woman's

University bedrest subjects consuming similar amounts of calcium for the same period
of time. The other astronaut, the pilot of flight Gemini V, showed a comparable

loss of bone density as the four subiects who participated in the bedrest study at Texas
Woman's University. The data for the astronauts on flight Gemini VII show slightly

smaller losses in bone density than the average loss of the four subjects in the Texas
i

Woman's University bedrest of 14 days duration} the two groups were on comparable

dietary intake of calcium. However, it is doubtful that there is a statistical signifi-
cance in the difference in the data on the two groups of subjects. It is probable that

there can be multiple factors responsible for changes in X-ray bone density_ the effect
of these various mechanisms on the bone density changes cannot be made from these
data alone.



TABLE I

Bone Density Changes in Association

With Flights Gemini IV, Gemini V, and Gemini VII

Anatomical Site

Conventional os calcls scan:

Gemini IV

Gemini V
Gemini VII

Multiple os calcis scans:
Gemini IV

Hand

Hand

Gemini V

Gemini VII

phalanx 5-2 scans:
Gemini IV

Gemini V

Gemini VII

phalanx 4-2 scans:
Gemini IV

Gemini V

Gemini VII

Change in bone mass (percent)

Command

Pilot

-7.8
-15.1

-2.9

-6.8

-10.3

-2.5

-11.9

-23.2

-6.8

m m

-10.0

-6.6

Pilot

-10.3
-8..9

-2.8

-9.3

-8.9
-2.5

-6.2
-17.0

-7.8

m D

-11.4

-3.8



TABLE II

Comparison of Astronaut and Bedrest Bone Denslty

Changes as Related to Dietary Intake

Gemini IV

Command Pi lot

Pi lot

Calcium Intake

(mg/day)

Change in Os Calcls

Bone Density (%)

679 -7.8

739 -10.3

TWU Bed Rest

Subject 1 675 -2.7

Subject 2 659 -4.3

Subject 3 636 -3.4

Subject 4 636 -3.6
Mean of Bedrest Subjects 651 -3.51

Gemini V

Command Pilot 373 -15.1

Pi lot 333 -8.9

TWU Bed Rest

Subject 1 307 -8.7

Subject 2 292 -5.1
Subject 3 303 -7.9

Subject 4 308 -8.1
Mean of Bedrest Subjects 302 -7.4

Gemini VII

Command Pilot 945 -2.9

Pi lot 921 -2.8

TWU Bed Rest

Subject 1 931 -3.5

Subject 2 1,021 -3.6

Subject 3 1,034 -5.8

Subject 4 1,020 -5. i

Subject 5 930 -5.9
Mean of Bedrest Subjects 987 -4.8
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An assessment of the significance of a change in the bone mass must be

evaluated in terms of the reproducibility of the technique, the day-to-day change
in the bone density of subjects undergoing a routine schedule, the dietary intake1

the psycho-physiological stress, weightlessness, physical activity, and possibly

a host of other factors. The results of a reproducibility study of the X-ray bone

densitometry technique and an expression of the day-to-day variability in measure-

ments expected in normal subjects undergoing a regular routine of activity are
presented in the Appendix of this report.

The results presented in Table IV through Table XVII are extracted from a

NASA Contractor Report prepared under Contract NAS 9-5375, furnished to the

author by the National Aeronautics and Space Administration. This report con-
cerned "The Chemical Analyses of the Diet, Urine, Feces and Sweat Parameters

Relating to the Calcium and Nitrogen Balance Studies During Gemini-7 Flight

(Experiment M-7)." The report was prepared by Dr. Leo Lutwak of the Clinical
Nutrition Unit, Graduate School of Nutrition, Cornell University, Ithaca, New

York, for the National Aeronautics and Space Administration, Manned Spacecraft

Center, and was dated September, 1966. The data in this report are all that has
been furnished to the author for evaluation of the calcium and nitrogen balance

from the flight studies. It is hoped that extraction of data and the discussion of it
clo not result in conclusions that would be out of context with the presentation of

the report in which the data were submitted to the National Aeronautics and Space

Administration. As is pointed out carefully in Dr. Lutwak's report and other papers
considered in the discussion of this report, there was thought to beproblems with

the urine collection system during the flight. Therefore, some of the data had been

corrected, assuming a constant creatinine excretion over a 24 hour period, using
the means of the data collected on the astronauts pre-flight and post-flight. These

data have been selected for presentation in this report as they relate to an evaluation

for determining a calcium balance.

In Table IV is shown a summary of the dietary composition of calcium and

nitrogen for the two astronauts participating in the flight Gemini VII. Thepre-flight

and post-flight dietary intake was of a different composition from the inflight diet;
the inflight diet consisted of specially prepared freezed-dehydrated and bite size
foods. The reader is referred to the above-mentioned report by Dr. Lutwak for

further details of the dietary intake, and for results of other chemical analyses of

the diet, urine, feces and sweat parameters not presented in this report.

In Tables V and VIII are presented the pre-flight urine samples on the in-
dividual astronauts giving the time, volume per micturition, specific gravity and
24 hour urine volume. (Note that in Table VIII, on the date 11-24, atime 7200

is indicated; this probably should be 1200 and represented a typographical error

in the original report.) The collection of data in the pre-flight period very closely

approximated 24 hour collectlon periods for the resulting pooling to determine the
24 hour volume. In Tables VI and IX are presented the inflight urine data for the



TABLE IV

SUMMARY OF DIETARY COMPOSITION

Day Lovell Borman Lovell Borman

Preflight Ca (gm.) Ca (gm.) N (gin.) N (gin.)

T-12 1.2940 1.2873 21. 981 25.481

T- 11 1.3780 1.3359 21.693 24.945

T- 10 1.2773 1.2558 25.019 28.094

T- 9 1.3260 1.3553 22.978 24.384

T-8 1.3483 1.3483 23.510 27.452
T-7 1.2534 1.2630 24.867 27.947

T-6 1.3074 1.3354 22.048 22.314

T-5 1.3554 1.3289 23.590 26.974

T-4 1.2423 1.2840 24.732 28.248
T-3 1.3029 1.3272 21.977 22.226

Mean 1.3085 1.3121 23.240 25.807

s.d. .0419 .0343 1.237 2. 185

Inflight
1 .8705 .8705 18.275 18.275
2 1.1561 1.1561 13.275 13.046

3 .9702 .9702 10.914 10.914

4 .7142 .7142 15.495 15.495

5 1.2734 1.2734 15.625 15.625
6 1.3189 1.3189 19.239 19.239

7 1.1651 1.1651 17.287 17.287

8 .8817 ,8817 17.526 17.526
9 .8279 .8279 18.490 18.490

10 1.1039 1.1039 17.502 17.502

11 .5555 .5555 16.905 16.905
12 .4700 1.4700 15.533 15.533

13 1.3267 1.3267 16.497 16.497

14 .9551 .9551 8.958 8.958

Mean 1.0421 1.0421 15.807 15.807

s.d. .2513 .2513 2.847 2.847

Postflight
1 1.2537 1. 2372 19.841 22.044

2 1.3477 1.3913 25.428 28.920

3 1.1250 1.1735 24.091 21.869

4 1.4126 1.4118 22.457 22.244

Mean 1.2835 1.3035 22.954 23.769

s. d .1100 .1009 2.083 2.977



TABLE V

PRE-FLIGHT URINE SAMPLES

Borman

Da te

11-22-65

11-22-65

11-22-65

11-22-65

11-22-65
11-23-65

11-23-65

11-23-65
11-23-65

11-23-65

11-24-65
11-24-65

11-24-65

11-24-65
11-24-65

11-24165

1 1-24-65
11-25-65

11-25-65

11-25-65
11-25-65

11-25-65

11-25-65
11-25-65

11-25-65

11-25-65
11-26-65

11-26-65

11-26-65

11-26-65
11-26-65

11-26-65

11-26-65

11-26-65
11-27-65

Vol. 24-Hr. Vol.

Time (ml .) (ml .)

0920 99

1230 750
1600 785

2030 480

2320 462

0700 515

1125 575

1400 812

1645 668

2200 572
0450 665

0640 122

0945 225
1315 356

1615 880

1730 325
2315 805

0330 235

0650 187

0930 260

1145 279
1500 478

1600 612

1715 450

2110 515

2300 420
0610 480

0940 342

1200 400
1400 405

1500 655

1615 340

2000 300

2300 510
0630 485

3091

3414

3013

3494

3437

S.G.

1.022
1.005

1.006

1.011

1.508

1.012

1.008

1.005
1.006

1.012

1.010

1.017

1.013

1.011
1.005

1.009

1.010
1.020

1.019

1.011

1.010

1.009

1.002

1.003
1.010

1.006

1.014

1.010

1.008
1.006

1.003

1.006

1.015
1.009

1.014



TABLE V (Cont.)

PRE-FLIGHT URINE SAMPLES

Borrnan

Date

Vol_ 24-Hr. Vol.

Time (ml .) (rnl .) S. G°

11-27-65
11-27-65

11-27-65
11-27-65

11-27-65

11-27-65
11-28-65

11-28-65
11-28-65

11-28-65

11-28-65

11-28-65
11-28-65

11-29-65

11-29-65
11-29-65

11-29-65

11-29-65

11-29-65

11-29-65

11-30-65

11-30-65

11-30-65

11-30-65
11-30-65

11-30-65

11-30-65

12-01-65
12-01-65

12-01-65

12-01-65

12-01-65
12-01-65

12-01-65

12-01-65

12-02-65

0900 360

1000 350
1220 630

1610 915

1800 303
2330 380

0600 325

0945 167
1030 370

1200 373

1610 590
2020 410

2345 650

0630 332

1030 463

1205 257

1340 232

1645 88O
2030 344

2300 340

0630 440

1045 565

1310 380

1710 672

2000 194
2100 273

23OO ]88
0300 455

0645 184

1200 655

1400 288

1600 685
1900 240

2100 720

2230 257

0620 390

3263

2892

2956

2911

3235

1.010
1.005

1.006

1.007
1.010

1.0185

1.021

1.0185

1.003

1.005

1.011
1.014

1.007

1.017

1.0105

1.0085

1.009

1.006
1.014

1.0135

1.016

1.010

1.008

1.009

1.017
1.006

1o014

1.011

1.021

1.011

1.0095
1.005

1.015

1.0045

1.007

1.013

-%



TABLE Vl

Inflight Urine Samples
Borman

G.E.T.

Volume

of

Aliquot

(ml)

Calculated

Volume

(ml) S.G°

(ml)
Volume taken

for

24-hr. Pool

Pool

No.

Calculated

24-hr.

Volume(ml)

04+54

14+00

21+33

32+24
48+21

56+25

68+25
77+45

89+06
94+42

99+24

102+14

112+10

117+45

123+14
128+07

136+00

143.39
149+I 3

159+46
165+30

170+00

173+42

185+00
192+51

195+ 12

207+40
212+31

215+13

220+31

223+50

233+24
231+

237+49

240+45

247+58

257+00

266+40
267+I I

40

38

5O
35

23

40
38

38

45
28

42

35

48
2

57
_m

55

36
42

55

45
42

45

50

27
42

4O

I
48

I
5O

48

42

40

6O
5O

5O

52

5O

363.5

519.2

318.7

315.9

406.5

366.9

225.7
384.8

311.3

478.5
344.2

529.6

404.4

369.6

386.5

542.5
397.5

413.9

304.9

276. I

375-7E .
368. I
157.0

218.8

18.8

422.5

370.0
686.8

302.7

349.3

296.9
452.3

I. 0195

I. 0295

I. 026

I. 023

I. 0195

I. 0175
I .019

I. 0148
mm_

I .026

I .0293

I .0188

I. 0183

I .0223
I. 029

I .013

I. 0125

I. 009

I. 0128

I .0245

I .013

I .0248

13.7
19.5

12.0

12.0

14.7

10.0
17.4

16.3

10.0
17.1

15.0
21.1

15.4

16.1
17.2

16.6

15.0

17.1

15.0

22.9
25.6

I

II

III

IV

V

Vl

Vll

VIII

IX

X

Xl

1201.4

573.9

640.3

977.4

2406.1

774.0+

1740.4

897.9

1276.3+

2168.8

1088.2



G. E.T.

Volume
of

AIiquot
(ml)

Calculated
Volume

(ml)

Table VI (cont.)

Inflight Urine Samples
Borman

S0 G.

(ml)
Volume taken

for

24-hr. Pool

Pool

No.

Calculated

24-hr.

Volume/m !)

282+52 58
286+32 42

290+40 47

297+48 36

308+17 43

311 +30 65

315+25 42
322+50 40

326+32 50

Post-Fllght 556

534.1
391.6

338.6

399.5

353.8

328.6

244.5

428.7

556.

1.0168

1.023

1.0138

23.7
17.4

15.0

15.0
26.2

23.2

20.2

15.0

26.3
34.1

Xll

Xlll

XIV

1841.9

982.3

1001.8



TABLE VII

Da t e Time

POST-FLIGHT URINE SAMPLES

Borman

Vol. 24-Hr .-Vol.

(ml .) (ml .) S. G.

12-18-65

12-18-65

12-18-65
12-19-65

12-19-65

12-19-65

12-19-65
12-19-65

12-19-65

12-20-65

12-20-65

12-20-65
12-20-65

12- 20-65

12-20-65

12-20-65
12-20-65

12-20-65

12-21-65
12-21-65

12-21-65

12-21-65

12-21-65
12-21-65

12-21-65

12-21-65

12-22-65
12-22-65

12-22-65

1210

1800

2130

O6O0
0835

1200

1730

2100

2310
0600

0800

1000

1200

1400

1510

1830
2100

2230

0500

0730
1120

1400

1500
1710

2000

2230

0630
1000

1200

5O5

345

368
645

428

430

453
230

205

303

213

342
352

480

347
588

530

435
270

308

605

690

495

625
230

655

390

182

540

2216

2098

3563

3807

1.009

1.018

1.0125

1.014
1.0225

1.016

1.018
1.019

1.0225

1.022

1.011

1.009
1.011

1.006

1.006
1.009

1.0085

1.004
1.009

1.018

1.008

1.0055

1.005

1.004

1.012
1.0O45

1.0175

1.016

1.007



TABLE Vlll

PRE-FLIGHT URINE SAMPLES

Lovell

Date

11-22-65

11-22

11-22

11-23

11-23

11-23

11-23

11-24

11-24

11-24

11-24

11-25

11-25

11-25

11-25
11-25

11-26

11-26
11-26

11-26

11-26
11-27

11-27
11-27

11-27

11-27

11-27
11-28

11-28

11-28

11-28

11-28

11-28
11-29

Vol.

Time (ml .)

1300 275

1700 210

2345 355

0700 445

1300 418

1730 535

2245 429
0635 530

7200 292

1730 417

2315 279

0700 342

0945 157

1330 318

1830 240
2330 195

0730 368

1200 270

1400 223

1630 495
2345 350

0630 270

1015 540

1200 265
1520 480

1800 188
2330 267

0630 333

1000 120

1300 130
'1600 248

2030 152
2345 160
0715 385

24-Hr. Vol.

(ml .) S.G.

1285

1912

1330

1278

1608

2073

1.023

1.022

1.023

1.0135

1.017

1.012

1.016
1.013

1195

1.019

1.019
1.022

1.023

1.022
1.011

1.027

1.025
1.024

1.020
1.010

1.0075

1.024
1.026

1.009

1.009
1.0105

1.019

1.023

1.023

1.026
1.026

1.024

1.028

1.029

i.020



TABLE VIII (Cont.)

PRE-FLIGHT URINE SAMPLES

Love I I

Date

Vol. 24-Hr. Vol.

Time (ml .) (ml .) S. G°

11-29-65
11-29

11-29

11-29

11-29
11-30

11-30

11-30

11-30

11-30
12-01

12-01

12-01

12-01

12-02

1045 423
1340 258

1700 568

2030 247
2200 140

0630 325

1115 345
1645 540

2000 190

2230 187
0645 475

1205 355

1600 265
2300 325

0730 265

1961

1737

1210

1.009

1.0145
1.008

1.0175

1.021

1.023

1.018

1.013

1.020
1.0225

1.0175

1.020

1.021

1.026

1.026



TABLE IX

Inflight Urine Samples
Lovell

G. E. T,

Volume
of

AIiquot

(mr)

Ca I cu Iat ed

Volume

(ml) S. Go

(ml)
Volume taken

for

24-hr. Pool

Pool

No.

Calculated

24-hr.

Volume(ml)

4+38

11+50

21+33

32+25

46+00
48+20

52+06

56+30
68+50

77+46

80+41

89+00
94+40

102+13

118+00

121+08
127+30

140+10

146+37
159+02

165+51

171+47
185+17

192+50

197+28

209+09
215+25

220+33

231+52

237+35

244+00

254+21
266+20

272+ 10

282+39

286+00
290+44

35

68
40

22

33

15

mm

12

8

50
28

35

45
43

42

55

34
25

45

35

58
42

34

54

46

35

4O
21

20

30

68

46

50
48

51

90.7

420.8

377.1
198.-'J
218.8

121.8

101.8

42.7

187.5
280.7

7"2"7"_-.7

235.4

320.2
21_.8

346.7

218.6

279.2

241.0

320. I

283.0

287.9

193.2

278 .I

326.3

205.3

317.3
318.0

 -¢0"T7
328. I

219.8

1.0328

1.0303

I .0335

1.035

1.0335

1.0273

I. 0323

1.031

1.0313

1.0313

I .028

i. 0255

5.0

23.2
20.8

16.3
18.0

10.9

4.8

2.0
8.8

13.1

17.7

15.0
20.4

15.0

24.2
15.3

15.0

20.4
17.6

16.6
17.0

15.0

24.8

22.4

15.0

12.0
12.5

14.7

15.0

23.2

23.2
20.5

22.4

15.0

II

III

IV

V

VI

VII

VIII

IX

X

Xl

Xll

888.6

538.9

612.7

833.3

780. I

725.6

916.9

800.4

871.6

840.6

848.6



G. E. T.

Volume
of

AIiquot

(ml)

Table IX (cont.)

Infllght Urine Samples
Lovell

Calculated

Volume

(ml) So G°

(ml)
Volume taken

for

24-hr. Pool

Pool

No.

Ca Icu lated
24-hr.

Vol ume(ml)

302+19

308+21

313+50
317+35

322+50

326+44

Post-FI ight

45

56

23
48

55

43

484
44

33

30

45

158.7

317.9

137.4

206.4

168.0

484.0

_86)

206-218)
140-I 48)

268-284)

1.026

1.0185

i .0303

1.0378

1.034
1.0323

13.9

27.8

12.0
16.9

18.4

15.0

43.2

Xlll

XlV

614.0

563.2
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TABLEX

Post-Flight Urine Samples
Lovell

Time

Vol.

(ml)
24-Hr.Vol.

(ml) S. G.

12-18-65
12-18-65

12-18-65

12-19-65

12-19-65

12-I 9-65

12-20-65
12-20-65

12-20-65

12-20-65

12-21-65

12-21-65

12-21-65

12-22-65
12-22-65

12-22.L.65

1109

1800
2030

1230

150O
2230

0600

1215

1830

2330

0730
0950

1930
0630

0750

1200

440
287

185

263

290

325

485

305

370

315
488

142

388

853

210

165
1616

I .010

I .019

I. 026

I .024

1.022

1.0225

1.015

1.021

1.023

1.026
1.016

1.019

1.027

1.04

1.013
1.022



TABLE Xl

FECAL SAMPLES

Borman

Date Time G .E.T. Marker

Date

Marker
Admin.

(1965)

Wet

Wt.

(gm.)

Dry
Wt.

(gm.)

Preflight
11-23

11-24

11-25
11-26

11-27

11-28

11-28
11-29

11-30

12-01

inflight

Post-Fllght
12-18
12-19

12-20

12-21

1130

0650
0935

0715

0700

O645
2400

2150

2130

1715

0835

2200
1400

0800

50+13
96+59

140+25

170+00

193+ 17

240+49

287+25
3O8+44

13

13

R
R

BCtr.)

R
--w_--

--JD--

B

.m.--

mmmm

11-22

11-27)

)

)

12-01)

12-18

12-21

98_6)

90.6)

63.4)
90.1)

116.6)

493.5

178.5

113.0
170.0

75.0

109.0

104.5
i13.5

122.0

TOTAL

73.6

241.6)
214.6)

91.6)

130.2

126.9

79.55

45.91

68.01

32.92

37.85
44.87

54.28

56.10

419.49

21.40

94.60
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TABLE XII

FECAL SAMPLES

Love II

Da te Time G .E.T. Marker

Date

Marker
Admin.

(1965)

Wet

Wt.

(gm.)

Dry
Wt.

(gm.)

Pre fi ig ht
11-23
11-24

11-25

11-26

11-27

11-28
11-29

11-30

11-30

12-01

12-01

Inflight

Post-Fllght
12-18

12-19

12-20

12-21

1300

2100

O945

2130

1230

1100
2030

1710

2245

1615

2100

2030

0600

0800

1045

138+26

143+48
187+00

232+00

257+00
261+27

285+46

--m----

B

B

B

R

R(tr.)
----mm

mm----

B

R

R

------m

mDn_

B

B
wmmm

11-22

11-27)

)

)

)
)

12-01_

12-18

12-22

41.6)

116.6)

121.4)

81.8)
85.6)

337.5

46.0

70.3
88.1

_.5

60.5

%.5
155.0

TOTAL

130.6

79.6)

294.6)
187.6)

100.8

85.3

15.69

39.92
38.08

21.54

27.84

41.80
59.92

244.79

57.91

135.53



TABLE Xlll

DAILY URINE EXCRETIONS

Bor man Love I I

Date Ca N Creatinine Ca N Creatinine

(_1965) (mg .) (gm.) (gm.) (mg .) (gm.) (gm.)

ffeflight
11-22 201 21.54 2.278 160 16.83 1.769
11-23 220 21.69 2.278 171 18.39 1.849

11-24 199 24_23 2.190 169 17.96 2.055

11-25 207 22.84 2.436 140 20.99 2.247

11-26 261 27.70 2.277 195 21.22 2.130
11-27 216 26.82 2.300 167 24.56 2.183

11-28 245 20.98 2.417 141 22.51 2.457

11-29 198 19.35 2.362 155 19.00 2.202
11-30 173 23.45 2.253 140 21.01 2.198

12-01 226 19.73 2.089 150 21.17 2.405

Mean 215 22.83 2.285 159 20.36 2.150.

s.d. 24 2.65 .098 17 2.20 .205

Post-Fllght
1 288 30.86 3.046 150 15.07 2.196

2 284 27.38 2.283 180 22.55 2.382

3 284 21.79 2.637 172 21.76 2.195

4 288 21.36 2.739 187 20.30 2.479

Me a n

s. d.

286 25.34 2.679 172 19.92 2.313

2 3.97 .273 14 2.91 .122
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TABLE XlV

PRE-FLIGHT DALLY URINARY CREATININE EXCRETIONS

Borman Lovell

(Gm.) (Gm.)

T-12

T-11

T-10

T-9

T-8

T-7

T-6

T-5

T-4

T-3

Mean

s. d.

2.2782

2.2490

2. 1899

2.4357

2.2773

2.2995

2.4166

2.3623

2.2525

2.0890

2.2850

.0980

1.7693

1.8499

2.0545

2.2465

2. 1299

2. 1831

2.4570 .

2.2022

2. 1980

2.4046

2. 1495

.2047



Day

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Mean

s.d..

TABLE XV

INFLIGHT DAILY URINARY CREATININE EXCRETIONS

Borman* Lovell+

(Gm.) (Gm.)

1.6760 I. 1980

1.4721 1.4744

1.3216

1.5834 1.6672

I. 4232 2.1074

1.4949 1.7365

2.1146 1.7632

1.4196 2.0850

1.4415 I .8489

I. 7532 2.0317

1.9849 1.5812

2.0556 1.6242

I. 6650 I. 2397

I. 2022 I. 8944

I .6148 1.7545

0.2677 0.2479

* Mean of 10re- and post-flight-

+ Mean of pre- and post-flight:

2.3968

2. 1963



TABLE XV!

Corrected Infllght Daily Urine Excretion

Borman * Lovel I +

Ca N Ca N

Day (mg) (gm) Day (mg) (gin)

1 215" 16.26 1 ......
2 215 13.27 2 122 14.26

3 214 15.45 3 ......
4 195 16.51 4 143 15.70

5 249 22.42 5 149 16.50

6 215 17.22 6 175 16.09
7 260 19.72 7 160 16.78

8 264 19.85 8 185 18.07

9 296 19.62 9 160 17.78

10 273 19.82 10 158 17.58
11 242 18.79 11 154 19.74

12 268 18.47 12 192 15.50

13 252 17.25 13 180 14.14

14 178 15.97 14 160 12.75

Mean 238 17.90 Mean 162 16.24

s.d. 32 2.27 s.d. 19 1.86

*Corrected for mean of pre- and post-flight creatinine excretions. (2.397 gm/24-hr.)

+Corrected for mean of pre- and post-flight creatlnlne excretions. (2.196 gm/24-hr.)



Date

TABLE XVII

Sweat Excretions

Ca

(rag)

Na

(mEq)

K

(mEq)

N

(gm)

Borman

Pre-fl ight

Pre-fl ight

Inflight

Post-flight

Post-fl ight

Lovell

Pre-fl ight

Pre-fl ight

Inflight

Post-flight

Post-fl ight

11-23

11-26

12-4 to 12-18

12-20

12-21

11-23

11-26

12-4 to 12-18

12-20

12-21

23

29

14

43

42

14

31

16

41

48

27.8

21.6

2.3

7.9

16.1

25.1

25.2

2.9

6.4

13.2

9.5

11.3

1.1

9.4

12.5

12.9

15.9

1.6

9.3

13.4

.20

.18

.03

.23

.28

.31

,40

• 04

.24

.34



3O

individual astronauts giving the time of voiding, the volume of the aliquob the

calculated volume (using the tracer technique), the specific gravity, volume taken

for the 24 hour pool, and the resulting calculated 24 hour volume for the pool. It
should be noted that the volumes under the heading "24-Hr. Volume" refer to the
uncorrected values of the sums of the volumes of the individual mlcturltlons that

occurred over that period. There was no attempt to have the astronaut urinate at

a specified time in order to give exact 24 hour samples. The resultant pools of

data thus represent pools both greater and less than 24 hours. This is mentioned
since data later were corrected by assuming a constant 24 hour excretion of creatl-

nine. This correction apparently neglected the correction to a true 24 hour volume
and neglected to consider possible variability in the error of the volume determin-
ation for each of the mlcturitlons. The exact source of error in the volume deter-

mination technique used during fllght or the constancy of t hls source of error has
not been determined. (A ground-based evaluation 9 of the system is presented in

Appendix C.)

In Tables VII and X are presented the post-flight urine samples indicating
the tlme_ volume, specific gravity of each mlcturitlon, and the 24 hour volume

for the first 4 days after flight. It should be noted that these data were collected

for 24 hour periods running from 12:00 to 12:00. The first urine sample for both

astronauts was included in the flight data even though it was obtained after they
landed. It also should be noted in Table X that for Astronaut Lovell, the urine

collecting period was 2-1/2 hours short of the 24 hour collection on 12-20-65;

therefore, the collectlon period for 12-21-65 would be correspondingly longer.
This should contribute to a variability in the measurements made post-flight on

this astronaut on these two days. This is borne out later in Table XIII in which the
24 hour daily urine excretions of calcium, nitrogen and creatinine were expressed

for this astronaut on these two days.

In Tables XI and XII are shown the data on fecal samples for the two astro-

nauts pre-fllght, infllght, and post-flight. Indicated are the time of collection,
the appearance of a marker, the date the marker was administered, the wet weight

of the fecal sample, and the dry weight of the sample.

In Table XIII are presented the daily urine excretions pre-flight and post-
flight for the calcium, nitrogen, and creatinine for the two astronauts. These data

have been separated from the inflight data because of the possibility of error in the

urine aliquoting system which would possibly result in erroneous determinations of

volume, and hence daily urine excretions of the different products. These data are
presented in this table to provide a comparison of the pre-flight and post-fllght data,

since it is thought that these data were collected and recorded properly, and that
accurate volume determinations were made on them. From these data there can be

seen an appreciable increase for Astronaut Borman in the urinary calcium excretion

post-flight compared to his pre-flight data. The excretion of creatinine post-fllght
also was somewhat higher for this astronaut. The value for the calcium excretion
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on Astronaut Lovell post-flight was elevated above that of the mean for the calcium

excretion pre-flight, but by a considerably smaller amount. This astronaut also showed
24 hour urine excretions pre-flight as large as post-fllght values. Astronaut Lovell
also showed a somewhat greater excretion of creatinine, though not significant. The

standard deviation for the creatinine post-flight was smaller than pre-flight, even

though there were fewer samples and one of the 4 post-flight samples was considerably

less than a 24 hour specimen and another was greater than a 24 hour pool.

In Table XIV are presented the pre-flight daily urinary creatinine excretions
for the two astronauts giving the daily values, the mean, and the standard deviation

as presented by Dr. Lutwak in his report. In Table XV are presented the infllght

daily urinary creatinine excretions for Astronauts Borman and Lovell, using the aii-

quots and volumes calculated from the dilution technique. At the bottom of this
table are indicated the mean of the pre-flight and post-fllght creatinine excretions

for the two astronauts. It thus is evident that there was an appreciably lower ex-

cretion of urinary creatlnine during the flight as compared to the pre-flight and

post-flight excretions. It was assumed by Dr. I.utwak and associates that this most

likely represented an error in the urine collecting system technique for determining
volume of individual micturitions. Therefore, the mean daily urinary creatlnine
excretion was used to correct these data to new volumes which would be used in the

calculation of all excretion products.

In Table XVI are presented the "corrected" |nfllght daily urine excretions
of calcium and nitrogen for the two astronauts, calculated by assuming a co_ _tant

creatlnine excretion approximating that of the mean creatinine collected during

the pre-flight and post-flight periods.

It is interesting to note that the "corrected" calcium excretion for Astronaut

Borman for days 1 through 6 inflight were 215 rag, 215 mg, 214 mg, 195 mg, 249 mg,

and 215 mg of calcium.

Considering that the original data pooled to represent a 24 hour volume for

this astronaut on the first day are indeterminate, since it is not known whether he
urinated at time zero G. E.T., that the col lection period for the second day was

approximately 27 hours, and that the collection period for the third day 20 hours,

etc._ considering the possibility of a variabillty in the urine collecting technique
for each micturition_ and considering the expected day-to-day variability in calcium

excretion, these values have remarkably small variability. Whatever the correction

technique was to estimate the inflight calcium values, it is interesting to note that

the results on four of the first 6 days of flight very closely approximated the mean

value of 215 mg/day pre-flight for Astronaut Borman. There appears to be a pattern

of increased urinary excretion of calcium in the following days of the flight if one

accepts this as an appropriate technique for correcting the urine data. There was

more variability in measurements on the other astronaut. Astronaut Borman also

showed very little variability in his urinary calcium excretion for the 4 days post-

fl ight.
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In Table XVII are indicated the data for the sweatexcretions usingthe
technique descrlbe.dunder the Methodsection. Thevaluesfor calcium, sodium,
potassium,and nitrogen are indicated. The inflight average excretion of calcium

in the sweat was lower for both astronauts than their average values pre-flight and

post-flight. It is interesting to note, however, that the pre-flight and post-flight
values, obtained using this technique on the astronauts undergoing regular activity

schedules, were obtained ranging only from 14 to 48 rag/day of calcium.

No further description or calculations have been made of these data since
the extent of the error of the urine aliquot collecting system used during flight can

not be determined. It was thought by the author that any other further manipula-

tion of the data would likely lead to erroneous conclusions and was not justified.
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DISCUSSION

An evaluation of the X-ray bone densitometry could be made only pre-fllght
and post-flight. Therefore, any changes which occurred during flight that were of

a more dynamic nature would not be reflected on the longer flights. Results of bed-
rest studies by Vogt, et al 10 suggested that when additional stresslonal situations

are superimposed upon a bedrest experiment, there is a possibility for an accentuated

initial loss in bone denslty, followed by a return towards normal, and then a more
progressive decline in the bone'density. The measurement made for the flights of

different durations would seem to support this earlier observation from bedrest studies.
However, the sub:.ects were dlfferent _o_ each flight and other factors (such as dietary

_ntake) were not conFoi[eci as in the bedrest studies.

Studies performed in association with other bedrest experlments 10, 11 have

indicated a more linear relationship between the bone density changes and the dur-

ation of the periods of recumbency. This same time dependency can not be inter-

preted to occur in association with the flights, although there was a greater change

in bone density in association with flight Gemini V than in association with the shorter

flight Gemini IV.

The small number of subjects that participated in the flights, the variability
in the observations, and the fact that measurements could be made only pre-fllght

and post-fllght mean that the observations made to date cannot be extended to make

predictions of changes on longer fllghts of the future. At best, the data collected
to date document the changes that occurred in association with the three flights on

which the experiments were performed. However, the data may give a clue as to

other mechanisms that may be operative in causing changes in bone density, such as

the decreased dietary intake on flight Gemini V.

An assessment of the significance of changes in X-ray density after flight com-

pared to before flight also requires informatlon on the reproducibility of the technique

and the expected day-to-day variability in a subject's bone density under controlled
experimental conditions. The results of such studies are given in Appendix B and Ap-

pendix D of this report.

X-ray denslty changes include the effect of changes in bone protein and the

underlying and overlying tissue. Conditions of exposure (kv, ma, and time) have been
selected to minimize the protein and fluid effects, and to maximize the effects of

changes of the mineral element in the bones. Such optimization is possible because
of the higher atomic number of calcium and phosphorous in comparison with other

elements involved in bone and surrounding tissue.

It is interesting that the phalanx of the fifth digit, and the phalanx of the

fourth digit (of which cross sections of segments were evaluated for bone mass) showed

some decline in X-ray density in as short a time as 4 days. In bedrest studies conducted
at Texas Woman's Universlty, 11 no significant changes in bone X-ray absorption in

phalanx 5-2 site havebeen found, except during more prolonged bedrest periods.

i
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Changes in the X-ray density of peripheral bones do not necessarily repre-

sent changes of the more centralized bones; therefore, no assessment can be made

of the potential hazard to the astronauts for changes in bone density of the magnitude
found in association with the three flights on which measurements were made. However,

in clinical studies and experiments on normal subjects, it has been found that loss in
bone calcium was progressive with time. It thus would seem advisable to continue to

perform X-ray bone density studies in association with the more prolonged space flights.

It does not seem advisable to attempt to perform studies during the flights because of

the extreme difficulty of devel6ping instrumentation for such an experiment. If the
methodology that could be used in flight did not have the precision as that presently

used before and after flights, the interpretation of the data wou Id become even more

confusing.

A detailed description of the instrumentation technique and methodology used

for the X-ray bone densitometry studies is presented in Appendix A of this report.
The need for an exact and reproducible method in taking films, developing films,

and in evaluating the films on the X-ray densitometer is the reason that personnel

from the laboratory of Texas Woman's University participated directly in this experi-

ment, including taking the roentgenographs of the recovery ship.

It seems desirable that further studies should be conducted to evaluate the

effect of acute stressful situations on the change in bone density, perhaps including

a study of the effect of hormonal injections in normal subjects. Further evaluation

also should be made of the effect of exercise on the X-ray bone density.

No comparison can be made of bone density changes and the actual calcium

losses from the body during flight Gemini VII, since the calcium balance studies were

not performed adequately to make any interpretation of them.

The evaluation of nitrogen and calcium balance in association with the space

flight presents many difficulties. For a calculation of an accurate calcium balance or
nitrogen balance, it is required that the dietary intake and all output including urine,

feces, and sweat be measured accurately. For the data represented as the results of
the studies conducted in association with the Experiment M-7 on flight Gemini VII,

the question of the validity of the urine data leads one to the conclusion thc_ an esti-

mation of the calcium and nitrogen balance is not justified. The reasons for this con-
clusion are based primarily on the difficulty in obtaining representative urine samples

during the flight portion of the experiment. At most1 comparlsons can be made of pre-
flight and post-fllght urine measurements. Also, the amount of sweat calcium as com-

pared to data presented in this literature is low on the astronauts during periods of normal

activity pre-flight and post-flight.

The inflight urine aliquots were stored at cabin temperature in polyethelene

bags containing preservative and a tracer material. As soon as possible after landing,
the samples were stored in a deep-freeze. After the urine specimens were delivered

to the laboratory, the total volume of each mlcturition sample was measured by deter-
mining the dilution of the tracer. The actual specimens or aliquots collected during
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approximately 24 hour periodsthenwere pooled. Apparently no correction was
mQdeto "convert" this volumeto an "actual" 24 hour volume. In other words, no
correction wasapplied to a 22 hour sampleto make it a 24 hour sampleby multi-
plying by 24 over 22. Fromthe total calculated volume (using the tracer technique)
usingthe total numberof aliquots collected during an approximate24 hour period,
the volumetaken from eachsamplewasa representationof a "24 hour pool" as based
on the percentageof the total volumeaswasdeterminedby the calculated volume
for each aliquot. For example, if the total "24 hour volume" was 1200ml and one
of the micturitions volumeswas300 ml, it represents25% of the calculated total.
Therefore, 25% of the final pool samplefor analysiswas taken from this aliquot.
Theoretically, this technique is valid if the urine collecting systemis accurate.
However, in this experimentthere is somequestionasto the reproducibility and
accuracy of the methodfor determiningurine volume. Thiswould meanthat each
aliquot, if each had a different error for the volumedetermination, could be misre-
presentedby taking a portion to pool for a "24 hourvolume."

The pooling of the urine samplesby taking allquots of urine passedwithin
24 hour periods, rather than collecting at a prescribedbeginning time for each 24
hour period, resultsin a greater day-to-day variance in 24 hourvolume and values
for excretory products. Using _uch variable time periods for pooling data collected

during the flight phase, especially if a urine sample is lost or if there is a sample-to-

sample variability in the error of the collection system, would further compound the
error for a true 24 hour volume. Correction of the urine volume using the average of

the pre-flight and post-flight creatlnine, assuming a constant 24 hour urine creatinine

excretion, could be extremely misleading. It would seem to the author that it would

be more appropriate to recognize the deficiencies in the technique and of the system

used on flight Gemini VII and to take steps to correct the deficiencies if studies of this

type are done in association with space flights in the future. Nothing can be gained
from further manipulation of bad data. Analysls of each urine sample should be performed

before pooling results; this would preserve the information on relative rates of excretion
of different products even if there is error in the volume determination.

It would seem most appropriate to discuss the data in terms of problems apparent

to an uninvolved observer in order that appropriate measures may be taken to assure

collection of adequate data in future flights. The difficulties in performing calcium
balance studies or nitrogen balance studies under the most ideal circumstances, as may
be foundon a metabolic ward, likewise are difficult. The further complications of

doing such a study in association with a space flight obviously were expected to present

difficu Ities, and the persons involved in these analyses and studies recognized these
possibilities. Even though the data obtained are inadequate to perform a balance study,

it would seem appropriate to consider the experiment successful if knowledge was gained

from the experience of this past flight which would be helpful in planning for future "

flights.

A comparison of the data collected inflight with the data collected pre-flight

and post-fllght indicates a smaller daily urinary volume and urinary excretior of cre-

atinine. The analyses of these data were performed by Dr. Leo I-utwakt under Contract
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NAS 9-5375, at the Clinical Nutrition Unit of the Graduate Schoolof Nutrition,
Cornell University, Ithaca, New York. Dr. Lutwakrecognizedthe possiblepro-
blemswith the urine collection system,asexemplified by the loweredurine volume
and daily excretion of creatinine. Forthis reasonall resultspresentedwere cor-
rected to "24 hour urine samples"on the basisof the pre-flight and post-flight cre-
atinine values. Sincethe daily poolingsrepresentativeof their "24 hour value"
also had someerror, and becauseof the possibility of variability in the error for
sample-to-sample, the error in the final resultswould be expectedto be compounded.
Thisdoesnot seemto be the case, however, if one observesTable XVI in which it is
noted that the corrected inflight calcium valuesfor the first 6 daysare 215 rag, 215
mg, 214 rag, 195rag, 249 mg, and 215 mgdaily. Thecumulative effect of the preHous
errorsand the small variation in the calcium in the urine using this correction technique
makesonewonderwhether there is someundefinedaspectof this procedurelending in-
sensitivity to the procedure, thus reducingthe expectedvariability.

An evaluation9 hasbeenmadeof the chemicalurine volumemeasurement
system(CUVMS)by Paul A. LaChance,Ph.D., of the Crew SystemsDiHsion of the
National Aeronauticsand SpaceAdministrationof the MannedSpacecraftCenter,
Houston,Texas, and Marilyn E. George, of the 6570thAerospaceResearchLaboratory_
Wright-PattersonAFB, Ohio. In an unpublishedpaper (seeAppendix C) entitled
"Human Evaluationof a Chemical Urine Volumeand MeasurementSystem," they uti-
lized standardizedmeteringof a solutionof trltiated water and propyleneglycol to
evaluate humanurine during two experiments. Duringone experiment the CUVMS
wasdirectly utilized by four subjectsfor 3 daysand indirectly utilized (urine poured
through) for an additional 3 days. In anotherexperiment, three subjectsutilized the
CUVMSdirectly for a period of severaldays. Themeasuredvolumesof each voiding
and the volumesobtained from aliquots andassayedby a tritium dilution technique
correlated closely with the volumesmeasuredby conventional calibrated laboratory
glassware." Theydid note, however, that significant errorswere introduced by im-
proper handling and/or operation of the CUVMS, in particular if there was insufficient
blending of the urine and tritium. Theyconcludedthat the CUVMS, in theseground-
basedstudies, is capableof providing reproducibleand accurate results. "Twenty-four
urine volumeswith lessthan a 5% errorwere obtained."

Sucha urine aliquoting systemwasusedbecausethe Gemini spacecraftallo_s
lessfree volumeor free weight per manthan the Mercury spacecraft, and the flight
durationsof up to 14dayswere contemplated. Therefore, the storageof all urine
voided during flight wasconsideredto bean impracticable consideration.

Thepersonsanalyzing the samplesof the M-7 experimentwere of the opinion
that therewassomedifficulty with the urine collection system_other personswho ob-
tained urine for evaluation apparentlyhad reservationsconcerningthis conclusion.
At a meetingsponsoredby the SpaceMedicine Directorate of the Office of Manned
SpaceFlight of the National Aeronauticsand SpaceAdministratlont held at the
ManagementCenter, John F. KennedySpaceCenter, Florida, August23, 1966, and
documentedin "A Reviewof the Medical Resultsof Gemini 7 and RelatedFllghts_'°
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the following observationswere made. In a presentationof medical Experiment
M-5, "BiochemicalAnalys_sof BodyFluids in Manned Space Flight, " by principal

investigators Harry Lipscomb, M.D., Elllott Harris, Ph.D., and Lawrence Dietleln,

Ph.D., the following question was asked (see page 77) "What effect would the
accuracy of the volume determinations have on your confidence in the reliability of
the data. °'' The answer was as follows, "If the urine collection devices were not

working properly and the total volume collections were not correct, the data cer-

tainly would not be reliable. In such a case, one would expect erratic results.
However, in this case, the values for sodium, potassium, and chloride are so re-

markably s_milar for the two men that we believe the variations seen are valid ob-

servatlons." There thus is impl|ed in this answer that the infllght urine collection

system functioned properly. These authors did not indicate the source of the deter-

mination of urinary volume by the dilution technique. It is not clear whether the

same volumes as used in the calculations in the report by Dr. Lutwak were used or
whether independent determinations were made.

These authors noted, however, that theurinary sodium excretion decreased
slightly during flight in both members of the crew. Immediately post-flight there
was a retention of sodium. Then a short time later, there was a marked rise in

urinary sodium levels, interpreted by them as excretion of retained sodium. However,

in their figure 3 and figure 4, showing the 17-hydroxycortlcosterone and cathchola-

mines, one graph shows data "not corrected" for creatinlne and the other one "cor-
rected" for creatinine. The meaning of the work "corrected" or "not corrected, "

and whether it applied to the sodium, potassium, and chloride data are unclear from

this report.

It thus is impossible for an investigator to attempt to interpret results acquired

from these flights without further documentation of the procedures followed. If data

of this type is considered to belong to the entire medical community, so that each

scientist may utilize his experience and knowledge to evaluate the data and arrive at

his interpretation independently, it must be recommended that data from future flights
be presented in as well documented form as possible. If this is not the case, then one

must provide the data collectors with full responsibility to provide interpretation of the
resu Its.

Some more experienced investigators have thought the data adequate to make

interpretations of results. A presentation was made by G. Donald Whedon, M.D.,
Director of the National Institute of Arthritis and Metabolic Diseases, National Insti-

tutes of Health, Bethesda, Maryland, as part of closed circuit television panel discussion

entitled "Results of Long Duration Manned Space Flights in Gemini Spacecraft" on Thurs-

day, April 21, 1966, at the Aerospace Medical Association Meeting in Las Vegas, Nevada.
He said, "In order to obtain sensible urinary data from this first effort to obtain metabolic

data in space, it is necessary to make the assumption that renal clearance did not signifi-

cantly change and thus to correct the analyzed inflight urinary data on the basis of the
difference between inflight and pre-flight urinary creatinlne values." On this basis, Dr.

Whedon stated, "There was a 25% increase in the urinary calcium in one astronaut and no

significant change in the other. " At the same time, Dr. Whedon stated that, "The fecal
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calcium wasmodestlyincreasedin the astronautwho showedno changein urinary
calcium but fecal calcium wasnot increasedin the one whoseurinary calcium
increased."

Later that year Dr. Whedon, at the American Physiological Society Fall
meeting in Houston, September2, 1966, madea presentationof Gemini VII Meta-
bolic Studiesin Symposiumon "Man's PhysiologicalResponseto the SpaceFlight
Environment" (basedprincipally on grouppaperspresentedby Dr. Lutwakto _r.docrine
Society, June, 1966). In slides showingthe metabolic balance data, he described
"the negative shift of calcium balance in both astronauts was approximately 100 mg/

day." He interpreted this of questionable significance, "because of the short period

of the study."

The 24 hour values of calcium in the sweat determination on the astronauts

contributed a relatively small amount of the total balance. Larger values for the

sweat calcium have been reported by other authors. It generally is recognized that

the sweat from the skin of the body may contain considerable calclum, with the ex-
ception of the insensible perspiration of the soles and palms of the hands. The amount

of sweat calcium has been considered by some to be great enough to result in erroneous

conclusions concerning dietary calcium requirements. In long term studles, the apparent

retention of the calcium may be partly due to the loss of calcium which was not accounted
for in the sweat. This is described and documented further in Appendix D of this report

in which there was an apparent positive balance of calcium in the pre-bedrest phase of

a study and probably was a reflection of that calcium excreted in the sweat.

Mitchell and Hamilton12 found that in studies on men receiving an average

daily calcium intake of 1.1 g, there was some suggestion that an increased excretion

of calcium by the sweat glands is associated with a decreased excretion in the urine.

Further, they noted that under comfortable environmental conditions, the loss of calcium
from the skin averaged 6.2 rag/hr, or 14% of the total loss of body calcium. They noted

that under profuse sweating, there was an average continuous loss of 20.2 rag/hr., compared

with the loss of 6.2 mg under confortable conditions. This former value accounted on the

average for 29.9% of the total loss of body calcium, over twice that lost in the urine.
On a 24 hour basis, under comfortable conditions, in which sweating is minimal, the

subjects excreted 149 mg of calcium per 24 hours in the sweat.

In another study by Consoizaio et al., 13 the authors noted that (with room tem-

peratures of 30.5°C, 30% relative humidity during waking hours and 33.1°C during the

evening hours when men slept)' an average of 184 rag/24 hr. of calcium was excreted by

the 12 subjects. These authors had reported in an earlier study (Consolazio, et al., U.S.

Army Med. Lab. Report 266, 1962) on eight normal men maintained for 4 periods at 70°F,

the average sweat calcium loss was 144 rag/day when these subjects were maintained on" a

0.44 g daily calcium diet. These authors noted that the skin calcium losses increase with

increasing room temperature.

In contrast, Gittelman and Lutwak, 14 in an abstract, reported "despite the recog-

nized importance of measuring dermal losses of minerals in subjects under study by metabolic
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balance techniques, the magnitudeof this route of lossis difficult to assessby
available methods. Direct measurementof dermal lossesof mineral from the entire
body (excluding headand neck, hands, andperineum)were madeutilizing a special
collection technique on four elderly femaleswith osteoporoslsand one elderly fe-
male with osteitis deformansin the course of metabolic balance studies under conditions

of comfortable temperature and non-perspirlng activity. Dermal excretions were col-
lected for two 3 day periods for each subject. Mineral content of hand and forearms

sweat produced by pilocarplne stimulation was also measured. Daily excretions (ave
rag/day ±1 s.d. for 2 determinations, all subjects) were calcium 15.4 +-10.8 rag. No

correlation was noted between measured body dermal loss and body size, dietary intake,
urinary excretion, mineral balance, or mineral content of stimulated sweat." These

authors concluded that the magnitude of cutaneous loss of calcium is quantitatively
insignificant and may be disregarded in an interpretation of metabolic balance studies,

provided that they are conducted under conditions where sweating is avoided. These

data were collected from elderly females with osteoporosls, and the methodology is not
described well. An attempt to find further documentation of this abstract has been
unsu ccessfu I.

McKey, etal.15 also reported negligible calcium in the sweat under sedentary
conditions in an air conditioned metabolic ward. This abstract read as follows:

"Twenty-four-hour losses of minerals from the entire integument (excluding wrists and

hands) of a woman fully-clothed in cotton garments and worklng in a laboratory at

72-78 ° were determined for 42 consecutive days in mid-wlnter. Collection garments,
body, and scalp were washed separately and successlvely in alcohol, acetic acid and

redisti!led water unHI the washings were free of calcium. Each collection garment had
its own control which had been washed the same number of times and in the same volume

of solvents. Preliminary data indicate that the total dermal loss of calcium did not exceed

10 rag/day. Calcium in scalp and body washings averaged 3.0 +0.59 rag/day. In the gar-
ment washings, variation in calcium content occurred, not only in the collection garments

but also in their controls. Studies are now in progress to determine the number and type
of controls necessary, the minimum length of the collection period required, and the most

efficient type of wash solvents. "

These two abstracts of Gittelman et al., and McKey et al., both reporting
low calcium losses from the skin, are sketchy and are difficult to accept in view of more

definitive studies reported elsewhere. However, it would appear that the low losses of

calcium reported in association with the space flight are more in line with these two ab-

stract reports, and perhaps may be explained by the methodology or technique of perform-

ing the analysis and collection of sweat.

The data from studies conducted at Texas Woman's University, as indicated in
Appendix D of this report, indicate that an appreciable amount of calcium loss is un- "

accounted for when only urine and fecal calcium losses are considered in relation to

the dietary calcium intake. It is logical to assume that a fair proportion of this would
be that lost in the sweat if the subjects were not in continued positive calcium balance.

In these studies there was no reason to assume that the subjects were in continued posffive

calcium balance. Since the data found by thls indirect technlque correspond closely to
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that reportedasthe 24 hour sweatcalcium lossesfor other subjects, it would seem
reasonable to assume this higher figure to be more nearly correct• The data reported

in association with the flight probably represent the values characteristic of that

technique of collecting and analyzing sweat; the appropriateness of using this value
cannot be ascertained by the author of this paper.

The assumption that the creatlnine excretion of an individual is constant from

day-to-day is one that has come after many years of documented studies. A review of
these studies indicates that in many cases it has been stressed that the creatinine ex-

cretion of an individual is relatively constant from day-to-day for a wide range of

dietary intake, but that the day-to-day creatinine excretion shows considerable varia-

bility. At lease, the variability probably is greater than that desired to introduce into

this study as a possible complicating factor in evaluating calcium balance over a short-
term study of the effect of space flight.

Jones 16 points out several reasons for variability of creatlnlne excretion in

some individuals. His experience indicated that the variability could arise without

biological variation due to two possible sources of error: (a) failure to correct for

the deviation of the picric acid-creatinine complex from Beers Law, and (b) occasional

contamination of some urine samples by creatlnine splitting organisms. It had been

observed in their laboratory that creatinine splitting organisms could sometimes con-
taminate the bottle used for urine collection. These organisms produce a creatinase

which is most active at alkaline pH. With contaminations associated with alkaline

decomposition of urine, a rapid destruction of creatinine takes place to give an erron-

eously low result• This author recommended that the estimation of creatlnine should be
performed immediately upon completion of collection, or the urine should be kept in

a refr,:girator until the estimation is made.

Bleiler and associates 17 reported a study in sequential 24 hour urinary creatinine

determinations on 12 men. They noted that even though the 24 hour urine specimens were
collected under controlled conditions, the creatinine values over 15 or more days for 12

subiects receiving weighed general diets were surprisingly variable. Analytical variation

determined by a replicate analyses was 1% or less, and was considered unimportant as the
cause of variability observed in these experiments. These authors thought also that the

reagent specificity also had a negligible contribution to the variability since only a small
proportion of non-creatinlne chromogen appears in urine. They did note that creatinine

excretion always decreased upon changing from meat containing diets to formulas. Even

when the daily formulas contained as much as 140 g of protein, this decline continued

generally throughout the formula period• Whether such a change could occur from chang-

ing from a normal diet to an inflight diet has not been determined to the best knowledge
of the author.

Mills 18 reported studies of the circadian rhythms of a subject in whom numerous
measurements were made during and after 3 months of solitude underground. In these
studies he noted that the creatinine excretion was always low during sleep. Addis et a1.19

also noted that there was a drop in creatinlne excretion during the period from 10:00 p.m.

to 7:00 am.m, and a rise during the period from 7:00 a.m. until 12:00 noon, after a creati-

nine free breakfast, on all diets. The factors responsible for the nocturnal drop must be
other than the dietary protein consumption.
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One of the earlier reports on the constancy of the creatinine in the urine
is reported by Folln 19 in discussing the laws governing the chemical composition

of urine, reported in 1905. He noted, "While the amount of kreatinin eliminated
with the urine is for each individual practically a constant quantity, independent
of the total amount of nitrogen and of the volume of urine eliminated, the amount

may be different for different persons." He noted that the "extraordinary variation
in the normal daily kreatinin elimination showed by Gregor's figures render them,

however, decidedly doubtful, although I am inclined to believe that his main con-

tention may be correct." Folin noted that "turning from the consideration from the

percent in terms of the total nitrogen to that of the absolute quantity of kreatinin
eliminated, we find the remarkable fact that the absolute quantity of kreatinln eli-

minated in the urine in a meat-free diet is a constant quantity different for different

individuals but wholly independent of change in the total amount of nitrogen eliminated."

He noted that "small variations do occur, but the constancy of the kreatinin as compared

with all other nitrogenous constituents, is certainly remarkable, especially in view of
the fact that the muscles and most of, if not all other organs, must at all times contain

very considerable quantities of kreatinin." He also noted that the variations that do
occur are independent of the volume of the urine and of the total nitrogen.

In a study by Albanese 20 on 30 normal subjects studied for 38-60 days under

normal and experimental dietary conditions, individuals daily variations of 10-25%
were observed in the total urine creatinine. These observations would seem to indicate

that the irregularities in creatinine excretion are greater than heretofore presumed and

that the variations in creatinine output are not necessarily indicative of inaccurate 24

hour collections. By the same token one could reason that inaccurate 24 hour collect-

ions could not be corrected by using an assumed constant value for creatinine output.
In another extensive study reported by Wang 21 the authors performed an extended study

on 33 normal male and females on hospital diets. This author reported fluctuations of

10-25% of the individual creatinine output to be common occurrance.

It does not seem to the author that there is adequate justification presented in
the literature to warrant consideration of the excretion of creatinine as a constant

measurement day-to-day that would allow correction of urine volumes on this basis,
especially for the purpose of using the results in a calcium balance study.
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CONCLUSIONS

1. Appreciable change (loss) in X-ray bone density occurred during

flights Gemini IV and Gemini V; tess change was observed during flight Gemini
VII.

2. The marked changes in bone density on the flight Gemini V most

likely were associated with the decreased dietary intake of calcium in addition

to other conditions in association with this flight.

3. X-ray bone densitometry appears to be a precise and reproducible
technique for estimating the mineral change in the os calcis. (See Appendix

A and B)

4. No better non-invasive technique is known which can be used on

astronauts in association with space flights to assess mineral changes in a specific
bone.

5. The relation is not known of the change in X-ray bone density of the

os calcis and other large bone masses of the body during space flight.

6. The relation between the change in X-ray bone density and calcium

balance during flight Gemini VII cannot be assessed.

7. The values presented for calcium excretion during flight probably
are not valid because of errors inherent in the method for collection, pooling,

and analysis; these errors are larger than would justify use of the data in cal-
cium balance calculations.

8. A comparison of pre-fllght urine calcium excretion to post-flight
urine calcium excretion on flight Gemini VII suggests an increase in the urinary

calcium excretion; but since calcium loss in the sweat and feces is needed for an
estimation of the calcium balance, no further conclusions can be drawn.

9. The results for excretion of calcium in the sweat by the method used

are low in comparison to data adequately documented in the literature.

10. An evaluation of relative excretion of different urine products is not

possible since pooled samples were used; the aliquots for the pool may have variable
rates of excretion for each of the substances and each of the samples pooled may
have had a different error involved in determining the volume represented.

11. Data and available literature on the day-to-day variability, the error

in the ground-based volume determination method, and pooling of data present

variability too great to make corrections for urine volume measurements by using
a factor that assumes constant excretion of creatinine.
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12. The data obtained by sweat evaluations took much time of the as-

tronauts and other personnel and does not appear to be justified on future flights

unless a more simple and reliable method is established.

13. There probably are many factors associated with a space flight which

could effect bone density, calcium balance, and nitrogen balance_ they cannot be

separated or defined from the studies conducted.

14. Ground-based studies are useful to define experimental procedures

and the limits in methodology which later may be used for flight experiments.
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RECOMMENDATIONS

1. Furtherexperimentsshouldbeconductedto define the factors responsible
for day-to-day variation in bonedensity, suchas inactivity, diet, stress,etc.,
in order to assessthe possiblecontribution of each duringa spaceflight.

2. Furtherexperimental methodsshouldbe devisedto estimatea:curately
the bonema_sof other than peripheral bones.

3. A comprehensivestudyshouldbe performedto evaluate the limitations
of the urine collection systemusingthe isotopedilution method(or any other
method); this studyshould include documentation of the reliability of the method
in the zero gravity situation.

4. The analyses of inflight urine samples should be made on each of the

samples collected; twenty-four hour urine volumes could be represented by the
time span of the collection period multiplied by an appropriate factor to convert
the data to 24-hour volumes.

5. It would be extremely desirable to have longer pre-flight control periods.

6. A study should be made of the effect of change in the dietary composition

(i.e., changes from regular diets to flight diets) on the bone density, calcium
excretion and creatinine excretion.

7. It would seem appropriate to omit the determination of sweat calcium on

future flights because too much time of the astronaut is taken to perform an
acceptable technique which would give small error.

8. The errors in present instrumentation technique to assess bone mass

during flight are to great to justify inflight evaluation of bone density or bone
ma ss.

9. There should be a continuation of the effort to perform experiments in

a_sociation with space flights to document changes in bone density and calcium
balance.
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BONE DENSITOMETER ASSEMBLY FOR MEASUREMENT

OF ROENTGENOGRAPHIC BONE DENSITY

APPENDIX A



BONE DENSITOMETERASSEMBLYFORMEASUREMENT
OF ROENTGENOGRAPHICBONE DENSITY

INTRODUCTION

The optical density of a roentgenographic bone image can be related to the mass

of mineral present in the bone, if conditions of exposure and developing of the film are

standardized and kept constant. Marked departures from normal bone mineralization and
changes in bone mineralization can be seen readily upon visual inspection of roentgeno-

grams, but are not easily quantitated without more refined techniques. It generally is

recognized that changes in bone mineralization of the order of 20-30% are necessary

before visual inspection will detect changes in the roentgenogram. However, change

of a few percentage values in the skeletal mineralization is of interest in a number of

experimental and clinical situations; for example, the evaluation of drug therapy, and
in disease processes such as osteoporosis, osteomalacLa, nutritional deficiencies, etc.

Accurate techniques are required for determination of meaningful serial measurements
A change in bone mass in association with bedrest 1 and space flight2also requires accurate

and reproducible techniques.

In order to obtain quantitative measurements of the optical changes in a roent-

genographic bone image, a controlled technique of X-ray exposure, film processing,

and film analysis is required. In addition, a technique for calibrating roentgenographs
is essential; an aluminum alloy wedge serves this purpose. Using such a technique, small

changes in mineral content are reflected in changes in X-ray bone density and can be

evaluated very accurately in serial roentgenographs of a given individual or astronaut.
The selection of optimum exposure techniques helps distinguish some of the effects from

soft tissue, organic bone matrix, and the inorganic bone material. Other problems
inherent in a roentgenographic bone density technique, and means to overcome them,

are described in other presentations. The purpose of this paper is to describe briefly the

technique which uses a special computer for the evaluation of signals obtained from the
output of an optical scanning system used to evaluate the light transmittance through

a roentgenograph.

INSTRUMENTATION

The insturmentation in use at the Texas Woman's University at the time of analysis

of the flight films is a modification of previous models started by Dr. Pauline Beery Mack.*
The densltometer is a special purpose analog computer3,4, consisting of an electromechanical

servomechanism and an integrating unit. The major units of the instrumentation used in
e

*Dr. Mack since has added a digital computer to the system to provide automatic

calibration and analysis of results.
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evaluating the radiographsin these laboratoriesare shownin Figure 1. Theequipment
consistsof five major subassemblies,all designedto operate together asan integrated
system. The basic units of the overall assemblyare the following:

(a) A modifier Knorr-Albersscanningunit (unit at right of figure);
(b) A SpeedomaxModel G transmittingrecorder (unit in center of the figure);
(c) A seriesof 20 potentiometersin the samepanelas (b);
(dt A SpeedomaxModel G recording potentiometer(unit at left of the figure);
(e) An Instron integrator (mountedbelowd.)

Figure 2 showsa schematicdiagramof the integrated mlcrodensitometersystem.
A signal proportional to light transmittancethroughthe film is producedby the scanning
unit. Thissignal is received by the first recorderasan uncorrected, or uncalibrated, trace
of a wedgeor bone on the roentgenographbeingscanned. An adjustable slidewire is
mountedin this first recorder, which servesasa function generator, tappedat 21 points
to give 20 sectionsof equal length. Twenty potentiometersare associatedwith the 20
sectionsof the slidewlre to permitmanualadjustmentfor purposesof modifying the out-
put of the first recorder to give a calibration related to the wedgetrace. After the
function generator hasbeenadjusted, the circuit setting is transferredto the receiving
recorder, thus permitting a correctedor calibrated wedgescanaswell asa corrected
bone scanto be receivedand displayedon this secondrecorder° Theoutput of the call-
brated trace gives a readoutcount on the integrator.

ScanningUnit

The scanningunit consistsof an optical system,a plate stage, a drive mechanism_
for the plate stage, and a DCamplifier. Theoptical systemincludesa special tungsten.
lamp poweredfrom a highly stabilized powerpack havinga constancyof output of z0.1%
for AC llne voltagesbetween 100-125volts at frequenciesbetween55and 65 cycles.
Thebeamfrom this lamp is focusedon a photocell after passingthrough the X-ra_ iilm

plate being scanned. The film is mounted on a plate stage that is supported by ball-

bearing rollers on a carriage rod, all accurately machined to very close tolerance.

The drive mechanism for the plate stage has nine selectabte speeds, varying from
0.1 mm/min, to 50 mm/min. Each plate travel speed is regualted closely by a synchronous

motor drive. Adjustable limit switches govern the limit of travel in either direction, and

the direction of plate travel is conveniently reversed by means of a switch.

A scale, mounted on the scanning unit and calibrated in millimeterst subdivided

by a vernier, indicates plate travel and enables the operator to scan a number of pre-

cisely equal segments of the film trace. This scale also permits the operator to retrace

exactly the same length of film on repeated scans and serves as the guide for integrating

the equal trace segments. The plate travel is synchronized with recording chart travel
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to insure that quantitative measurements of density can be produced and reproduced
accurately. A precision DC amplifier multiplies the output from the photocell to a

value measurable by the self-balancing potentiometer recorder.

First Recorder

The first recorder (center unit in Figure 1) consists of a Speedomax Type G, self-

balancing function recorder, having an adjustable zero, adjustable span, and a full
scale balancing speed of less than one second. This recorder indicates continuously

the magnitude of the amplified photocell output and traces a graph on its chart in syn-

chronism with the scanning unit plate travel.

A major feature of the complete assembly consists of a special DC retransmitting

slidewlre mounted in this Speedomax potentiometer recorder, with a moving contact on

a slidewire driven in synchronism with the recording pen. This retransmitting slidewire
is divided very precisely into 20 equal segments, each segment is shunted by an adjustable

ten-turn potentiometer. An adjustable DC voltage is impressed across the total slidewlre;

and the output along portions of the slidewire is characterized by adjustments of the 20

potentiometer dials which provide a calibrated output from this slidewlre referenced to
the trace of the reference or calibration wedge which is physically a linear model.

The uncorrected wedge trace on the first recorder is scaled by the operator at

20 equal intervals, using a special transparent rule calibrated to provide a calibration

factor on the 20 potentiometers. Since the scale of the first recorder is determined by

the percentage of ll,ght transmitted through the film, and the calibrating retransmitting.
slidewire corrects the scale of the second recorder to standard wedge density, there is

produced a straightiline trace of the calibrating wedge on the second recorder in con-

formity with the wedge slope.

Second Recorder

The second recorder receives, displays, and records the signal from the special

calibrating retransmltting slldewlre which serves as a function transformer, providing a

line graph of the reference wedge and a calibrated density trace of the bone sample.
Its graphic output also is synchronized with the automatic scanning unit. A retrans-

mitting potentiometer is driven from the output shaft of this second recorder and drives

an lnstron integrator located in the base of this second recorder unit.

Instron Integrator

The integrator provides a digital readout proportional to the area under the
cal ibrated densitometer trace of the bone se_:tion which has been scanned on the second

recorder. The integrator is equipped with two counter readouts. One is reset after
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each segmentis integrated, if a trace is segmented,while the secondreadoutacts asa
continuousor total counter on the readingstaken from the first counts. A bell actuated
by the limit switch on the plate travel mechanismsignals the operator that the desired
scan travel hasbeencompleted_the integrator counting is stoppedautomatically at this
point.

SEQUENCE OF OPERATIONS IN MAKING A BONE MASS DETERMINATION

The fundamental step to obtain a satisfactory calibration for a trace of a bone

section from an X-ray film is provided by the use of a calibration wedge exposed

simultaneously as the bone. The image of a bone a:nd the wedge are shown in

Figure 3. The wedge is made of an aluminum alloy with X-ray absorption charac-
teristics similar to that of bone. The roentgenographs are taken as described in the

previous section of the report. The wedge composition is 93.4% aluminum, 0.6%

mangenese, 1.5% magnesium, and 4.5% copper. The material of which the wedge
is made was carefully rolled to provide a homogenous alloy_ All wedges in use at

the Texas Women's University have utilized the same orlginal aluminum alloy to assure

reproducible standard wedges.

The wedge, which has a slope of 1:10, is traced from its beginnlng to a dlstance

13 cm along the base. This provides a linear calibration in units from 0 to 1.3 cm

of aluminum alloy wedge equivalency. The range of film density for an os calcis in
normal adult males corresponds to the film density along 50-80% of the wedge length.

The initial record obtained on the first recorder from scanning the wedge with

the densitometer without correction provides the basis for calibrating the wedge curve

for the film. Represented in this tracing is the percent light transmission through the

film for displacement along the wedge from the beginning to 13 cm out on the wedge
trace. The shape of this uncorrected curve is influencedby many factors including

the film itself, the film exposure, and the film processing techniques.

It is desirable to integrate a tracing obtained across a line on a bone X-ray

image to provide an expression of equivalent bone mass for a given film. Since

the roetgenographic process distorts a linear graph which would represent the wedge

accurately, the units of light transmission must be calibrated to equivalent wedge thick-
ness before integration of the area under the tracing of a bone, if the results of the

latter are to be meaningful. This calibration procedure is provided through an electro-
mechanical servomechanism which uses the wedge trace to provide calibration factors

over 20 segments of the wedge trace. The sequence of operations needed to achieve

calibration of a density curve and to integrate the area under the curve of a bone on

the same radiograph follows.



I

[

J

A

--- _!]

_:.

:I
i!

... ,_..._ -_

- I

Figure 3. Conventional Scan on os calcls and calibrating wedge adjacent to foot
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(a) The wedge roentgenographic image first is scanned for the purpose of pro-

viding the density calibration curve of that film on the recorder. Prior to the wedge scan,
the first recorder is balanced to zero for the "no light transmission" condition obtained by

inserting an opaque object between the light source and the photocell. Full scale out-

put of the recorder is obtained for the light transmission 13 cm out on the wedge trace

by adjusting the light source voltage and/or the amplifier gain. Once this adjustment
is made, it remains the same throughout the rest of the procedure. In this manner, the
extreme limits of the wedge are set the same for each procedure. The use of a site on

the wedge other than 13 cm out the base would require corresponding changes in the

multiplication factor for converting integrator units to equivalent wedge mass. The
uncorrected curve for the wedge then is traced on the first recorder.

(b) Using the uncalibrated curve, the technologist measures the curve at 20 points

along the chart and sets the 20 potentiometers in the panel to provide a calibration factor
for each of the 20 divisions. The current through the slidewire and its shunted potentio-

meters then is set to give full scale deflection on the second recorder for the zero light

transmission and for light transmission 13 cm out the wedge. The retransmltting slidewire

is mechanically coupled to the first recorder tracing which is proportional to the elec-

trical inputs. In this manner, a calibration [actor is applied by each potentiometer

according to the reading of the first recorder, so that the output can be used to drive

the second recorder to display a calibrated output curve.

(c) When the potentiometers are set as required to obtain the resistance for
calibrating the original wedge trace, a retrace of the wedge is made on the second

recorder. If the potentiometers have been adjusted correctly, a straight line is

obtained, confirming the correctness of the calibration procedure.

(d) After the second recording potentiometer has recorded the signal from the

special transmitting slidewlre and has received and displayed the corrected wedge trace,

a calibrated density trace is made of a section of a bone .on the same film as the_ali -
bratlon wedge image. This bone trace, also displayed on the second recorder panel, is

synchronized with the automatic scanning system. Since the calibration procedure has
corrected the scale of the second recorder to standard wedge density, the X-ray absorp-

tion of the bone section, as indicated by its densitometer trace, is related directly to the

X-ray absorption of the standard wedge.

(e) A retransmitting potentiometer is driven mechanically from the output shaft
of this second recorder which actuates the Instron integrator, providing a digital

readout proportional to the area under the calibrated densitometer bone section trace.

The counts secured from the integrator may be used directly from one bone mass

evaluation to another on a given individual. A conversion of integrator counts to other

units such as equivalent wedge volume or equivalent wedge mass would involve the use
of the same conversion factor for each set of counts, thus resulting in the same percentage
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change from a roentgenographof one subjectmadeat one time to that madeat subsequent
times, provided the scanningspeedswere the same. Thecountsusuallyare converted
to equivalent wedgevolumeand to equivalent wedgemasssince the density of the
aluminumalloy wedge is known.

Thealuminumalloy wedgehasbeen usedto calibrate calcium compoundswhich
are componentsof, or are associatedwith, bonemineral. Thecalibrations have been
madeby placing chemically purecalcium compounds,or mixturesof compoundsof known
weight, in plastic encasementsand exposingthemon the samefilm as the standardwedge.
Thewedge imageand the imageof the chemical compoundthencan be traced in their
entirety with parallel crosswisescansrunning the length of each image.

As a result oFsucha calibration,the bonemassdata of living subjectsis some-
timesreported in termsof "calcium hydroxyapatite equivalency." Thereporting of bone
massin sucha term is not intendedto denotethat the boneunderconsiderationcontains
this amountof calcium hydroxyapatite, but that the substancesin the portion of the X-ray
which wasevaluated hadan X-ray absorptionvalue equivalent to the designatedquantity
oFthis calcium complex. Thematerialspresentin living boneand under-lying and over-
lying tissue include bone mineral, protein, water, and fat. The respective contributions
of the separate substances to the mass absorption coefficient of the entire bone tissue are

dependent upon the X-ray exposure applied to the bone.

I
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REPRODUCIBILITYOF AN X-RAY BONE

DENSITOMETRY TECHNIQUE

INTRODUCTION

Changes in the calcium balance and bone mineral content of astronauts during

prolonged space flights have been predicted on the basis of cllnical and experimental

observations made over the past several decades. One of the techniques for assessing

the mineral content of bane is that of X-ray bone densitometry. Prior to the develop-

ments of standardized techniques and improved instrumentation for analysis of roent-

genographs, a change of roentgenographic density in the order of 20-30% was re-

quired for distinction by the unaided human observer. The technique described

herein 1, 2, 3 has been applied to the study of selected bone roentgenographs in associa-
tion with bedrest studies "_ and space flight.5, 6, 7, 8 An evaluation of the results of

data collected from the bedrest and space flight experiments requires an understanding

both of the sensitivity of the technique to changes in mineral mass and of the repro-
ducibility of the X-ray bone densitometry technique. A description of the rationale

for the technique of taking roentgenographs and a description of the instrumentation

for evaluating them is presented elsewhere in detail. The use of standards for cali-

bration of the roentgenograph and improved methods to distinguish roentgenographic

density have increased the power to resolve change by at least a factor of ten.

It was the purpose of this study to evaluate the reproducibility of an X-ray

bone densitometry technique used in evaluation of as calcis bone mass in terms of an

equivalent aluminum alloy calibrating wedge. The evaluation was made of the entire
methodology used, including positioning and X-raying the bone, developing the films_

and evaluating the light transmittance of the resultant roentgenograph using a photo

scanner and special purpose analog computer.

METHOD

The experiment was designed to evaluate all factors that enter into the results

ultimately obtained--positioning, exposure, developing, and analysis of roentgenographs.
Eight roentgenographs were made of one subject within a 20 minute period of time to
assure that there were no significant changes in the bone mass being X-rayed. Between

exposing each successive film, the subject was required to sit up, and then to step down

from the X-ray table, to provide independent positioning for each roentgenograph. For

each exposure, the subject was placed in a horizontal position with his body covered
with lead shielding except for the foot being X-rayed.
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The lateral aspect of the left foot was placed flat against the film with a small

sand bag positioned under the toes to provide support, and to assure stabilization of
the foot. An aluminum alloy wedge, which serves as a calibration standard for each

film, then was placed adjacent to the heel of the foot, and the film was exposed. A

standardized X-ray exposure, obtained by using a roentgen meter, was used for taking
each roentgenograph; the approximate values used were 60 kv, 100 ma, 0.5 sec taken
at a distance of 36 inches from the film. High quality Kodak Industrial X-ray film,

type AA, was used in the study.

The eight films were developed for 5 minutes using a standardized developing

solution maintained at a temperature of 68°F +-l°F. Fixing and drying of the film were

performed in the usual manner followed in the Research Institute at Texas Woman's

University. An example of a resultant roentgenograph of the os calcls and the adjacent
calibration wedge is shown in Figure 1.

Each of the eight films then was analyzed three times on the densitometer by

evaluating each consecutive film in the series, and then repeating the analysis of the
series at a later time until each film had been evaluated three times. For each analysis,

the film was positioned in the densitometer and the calibration curve determined sepa-

rately. An additional interrupted scan was performed which divided the conventional
scan into 10 segments. This maneuver was performed to provide information on the

accuracy of starting and stopping the densltometer scan mechanism, and to allow com-

parison of integrator counts for sections on the roentgenograph which have different
light transmlttance. There are thus 240 observed values (8 (films) X 3 (readings) X 10

(segments) = 240) which are used in the analysis of the reproducibility of the technique.

RESULTS

The results of the analysis performed on the roentgenographs are indicated in

Table I. The data presented for a given film represent the integrator counts obtained

from the output of the densltometer computer and thus have a calibrated relationship to
the bone X-ray absorption in terms of equivalent aluminum wedge absorption. The
magnitude of these numbers depends on the scanning speed, as well as other factors
described elsewhere. 3 Conversion to aluminum wedge equivalency requires multipli-

cation by constants only, and thus is not performed here since it would not influence

the objectives of the study.

The total counts represent the sum of the counts obtained for the 10 individual

segments and thus is a measure of the integrated light transmittance for the conventional

scan. The range of values of counts for different segments occurs because of differences

in light transmittance in different parts of the roentgenograph, and is related to the
anatomlcal structure or bone mass present at these segments.



/

%.

/

/

, s_ow_ng conven_|O_°_ soon path

oGro_ OS



TABLE 1

Integrator Counts For Densltometer Analys_s of Eight Roentgenograph on the Same Subiect

Film 1

Segment 1 496

Segment 2 791

Segment 3 1037

Segment 4 1240
Segment 5 1287

Segment 6 1279

Segment7 1232
Segment 8 1230

Segment 9 1265

Segment 10 1223
Total

Film 2
Segment 1 -'_506

Segment 2 787
Segment 3 1034

Segment 4 1241

Segment 5 1280

Segment 6 1286.
Segment 7 1222

Segment 8 1234

Segment 9 1271

Segment 10 1239
Total

Fi Im 3

Segment 1"-'---501
Segment 2 783

Segment 3 1046

Segment 4 1254
Segment 5 1299

Segment 6 1286

Segment 7 1240-

Segment 8 1237
Segment 9 1275

Segment 10 1228
Total

Fi im 4

Segment 1

Segment 2

Segment 3

Segment 4
Segment 5

Segment 6

Segment 7

Segment 8

Segment 9

Segment 10
Total

507
8OO

1041

1260

1304

1295

1240

1249

1263

1237
°

498 506
796 782

1041 1041
1237 1253

,1281 1302

1275 1294

1239 t240

1226 1229

1264 1254

1231 1225

502 497
784 787

1039 1033

1236 1234
1294 1274

1301 1281

1229 .1227

1239 1235
i269 1251

1240 1255

498

781

1053
1247
"1283 '

12-77
i 1242.

1234
1265

1236
TIT :

5O2
.801

1041

1262
1291

1287

1243

1240

1260

1228

497

8OO
1041

1237

1291

1290
1231

1236
1258

1234
TI-lqT

502
804

1039

1237

1296

1301

1230

1236

1278

125O
1T1-73"

Fi lm 5

Segment 1 500 501 502

Segment 2 804 799 800

Segment 3 1053 1058 1054
Segment 4 1264 1269 1239

Segment 5 1311 1314 1310

Segment 6 1306 1304 1306

Segment 7 1241 1245 1240

Segment 8 1232 1238 1243
Segment 9 1265 1278 1269

Segment 10 1229 1236 • 1249

Total _ 1124-'---2 11212

Segment 1 504 503 505
Segment 2 796 799 798

Segment 3 1048, 1051 1051

Segment 4 1259 1253 1268
Segment 5 1301 1290 1310

Segment 6 1300 1286 1297
\

Segment 7 1247 1245 1245

Segment 8 1243 1240 1243

Segment 9 1270 1266 127_3
Segment 10 1243 1241 1247

Total _ _
Fi Im 7

Segment i 50-0"_"- 503 502

Segment 2 803 810 806

Segment,3 1041 1046 1044
Segment 4 1241 1244 1243

Segment 5 1294 1310 1302

Segment 6 1291 1300 1297
Segment 7 .... 1231 1236 1239

Segment 8 1229 1233 1231

Segment 9, 1274 1265 1268
Segment 10 1244 1241 1234
Total !.. "_ TTT_

Fi Im 8

Segment 1 496 503 507
Segment 2 797 807 791

Segment 3 1033 1029 1058

Segment 4_ 1236 1240 1265
Segment 5 1300 t304 1314

Segment 6 1294 1311 1302

Segment 7 1230 1232 1239
Segment 8 1240 1238 1243

Segment 9 1267 1275 1275

Segment 10 1228 1239 1252

Total 1Ti-2_ 1TI7"8" 11_'4_"
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An analysis of variance was performed on these data; the following linear model 9
was assumed:

Ylj k = m + si + fj + (sf)ij + rk(j ) + (sr)ik(j)

Where Yl jk is the observed density of the k-th segment of the j-th reading of the i-th film,
and the parameters of the model:

m is the overall mean

si is the effect (fixed) of the i-th segment, i = 1,2, . .., 10

fi is the effect (random) of the j-th roentgenograph, j = 1,2,

fj is o-2f

• ._8; variance of

(sf)ii is the interaction (random) effect of the i-th segment on the j-th roentgenograph,
and reflects differences in positioning, exposure, and developing of different

portions of the roentgenograph; variance of (sf)i j is a"2sf

rk(j) is the effect (random) of the k-th reading (densitometer analysis) within the

j-th roentgenograph, k = 1,2,3, independently numbered within each roentgeno-

graph_ and represents variation of factors involved in these readings; variance of

rk(j) is O-2r(f)

(sr)ik(i) is the interaction (random) of the readings by segments within the j-th roentgenograph.

This expresses variation in readings of different parts of the roentgenograph due to

densitometry instrumentation. The term is used as the sampling error; variance of

(sr)ik(j) is O-2sr(f )

A fixed effect expresses the anatomical difference in the portions of the bone being

evaluated; in this study there are expected differences in the bone mass in different sections

of a particular bone as represented in the segment divisions of the conventional scan path.
The random effects which are of primary interest in this analysis include variability among

films and readings resulting from positioning, X-ray exposure, calibration, film developing

and film analysis. Interactions between a fixed and random effect are defined to be random.

In Table II are shown the results of a standard analysis of variance according to the

model given, using the 240 individual readings. The column E(ms) defines the ms (mean

squares) estimate in terms of the parameters of the assumed linear model. The F values in
the table are the result of statistical significance tests of the various paramters of the model•
These tests indicate definite evidence of film-to-film variability and reading-to-reading

variability. There also is evidence of a segment by film interaction reflecting possible di'f-

ferences in positioning, etc. This analysis indicates a consistent film-to-film and reading-

to-readlng pattern reflecting overall reproducibility for different portions of the roentgeno-

graph. There is obviously a very large segment-to-segment variability_ as would be expected



• TABLE Ii

Summary of Analysis of Variance

Source
iii i ii i

Segments

Films

Segments x Fi Ires
\,

Readings in Films

(S x R) in Fi|ms:

df
i|

9

7

63

16

144

ms

i , i i

I, 690,389

666.29

67.56

102.00

43.36

i i

E (ms)
,m -.-

O-2sr(f) + 3o-2fs = 24ES2/9

O-2sr(f) + iOO-2r(f) + 30o-2f

o- 2sr(f ) + 3 o- 2fs

o- 2sr(f ) + lOo-2r(f)

2
O- sr(f)

ii •

F
i

25,020

6.532**

1.558"

2.353"*



B-7

becauseof the anatomical structural differencesin the bone. The film-to-film variations

are expected probably due to the small differences that result from repositlonlng the foot
each time the film was taken. One still must consider the effect of small differences in

the X-ray exposures and small differences in the developing which cannot be defined by

this experimental approach.

The expected mean squares are equated to the actual mean squares to obtain

estimates of the variance components of the linear model. These estimated components
are as follows:

o-2f = 18.81 (2)

a-2sf - 8.006 (3)

cr 2r(f) = 5.864 (4)

a-2sr(f) = 43.36 (5)

From the magnitude of these components, it can be seen that the readings-in-films and

the film-by-segment interaction components, although statistically significant, are quite
small. The variance component estimates can be used to obtain an estimate of the variance

of a mean for a segment or for the total of all segments for the complete analysis performed
here. The variance of the mean (of all segments) is estimated as follows:

Variance of _ = °-2f + °-2r(f) + °-2sr(f) - 2.351 + .244 +.181 = 2.776 (6)
8 24

Since the estimated bone mass is 10 times the mean per segment, the variance will be 102

times the variance of the mean; hence the variance of an estimated total is 277.6 and the
standard error is 277.6. This standard error is used to obtain the 99% confidence interval

for the estimate of the total bone mass of the entire os calsls, as follows:

99% C.I. = 11,160.2 +(2.576) (16.66) = 11,160.2 +-42.9 or m +0.38%m

The value, +-2.576, represents the 99% interval of the Normal Distribution.

The variance components can be used further to obtain estimates of the variance of

the mean or total of different experimental replication designs, as follows:

a- 2f o- 2r(f) o- 2+ + sr(f)
Variance of _ = No. of films No. readings x Total no. observations (7)

No. of films

The obvious consideration for the above type analysis would come in describing a

statistically significant difference in bone mass between films for different conditions; for

example, films taken pre-flight compared to films taken post-flight. The following analysis,
based on the above linear model, can be applied to estimate the difference in X-ray bone

mass values which would be required to state that the bane mosses were significantly different
at the 99% confidence level•
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Consider the experiment of one film before and one film after a flight, each

analyzed in triplicate on the densitometer. Using formula (7), we can derive the

variance for the mass of an average segment as follows:

V(_, one film)= °"2f + °"2r(f) + °"2sr(f) = 22.072

1 3 30

As before, the variance of the estimate of total mass is 2207.2.

If the same experimental procedure was used for the films both before and after

flight, the variance for the estimated difference in total mass is the sum of the two variances.
Since we assume the same experimental conditions, this results in twice the variance given

above in expression (8). Thus the variance of the difference between the two totals is

4414.4 and the corresponding standard error 66.44.

As before, in order to obtain a 99% confidence interval for the difference which

does not include zero (no difference), an estimated difference of 2.576 x 66.44 is required.

Thus, an estimated difference of 171.1 counts between the two films or a difference of

approximately 1.66% would be evidence at the 99% statistical confidence level, that there

is present a difference of the total mass as expressed by the X-ray bone density. If it is

1desired to obtain a more sensitive analysis, formula (7) can be used for any other number of
films and readings both before and after a flight.

It should be emphasized that this analysis only gives an indication of differences in
total bone mass--not in changes of pattern of the bone mass along the conventional scanning

path. The same type of analysis would be used for such situations, but there would be addi-
tional means and uses of the segment by film interaction; the interaction would include not

only the factors indicated above, but also differences in the pattern of bone mass due to flight
conditions.

Other statistical techniques can be applied to data to define the reproi_k,cibl lity

of the technique and the clinical confidence that can be attached to a given bone densito-
metry reading. Other studies have been conducted and various analyses performed_ and will

be reported to NASA when a formal manuscript is prepared.
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HUMAN EVALUATION OF A CHEMICAL URINE

VOLUME AND MEASUREMENT SYSTEM*

by Paul A. LaChance, Ph.D. **, and

Marilyn E. George, B.S.***

INTRODUCTION

The collection and interpretation of urinary biochemical specimens requires

precise urine volume data.

The relatively short Mecury flight permitted the use of urine collection devices
in which all urine voided during flight was collected and retained for post-flight

analysis. Since the Gemini spacecraft allows less free volume per man than the
Mercury spaceflight and since flight durations up to 14 days were contemplated,

the stowage of all urine voided during flight was completely impractical. Spracecraft

engineers attempted to design a method for dumping urine into the spacecraft
Emvironment Control System's evaporator_ however, a satisfactory liquid gas separator

could not be engineered in sufficient time and so by means of an intermediate urine

storage tank, the tank was periodically vented overboard. The urine collection and
transport system, developed and actually utilized in the early Gemini missions,
involved the manual suction of urine into a bellows. An inline trocar device

permitted either the emptying of the insuit urine collection device, or if required,
the collection of an aliquot of each micturition. The height of the bellows was

suggested as a possible method of measuring total volume. Inhouse testing revealed
that the method had accuracies of 4- 20% and the intermixing of crewmen aliquots

could not be controlled. The requirement to provide precise inflight output data

demanded the design of a system with greater accuracy. This presentation will
discuss the functional verification of the Chemical Urine Volume Measurement

System (CUVMS), its advantages and disadvantages.

METHOD

On two separate occasions and with different subjects two CUVMS were
evaluated. These tests were both conducted at the 6570th Aerospace Medical

Research Laboratories. During various times the CUVMS was either evaluated in
the AMRL evaluator or in a metabolic ward with and without the wearing of an

unventilated pressure garment. In both experiments, the outlet of the CUVMS
was connected to a litter bottle which in turn was linked to a pump so that a 5.0

* Unpublished Report-personal communication from Dr. LaChance.
** Dr. LaChance is affiliated with the Manned Spacecraft Center, Houston, Texas.

*** Marilyn George is affiliated with the 6570 Aerospace Medical Research Lal oratory,

Wright Patterson Air Force Base, Ohio_
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psi pressuredifferential would be obtainedwhenthe selector valve handle was
placed in the DUMPposition and the collection-mixing bag wasbeing emptied.
During each mlcturltion, a samplebagwasplaced on the line and the remainder
of the urine specimencollected in the liter bottle. The liter bottles and sample
bagswere labelled with subject number,date, and time of void. At various times
during the experimentsboth distilled water and urine of knownvolumeswere poured
throughthe systemto verify the accuracyof the CUVMS, and to provide indices
of possiblesubject error in utilizing the system.

All samplebagsand bottleswere stored in the refrigerator and transported
to the isotopelaboratory every morningfor processingand counting.

Thesamplebagswere shakento insurethoroughmixing of the urine specimen
and two endsof the bag cut open. Theurine waspoured into a calibrated graduated
cylinder, the volume recorded, and an aliquot taken for isotopecounting. The
specimenscollected in the bottles werealso measured,the volumesrecorded, and
the total volumeof each micturition (bottle plus bag) recorded.

A standardsolution of tritiated waterand propyleneglycol wasprepared
by diluting tritiated water, specific activity 1 mc/ml, with a solution of 50%
distilled water and 50% propylene glycol to a final specific activity of 14_c/ml.
This standardwasusedin the tracer storageaccumulators, asthe spiking solution,
and as the standardfor tritium counting. Six vials containing 10ml of BraysSolution
were usedfor each urine samplecounted. Five-tenthsmilliliter of urine wasadded
with a calibrated pipette to each vial and 0.01 ml of the standardtritium solution
wasadded to three of thesevials asa spike. Threevials containing 10 ml of Brays
Solution only were preparedfor backgroundcountsand three vials containing 10ml
of BraysSolutionplus 0.01 ml of the standardsolutionwere preparedfor standards
daily. All sampleswere countedfor 10minutesin a PackardTrl Carb Liquid Scin-
tillation Spectrometer. Thethree urine samplecountsand the three spiked counts
were each averagedand backgroundcountssubtracted.

Quench Factor: standardcpm
spike cpm-urine cpm

Volume: Standardcpm,/mlx amountof tritium solution delivered by
the meteringpump(constantunique to each CUVMS

urine cpm/mlx Quench Factor

RESULTS AND DISCUSSION

The results of the experiment, during which significant problems were

encountered and subsequently remedied by engineering improvements, will be
discussed first.
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A CUVMSwhich i-.adprevious!ybeena quallficc-ion test unit wasutilized
on and off over a 16day period with three suS_ectssharinsthe device. On two

separate occasions the s_rr.!aletrocarBegan"freezing up." When the probe was re-
moved, cleaned and ]ubricated, the data obtained on urine volume b), tritium dilu-

tion remained extremely poor. Over one 6 dcypa,io', 64% of t_'.e vc_.umesvaried
more thcne-5%from the measured volume _r.:_ after minormcd:.:ication, a

i j. i "second 4 day period indicated tnc, 45% of the samole voiumas variea more than -'-5%
from the measured volumes. It was o_wous rnc,, sorr;e diff:cu]ty in the delivery of

tritium was Being encountered. If wasd:.scovered that the seclantto the removable

tracer storage accumulator was crumbling in microscopic c..'nounts and the "grit"
was lodging in the upstream check valve of the metering pump, causing delivery

of unequal volumes of tritium solution• The valve wascleaned anda CUVMS with

a tracer storage accumulator contalninga new seaJantwc: u;qllzed. The results

of this study are given in summary form inTabie [. T.e results for one subject are

given in Table II. Since the identical unit was being utilized 5ythe three subjects,
the larger error for subjects One and Two was "raced to two other variables, the

accldentai depression of the metering pump button, resulting in double iniections
,._ • . fof tritium, and the case of ]nsufflcient tritium delivery, a_,rl_uya5 e to a too-rapid

depression of the metering sump button, caused ")' a :sassing over the detent position
due too shallow detent. "[he subjects found the system more diff:.cult to use while
suited and wearing gloves. Twice during the exper]me.n? i:r was noted that the con-

cept of utilizing a 1200 ml collection bag (tested by oni/one su_iec, to sTuay the

feasibility of reducing the number of sample bags to be stored) was not large enough
to contain urine from two consecutive micturit]ons. Engineering changes in the

strength of the detent, and widening of a guard on the selector valve handle to

prevent accidental depressions of the metering pump were incorporated into the flight
hardware.

Results of another experiment invo!ving four subjects were considerably

better. The system wasuti _,:ed six days providing worse-case use equivalent to

24 daysbyone man. Table lil providesasummcryof the data. Prior to the start

of experimentation, five urine samples of 100', 200, 300, 400, and 500 ml were

prepared and an exact amount of standard radioactivity added. The samples were

counted periodically, lnaddition, 17 randomly selected urine samples were simi-
larly prepared and stored under refrigeration for i O days to determine the effects

' l a_Ae IVof time and storage on the method. The results are given in _ ' ' .

Important observations made during this experiment were ihe need for in-
creasing the strength of the urine sample bag and the requirement for thorough mix-

ing of urine in the collection-mixing bag, a minimum of 20 seconds, for accurate

and reproducible results.
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SUMMARY

A chemical urine volumemeasurementsystemutilizing standardizedmetering
of a solution of trltiated water and propyleneglycol wassatisfactorily evaluated.

Thetechnique is capable of providing reproducible and accurate results;
however, the systemis very sensitiveandproneto significant errorswith improper
handling. Considerablemotivation andmeticulousnessis required to obtain pre-
cise results. A simplified methodrequiring lessmanipulation andautomatic re-
cording of output data is required for useduring extendedmissions.

REFERENCES

• System for Measurement of Micturltion Volume by Tracer Dilution Technique.

Paul Petrack, Arde, Inc., William J. Huffstetler and Richard Serpas, Gemini

Support Crew Provisions Office, NASA-Manned Spacecraft Center (EC-8),
Houston, Texas. Presented at 37th Annual Scientific Meeting, Aerospace

Medical Association, April 18-21, 1966, Las Vegas, Nevada.



TABLE I

Subject

Number
of Voids

Percentage Non

Valid Samples

Accuracy of
Valid Samples

No. 1
No. 2

No. 3

19
19
13

42
10

None

+3.0% (+5.4 to -2.0)
+0.7% (+6.1 to -3.1 )
+0.7% (+2.5 to -2.0)

Subject

No. 3

Sample
Number Date

No. of Void

TABLE II

Measured
Volume

18-1

18-2
18-3

19-1

19-2
19-3

19-4

20-1

20-2
20-3

21.1

21.2
21-3

253
585

271

421
439

353

410
288

486

387
346

575

215
--m

5029

Tritium
Dilution

Volume

253

558

276
438

444
342

403

309

483
398

352

577

217

5O5O

Percentage
Difference

0

-4.6
+I .8

+4.0

+I .I
-3. I

-I .7

+7.3

-0.6
+2.8

+I .7

+0.3
+0.9

+4.1



TABLEIII A
(SubjectNo. 37)

Day
No.

No. of

Voids

Per Day

24 Hour Volume

Measured Tritium
Percentage
Difference

1 4 1322 1368 +3.5
2 5 1794 1798 +0.2

3 4 1069 1046 -2.2

4 4 1490 1465 -1.7

5 4 1403 1338 -4.6
6 6 2383 2468 +3.6

9461 9483 +2.3

TABLE III B

(Subiect No. 38)

No. of

Voids

Per Day

24 Hour Volume

Measured Trltium
Percentage
D i ffere nce

1 5 762 789 +3.5
2 4 695 704 +1.3

3 4 769 758 -1.4
4 4 751 727 -3.2

5 6 984 956 -2.8

6 4 795 800 +0.6

4756 4734 -4.6



TABLE III C

(Subject No. 39)

Day
No.

No. of

Voids

Per Day

24 Hour Volume

Measured Tritium
Percentage
Difference

1 3 1164 1190 +2.2

2 3 797 791 -0.8

3 3 866 924 +6.7

4 2 587 559 -4.8

5 3 1050 1043 -0.7
6 6 1410 1391 -1.3

5874 5898 +4.0

TABLE III D

(S'ubject No. 40)

Da_,
No.

NO o Of

Voids

Per Day

24 Hour Volume

Measured Tritium
Percentage
Difference

1
2

3
4

5

6

3 (667) Malfunction
3 629 658 +4.6

3 (616) Malfunction
4 516 494 -4.3

3 615 615 0

4 703 709 +0.9
unw m_

2463 247.6 ÷5.2



TABLEIV A

STANDARDURINESAMPLEVOLUMES

Mea_ured
ml

Determined
ml

Percentage
Difference

100

200
300

4OO

5OO
mmm

1500

100

205
294

416

513

1528

0

+2.5
-2.0

+4.0

+2.6

+1.9

TABLE IV B

URINE SAMPLES (10 Days Storage)

Day
1

Day
10

Percentage
Difference

3424_

239
282

379

61

145
358

447

294
392

205

161

140
224

319

275

207

353
245

285

378
63

141

347

448
294

403

208

162
144

223

316

267

2O5

+3.2
+2.5

+1.1

-0.3

+3.3
-2.7

-3.1

+0.2
0

+2.8
+1.5

+0.6

+2.8

G0.4
+0.9

-2.9

-1.0



CALCIUM BALANCE IN ASSOCIATION WITH
A 30 DAY BEDREST STUDY

APPENDIX D



CALCIUM BALANCEIN ASSOCIATION WITH
A 30 DAY BEDRESTSTUDY

INTRODUCTION

An evaluation of the calcium balance in five normal subjects under-

going normal activity, bedrest, and recovery from bedrest is presented in the

following results obtained from a study conducted by Dr. Pauline Beery Mack
at the Texas Woman's University, Denton, Texas. These data are presented to

demonstrate (a) a technique for displaying calcium balance information, (b)

to show the day-to-day variability in X-ray bone densitometry in a group of

subjects, and (c) to demonstrate expected variability creatinlne excretion in

the urine in a group of subjects under controlled experimental conditions.

METHOD

Five subjects participated in this study initially; only four of the subjects

completed the study. The subjects were on controlled dietary intake approximat-

ing 1 gm of calcium daily. In the Dre-bedrest ppr;_l_ _h,_ _ub_ect__ per._-,_r.-..c_w_,,k
and underwent a routine of normal activity except for the imposition of a carefully

controlled dietary and sleep schedule in the experimental ward. During the 30 day

bedrest period, the subjects were restricted to bed and were fed by dietitians.

RESULTS

Figures 1 through 8 show the cumulative calcium balance on the four subjects

during a 120 day period of time, divided into four time periods: (1) pre-bedrest,
(2) bedrest, (3) post-bedrest, and (4) post-post-bedrest. In Figure 1 is shown the

cumulative balance on the four subjects during the pre-bedrest period. The top line
of each diagram shows the cumulativedietary intake, the bottom line indicates the

urinary calcium output, and the second line from bottom indicates the fecal excretion
of calcium. Thus, the dashed areas represent the cumulative balance status of the

individual for the period. For the four graphs indicated in Figure 1, all subjects are

in positive balance during the 30 day pre-bedrest period. Since sweat excretion of
calcium is not considered, this positive balance may, in fact, represent that calcium

lost in the sweat rather than calcium retained by the body. Calculations of the average

daily amount of calcium contributing to this portion of the balance data yields results

as follows: for subject 1P, 280 rag/day; for subject 3Q, 279 rng/day; for subject 4T,

380 mg/day; and for subject 5S, 103 rag/day.

In Figure 2 are shown the cumulative balancestudies starting at day zero of

bedrest for the same four subjects. It should be noted that these graphs differ from
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the others in that the "posltlv'e balance" no longer continues as a cumulative

effect. In fact, there is a change in the pattern so that the subjects ultimately

are in negative balance. It would be expected that the subjects possibly would
have less sweat calcium during this time because of decrease activity, and thus

decreased sweat production, to possibly account for some of the differences ob-

served. However, if one considers the first few days of bedrest as an indication
of the trend of the balance study, it is apparent there initially is a tendency for

a "positive calcium balance" similar to that pre-bedrest, indicating the probability
of continued loss of calcium in the sweat. The fact that the curves then reverse

their trend and indicate negative calcium balance are indicative of an establishment

of a pattern of negative balance after a given period of time. Careful inspection of

the slope of the cumulative urinary calcium outputs indicate a change in the rate of

excretion after 6 to 8 days. The change in the pattern of fecal excretion is less
clear.

In Figure 3 are shown the cumulative calcium balance on the four subjects

beginning on the first day of recovery. During this time they were undergoing
normal activity as in the pre-bedrest period. Again, it is noted that there is not

the progressive continuation of a "positive calcium balance, " indicating that the

subjects remain in a state of negative calcium balance for a period extending after

the perlod of recumbency. These data do not demonstrate clearly the time at which

the subjects ultimately returned to balance. In Figure 4 are shown the cumulative
calcium balance on these same four subjects in a "post-bedrest period" with the

cumulative balances beginning at a time 30 days after bedrest. Data are obtained

very similar to that obtained in the pre-bedrest period, indicating that the subjects

have recovered by this time and show a pattern similar to that observed during the
pre-bedrest phase. It is interesting to note that for subject 5S, a very small positive

calcium balance was noted. If this represents the sweat loss of a person "in balance,

then this subject lost less calcium in the sweat. It is interesting that an observation

had been made of this subject. The subjects normal pattern of activity was one in
which very little physical exercise was engated and the subject did not spend much

time out-of-doors. It thus would be expected that the sweat calcium would be lower

in this subject if he sweated correspondingly less than the other subjects.

The Figures 5 through 8 show the data for each of the individual subjects for

the 4 periods of study. Enlarged graphs for each of these time periods, for the individ-

ual subjects, are presented in the tables following at the end of this section.

In Table I are presented the daily urinary creatinine excretions during the

pre-bedrest period for the four subjects. These data are presented to show the day-to-
day variation that might be expected in controlled experimental conditions for which
accurate 24 hour urines were collected and analyzed in triplicate. The data for these'

four subjects gave a mean of 1.885 gm/day with a 99% confidence limit of 1.820 to

1.951 gm/day, and a coefficient of variability of 14.7% .



Day

TABLEI

Daily Urinary Creafinine Excretion
During the Pre-BedrestPeriod

(gramsper 24 hours)

Subject Subject Subject Subject
P Q T S

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

1.648
2.128
2. 022
1. 824

1 890

1 943

1 755

1 932
2 241

1 802

1 956

1.903
1.944

1. 882

2. 044

1. 733
2.402

1 942

1 931
2 295

2 082

1 788
2 587

2 070

I .859

2. 164
2. 298

I. 937

2.258

I
I
2

I

I

599

866

O4O
722

942

1 924

1 624

1.702
1.279

1.831

2.041

1.938
1.550

2. 100
1.946

1.730

2.312
1.923

1. 828

2.216

1.987
1.778

2.466

2.037
1.822

1.998

2.366

1.808
2.400

0.946
1 714

1 510

1 652

1 132

1 744
1 643

1 597

1 678

1 500
1 644

1 635

1 552
1 592

1 888

1 605
2 120

1 678

1 406
2 256

•796

• 378

2. 277
2.147

I. 602

I. 870

I. 705
I. 752

I. 635

I. 800

2. 061

I. 980
1 762

1 764

1 962

1 688

1 786
1 478

I ,960

2 024
1 980

1 740

1 937
2.041

1.790

2.046

1.932
1.893

2. 140

2.000
1.728

2.458

1.754

1.854
2.362

1.942

1.699
2.470



Day

TABLEII

Pre-BedrestPeriodBoneDensity Data

Subject Subject
1-P 3-Q

Subject
4-T

Subject
5-S

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

2.135 2.178 1.817

2.230

2. 174 2. 165 1.934

2.234

2.166 2.218 2.174
2. 196 2.192 1 . 927

2.226
2.202 1.916

2.224
2.188 2.236 1.918

2.221
2.177 2. 255 1.922

2.173 2. 249 1.924

2.183 2.235 2.259 1.915

2.206 1.944

2.222 2.229
1.966

2.230 2.227
2.265 1.919

2. 225 2.222 2.253 1.918
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The bone density data on the same group of subjects in the pre-bedrest

period is presented in Table II, and gives an indication of the expected day-to-

day variability of bone density of normal subjects undergoing routine activities
on a controlled experimental diet. The mean value of bone density was 2.208

(aluminum wedge equivalency) and the 99% confidence limits for the data were

2.142 to 2.275, with a coefficient variability of 8.7%.

DISCUSSION

It is not the intent of this brief report to discuss the factors involved in the

determination of bone density, calcium balance, and creatlnine excretion. These
data and results are presented (a) to give an indication of the expected day-to-day

variability in bone density in normal subjects, (b) to express the day-to-day varia-
bility in urinary excretion of creatlnine of an individual, and (c) to demonstrate a

technique for the display of calcium balance data. A detailed discussion and ana-

lyses of results of this experiment have been presented in reports prepared by Dr.
Mack under NASA Grant NsG 440.
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