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The loss of bone during spaceflight is considered a physiologi-
cal obstacle for the exploration of other planets. This report of
calcium metabolism before, during, and after long-duration
spaceflight extends results from Skylab missions in the
1970s. Biochemical and endocrine indexes of calcium and
bone metabolism were measured together with calcium ab-
sorption, excretion, and bone turnover using stable isotopes.
Studies were conducted before, during, and after flight in
three male subjects. Subjects varied in physical activity, yet
all lost weight during flight. During flight, calcium intake and
absorption decreased up to 50%, urinary calcium excretion
increased up to 50%, and bone resorption (determined by
kinetics or bone markers) increased by over 50%. Osteocalcin
and bone-specific alkaline phosphatase, markers of bone
formation, increased after flight. Subjects lost ~250 mg bone
calcium per day during flight and regained bone calcium at a
slower rate of ~100 mg/day for up to 3 mo after landing.
Further studies are required to determine the time course of
changes in calcium homeostasis during flight to develop and
assess countermeasures against flight-induced bone loss.

weightlessness; calcium absorption; mathematical modeling;
stable isotope; microgravity

THE EFFECT OF near weightlessness on the human
skeletal system is one of the most critical concerns in
safely extending space missions. Bone tissue is lost
during flight as a result of skeletal unloading (14, 21,
27), thereby increasing calcium excretion in the urine
(27, 34). The subsequent bone loss and increased risk of
renal stone formation during and after flight (35) are
significant.

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

Few in-flight studies of bone loss have been possible,
and the most comprehensive were conducted almost 25
years ago during the Skylab missions (34). The Skylab
flights lasted up to 84 days and documented negative
calcium balance based on intake and excretion data of
up to 300 mg/day (10). Bone resorption markers were
significantly elevated during these long-duration flights
compared with preflight levels (29). In-flight and ground-
based studies (using bed rest as an analog of weightless-
ness) have shown that the loss of calcium from bones is
variable between sites within a subject and that the
degree of loss varies between subjects (12, 14). Counter-
measures, including exercise, increased calcium in-
take, vitamin D supplementation, exposure to ultravio-
let light, and administration of bisphosphonates have
not, to date, proven effective in counteracting the loss of
bone calcium during spaceflight or bed rest (13, 16, 17).

Insight into the mechanisms of flight-induced bone
loss comes from the study of factors known to regulate
bone and calcium homeostasis; key among these factors
are parathyroid hormone, osteocalcin, calcitonin, bone-
specific alkaline phosphatase, and vitamin D. Together,
these factors regulate calcium homeostasis through
modulation of the processes of intestinal calcium absorp-
tion, bone calcium deposition and resorption, and renal
calcium excretion. Each of these processes may be
measured through the use of kinetic studies using
calcium isotope tracers (20).

Recently, flights to the Russian Space Station Mir
have provided opportunities to examine bone loss dur-
ing and after extended-duration flights. The aim of the
studies reported here was to measure changes in
calcium and bone metabolism during spaceflight and to
assess the rates of recovery by comparing endocrine
and Kkinetic changes before, during, and after a 115-day
stay on board the Mir Space Station. The studies in
three subjects provide preliminary data for exploring
the underlying mechanisms of bone loss and examining
individual differences in response to spaceflight.

SUBJECTS AND METHODS

These studies were conducted on crew members of the Mir
18 mission, which was part of the joint United States and
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R2 CALCIUM KINETICS DURING SPACEFLIGHT

Russian Shuttle/Mir Science Program. This mission included
their launch on board a Russian vehicle, transfer to the Mir
Space Station, and return to Earth on board the Space
Shuttle Atlantis. The entire flight duration was 115 days.

Subjects

Subjects were three males: two cosmonauts and one astro-
naut (47 = 12 yr of age, mean = SD, 77.9 = 7.2 kg body wt).
Two subjects had previous spaceflight experience, and all
were required to pass an Air Force Class 111 physical for flight
clearance. These studies were reviewed by the Johnson Space
Center Institutional Review Board and the Russian Academy
of Science Bioethics Review Committee. Subjects provided
informed consent before participation.

Study Design

Each subject was studied eight times: preflight (3 times), in
flight (2 times), and postflight (3 times). Preflight studies
were conducted at ~5, 2, and 1 mo before launch (designated
L—-151, L-61, and L—36 days). The L—151 session was
completed in Houston; the other two were completed in Star
City, Russia. In-flight studies were conducted after 2wk and 3
mo of weightlessness (designated flight day 14, or FD14, and
FD110). Postflight studies were performed within 3—-4 h of
landing (return + 0 days, designated R+0) at the Kennedy
Space Center in Florida, and at 9 days (R+9) and 3 mo after
landing in Houston, although the last study was completed in
Russia for the two cosmonauts. The last postflight study is
designated R>75, as this was performed at R+75 for the two
cosmonauts, and R+ 115 for the astronaut.

During each study, blood and urine were sampled for
endocrine and biochemical measurements, dietary intake
was recorded, and Kinetic studies were performed over 5 days.
Kinetic studies were conducted only once in flight (FD110),
during the final phase of the mission on board the Space
Shuttle Atlantis. Body mass was determined in flight using
the Mir body mass measuring device.

Sample Collection

Blood samples were collected by standard phlebotomy
techniques into evacuated serum separator collection tubes.
With the exception of samples collected on the day of landing,
all blood samples were collected in the morning after an 8-h
fast.

Ground-based urine voids were collected into single-void
urine containers (Cole-Palmer, Niles, IL). Samples were
stored with ice packs or refrigerated until processing within
24 h of collection. Aliquots were prepared for individual
analysis and stored frozen at —80°C until analysis.

In-flight urine voids were collected into urine collection
devices containing 1 ml of a LiCl solution as a volume marker.
Samples were mixed, syringe aliquots were obtained, and
aliquots were frozen until return to Earth. Postflight, these
samples were analyzed for lithium concentration to deter-
mine void volume. Twenty-four-hour pools were created from
the individual voids for applicable analyses.

Saliva samples were collected onto dried dental cotton rolls
using Salivettes (Sarstedt, Newton, NC). Fecal samples (pre-
and postflight only) were collected into preweighed individual
fecal collection containers (Sage Products, Crystal Lake, IL)
and frozen until analysis.

Biochemical Analyses

Total calcium was measured in serum using spectrophoto-
metric (Beckman CX5, Beckman Instruments, Anaheim, CA)

techniques. lonized calcium was determined using ion-
sensitive electrode (i-STAT, Princeton, NJ) techniques. This
instrument was previously verified for use on the ground and
during spaceflight (28).

Urinary and salivary total calcium were measured with a
Perkin-Elmer 4000 atomic absorption spectrophotometer (Per-
kin-Elmer, Norwalk, MA). Fecal total calcium content was
determined by flame atomic absorption spectrophotometry
with a Smith-Hieftje 4000 (Thermo Jarrell Ash, Franklin,
MA). Fecal polyethylene glycol content was determined spec-
trophotometrically.

Serum osteocalcin (Biomedical Technologies, Stoughton,
MA), calcitonin (Nichols Institute, San Juan Capistrano, CA),
and intact parathyroid hormone (Nichols Institute) were
measured by radioimmunoassay. Vitamin D metabolites were
also determined using commercially available kits (Diasorin,
Stillwater, MN). Bone-specific alkaline phosphatase was mea-
sured by ELISA (Metra Biosystems, Palo Alto, CA).

Urinary pyridinium crosslinks were analyzed with the
Pyrilinks kit (Metra Biosystems). This ELISA assay detects
pyridinium crosslinks (i.e., both pyridinoline and deoxypyridi-
noline) in urine. Deoxypyridinoline was analyzed with the
Pyrilinks-D kit (Metra Biosystems). n-Telopeptide concentra-
tions in urine were determined with the Osteomark ELISA
kit (Ostex International, Seattle, WA), which specifically
detects the n-telopeptide region of bone collagen in human
urine. Coefficients of variation for the low-level control for
pyridinium crosslinks, deoxypyridinoline, and n-telopeptide
were 11.4, 8.6, and 10.2%, respectively; the high-level control
yielded coefficients of variation of 11.2, 9.9, and 9.9%, respec-
tively.

Dietary Intake

During pre- and postflight studies, dietary intake was
determined by providing weighed meals to the crew members
for 5 days beginning with the day of tracer administration.
The Research Dietitian (BLR) met with the crews to train
them on recording intake of any additional items. Crew
members were also asked to record any medications or
dietary supplements taken. The dietitian met with the crew
after data collection sessions to review records and verify
information. In-flight intake of food and fluids were recorded
by means of a bar code reader, which logs information
regarding subject identification, time and date of entry, and
quantity of each item consumed. Five days of dietary monitor-
ing were completed in flight, beginning with the day of tracer
administration.

Preflight and postflight dietary intake data were analyzed
using the Minnesota Nutrition Data System software, devel-
oped by the Nutrition Coordinating Center, University of
Minnesota, Minneapolis, MN (Food Database version 2.8;
Nutrient Database version 2.8) (26). In-flight intakes were
analyzed using the database created from the chemical
analysis of space foods performed by the National Aeronau-
tics and Space Administration Johnson Space Center Water
and Food Analytical Laboratory.

Tracer Kinetics Studies

Oral doses of calcium (160 pg Ca, ~84% 43Ca enriched;
Oakridge National Laboratories, Oakridge, TN) were deliv-
ered in 2 ml 0.006 N HCI. Intravenous doses (25 pg Ca, ~30%
46Ca enriched; Oakridge National Laboratories) were deliv-
ered in 1 ml of sterile injectable 0.16 M sodium lactate.
Preparation of these doses was described previously (30).
Tracers were packaged for use in weightlessness, and identi-
cal syringes were used for both ground and flight studies.
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