not expected to affect critically calculated O,
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mean meridional circulation data [J. F. Louis,
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12. P. J. Crutzen, paper presented at the 16th Inter-
national Union of Geodesy and Geophysics
General Assembly, Grenoble, France, 25 Au-
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226 was excluded because of a small sample
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tions were made for day 244 (1 September 1972).

14. The observations may be an underestimate of
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craft pitch errors show positive biases increas-
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O, content appears to increase above 1.1 mbar
at 8 days and above 1.3 mbar at 19 days.

15. The O; content above 1 mbar exhibited a per-
turbation which disappeared a few days after the
event, in accordance with a short photochemical
removal time for an HO,, deposition.

16. The National Center for Atmospheric Research
is sponsored by the National Science Founda-
tion.

* On leave from the Department of Meteorology,
University of Stockholm, Stockholm, Sweden.

19 July 1976; revised 27 June 1977

Venous Gas Bubbles: Production by Transient, Deep

Isobaric Counterdiffusion of Helium Against Nitrogen

Abstract. When awake goats were subjected to isobaric gas switching from satura-
tion (17 hours) on 4.7 atmospheres of nitrogen (0.3 atmosphere of oxygen) to 4.7
atmospheres of helium (0.3 atmosphere of oxygen), bubbles detected by 5-megahertz
Doppler ultrasound in the posterior vena cava 20 to 60 minutes after the switch con-
tinued for 4 hours. Similar experiments carried out at 6.7 atmospheres of inert gas
and 0.3 atmosphere of oxygen produced more bubbles for as long as 12 hours after
the gas switch. This is believed to be the first objective demonstration of the phenom-
enon of deep isobaric supersaturation under transient operational diving conditions
at relatively shallow diving depths. Detection of bubbles by Doppler ultrasound con-
firms the potential importance of the phenomenon to shallow saturation diving and
holds promise for better quantification of its effects as well as those of its counter-
part, isobaric undersaturation, which can confer a decompression advantage.

Isobaric supersaturation (I, 2) and the
resulting production of cutaneous and
deep-tissue bubbles by counterdiffusion
at constant pressure of two or more
gases with unequal permeation rates has
been identified in man (/, 2) and demon-
strated in animals (3-5) both in vitro and
in vivo (6); it is generally considered to
explain certain abnormalities that can be
encountered in relatively deep (greater
than 100 m) saturation diving (6). Two in-
terrelated forms have been distin-
guished: (i) ‘‘superficial isobaric counter-
diffusion”’ through skin and other tissues
in direct contact with the ambient atmo-
sphere, and (ii) ‘‘deep isobaric counter-
diffusion’’ between tissue fluids and ca-
pillary circulation (6). Each is capable of
supersaturating tissue, and the superfi-
cial form has been shown to produce not
only gas lesions in man (7), but also con-
tinuous gas embolism in animals (3-5)
under steady-state conditions. However,
the probability of risk from the phenome-
non in ‘‘deep’’ tissues in shallow-water
diving involving transient gas switching
rather than steady-state experimental sit-
uations is not known (8).

We now report the in vivo production
of bubbles detected with Doppler ul-
trasound (9) in awake goats after a rapid
isobaric switch of the inert gas in the
chamber from nitrogen to helium at 40.2
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m (132 feet) and 60.35 m (198 feet) of sea-
water (7 atm absolute) (all measures are
expressed in terms of meters of seawa-
ter). These are the shallowest depths at
which this phenomenon has been dem-
onstrated. Further, the fact that it was
produced by transient rather than
steady-state conditions is of both practi-
cal and theoretical importance to the
physiology and medicine of diving, par-
ticularly in reference to projected sub-
marine rescue procedures requiring suc-
cessive exposure to different inert gas at-
mospheres at these pressures.

Use of continuous-wave Doppler ul-
trasound for detection of vascular bub-
bles has become an accepted technique
in hyperbaric physiology; the system and
counter in use in our laboratory are theo-
retically capable of detecting bubbles 1
um in diameter and have been experi-
mentally demonstrated to detect 10-um
bubbles (9).

Eight adult goats weighing between 40
and 70 kg had Doppler ultrasonic trans-
ducer cuffs surgically implanted around
the posterior vena cava (9). Animals
were exposed in pairs to one of two dif-
ferent regimens. The first consisted of
saturation to 40.2 m of seawater in nor-
moxic nitrogen. Compression was at the
rate of approximately 4.6 m/min, varied
slightly as required to minimize noise-in-

duced anxiety in the animals. The ani-
mals were held for 17 hours at 40.2 m at
an O, pressure of 0.3 atm [the remainder
was N, (CO, less than 0.09 percent)], af-
ter which it was assumed that saturation
was virtually complete.

Isobaric gas flushing of the N,-O, envi-
ronment with He-O, was accomplished
within 5 minutes at a flow rate of approx-
imately 17 m?min [600 standard cubic
feet per minute (SCFM)] for the 40.2-m
dives, and 19.8 m®min (700 SCFM) for
the 60.35-m dives. After the gas ex-
change, the residual chamber N, per-
centage varied from 0.3 to 5 percent as a
maximum. These kinetics allow mathe-
matical treatment of the gas switch as es-
sentially a step function for all but the
fastest tissues.

Ultrasonic Doppler monitoring and re-
cording of bubble signals began 5 min-
utes before switching gases and contin-
ued for the duration of the isobaric phase
of the dive and at regular intervals during
the subsequent decompression. The
earliest bubbles were detected 20 min-
utes after the first 40.2-m gas switch and
continued to be detected in varying num-
bers for 4 hours. Two more 40.2-m dives
were carried out with very few bubbles
detected both in the same two animals
and in another pair (/0). The isobaric
switch from saturation at 60.35 m pro-
duced bubbles in every case, which sug-
gests that a threshold may exist near 40.2
m for isobaric bubble formation. After
the switch from the 60.35-m saturation,
bubbles were detected as early as 30
minutes, lasted several hours, and were
detected for as long as 10 or 11 hours un-
der isobaric conditions. No serious skin
lesions were observed in this study;
however, it is not possible to exclude
such results because of the greater diffi-
culty in perceiving skin discoloration in
these animals.

Figure 1 shows a combined plot of
Doppler bubble signal counts after an
isobaric gas switch at 60.35 m and calcu-
lated curves showing the fractional satu-
ration of N, and He and the total super-
saturation ratio (N, + He) (Fig. 1A) and
the total excess inert gas concentration
after the isobaric switch for three pairs of
N, + He half-times, corresponding to
13 + 5,93 + 41, and 139 + 63 minutes,
respectively (Fig. 1B) (I1). The long pe-
riod over which bubble signals were
heard is striking. This immediately iden-
tifies bubbles with the so-called ‘‘slow-
er’” tissues. Although the approximately
unimodal distribution of bubbles with
time (Fig. 1A) may suggest the impor-
tance of a particular half-time (/2), other
experiments show either fairly constant
rates of bubble production or bimodal
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Fig. 1. (A) Bubble counts (right-hand ordinate) plotted against time (in hours and minutes) with
calculated gas saturation and total supersaturation plotted on the same time scale. Only inert
gases He and N, have been included in the computation; thus the initial fractional saturation is
less than 1.0 (0.956) at time zero. Values for Ny (------- ), He (- - —-), and total gas tension (——)
are plotted for the 13 + 5, 93 + 41, and 139 + 63 N, + He pairs of half-times. At every point in
time, total gas tension is the sum of the He and N, fractional saturations. (B) Excess gas con-
centration [the excess volume of gas (microliters per milliliter at standard temperature and
pressure)] dissolved in the tissue as a result of supersaturation. The maximum gas concen-
tration precedes the maximum supersaturation by approximately 30 minutes in the 93 + 41
tissue pair; similar results were seen for the other tissue pairs.

and trimodal counts with time for ap-
proximately the same time period. Spec-
ulation as to the precise tissue half-times
associated with bubbles, therefore, can-
not yet be supported by our results; rath-
er, the time of first appearance and the
total duration of bubble signals under
isobaric conditions are more reliable cri-
teria with which to establish critical su-
persaturations and critical tissue half-
times. This time ranged between 20 and
60 minutes for the goat, although an
identical experiment on a pig showed a
much greater latency (/3).

A second consideration refers to the
theoretical curves of supersaturation and
gas concentration with time. Because of
the different gas fractions composing the
supersaturation ratios, the maximum ex-
cess gas concentration (calculated from
Henry’s law and an assumed average tis-
sue composition of 15 percent fat), does
not coincide with the time of maximum
supersaturation for the slower tissues;
the greatest discrepancy of this sort is
shown for the tissue pair at 93 + 41 min-
utes (/2), for which the calculated maxi-
mum excess inert gas concentration oc-
curred 70 minutes after the gas switch,
and the highest supersaturation ratio oc-
curred after 90 minutes. Also, the most
extreme supersaturation and the greatest
excess gas concentration occurs rapidly
but briefly in the fastest tissues, whereas

890

the slower tissues exhibit less extreme
values for a longer period.

In interpreting Fig. 1, it is essential to
understand the arbitrary nature of tissue
gas-tension calculations. It is accepted
(14-18) that He saturates and desaturates
the body faster than N,. This result is re-
lated to its more rapid aqueous as well as
gaseous diffusion (/19). However, be-
cause the multiexponential parallel-com-
partment model (/6, 20) has been used in
our calculations, we have arbitrarily
paired He and N, half-times that we must
then assume refer to the same actual tis-
sue elements. This assumption itself con-
tradicts part of the rationale supporting
use of a multiple parallel-compartment
model, since the latter overcomes the
lack of physiological reality by having a
spectrum of half-times known to span a
realistic physiological range of rates (/6,
20). With two gases, however, there is
no way to decide which He half-time is
best applied to which N, half-time. On
the other hand, the use of a constant ra-
tio of permeation rates for N, and He for
every half-time is obviously an over-
simplification because He diffuses faster,
is less soluble, and has a lower fat-water
partition coefficient than N, (I8). We
have used the pairing shown in Fig. 1 on-
ly because it is consistent, has been used
in our operational decompression model
(11, 12), and demonstrates the kinds of

relationships that must be examined in
these situations. Green (7) and Harvey
and Lambertsen (21) have presented the-
oretical treatments concerning expected
maximum supersaturation as a function
of the N, + He diffusion ratios and the
potential problem in operational diving.

Calculations made from accepted
models for He and N, predict super-
saturation in all perfused or ‘‘deep’’ tis-
sues produced by isobaric counter-
diffusion, without decompression (Fig.
1). These predictions are confirmed by
the presence of gas bubbles detected by
Doppler ultrasound. The demonstration
of this phenomenon in large animals sug-
gests its importance to human divers at
relatively shallow depths. Reversing the
direction of the gas switch (that is, from
He and O, to N, and O,) should provide
undersaturation and therefore a decom-
pression advantage (/1, 18).

An attractive alternative diffusion-de-
pendent model has been described by
Tepper (23), which can account for high-
er supersaturation ratios than the sum-
ming approach described above and used
by Green (7) and Harvey and Lambert-
sen (27). Deciding on the most useful
model will be facilitated by the judicious
use of gases of diverse physical proper-
ties in counter studies in vivo, such as
those described above, as well as in vi-
tro. The prediction of the diffusion model
of Tepper (23) more accurately corre-
sponded to the actual depths at which
human symptoms have been encoun-
tered.

Two of us (C.A.H. and W.L.H.) per-
formed identical gas-switching studies
with human volunteers at 3 and 4 atm
absolute; we saw no effects at 3 atm
absolute, but at 4 atm absolute we
observed and photographed the produc-
tion of urticaria and blotchy subcu-
taneous skin lesions similar to those re-
ported by Blenkarn et al. (2) and Lam-
bertsen et al. (I). These subjects were
monitored by ultrasonic Doppler probes
placed over the pulmonary artery, but no
bubbles were detected. One probable
limb bend was observed and successfully
treated by pressurizing with He and O, at
an additional atm of pressure. This addi-
tional 25 percent increase in pressure,
while relieving the limb bend (a ‘‘deep”’
tissue incident) exacerbated the urticaria
and subcutaneous lesions. Procedures
therefore should take into account the
sum of the inert gas tensions as well as
the total excess gas present; as stressed
by Buhlman (/8), decompressions can be
either helped by appropriate or hindered
by inappropriate inert gas sequencing.
More important, we now have an appro-
priate technique for testing critical con-
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cepts such as deep-tissue half-times (/4),
diffusion versus perfusion limitations,
gas-induced fluid shifts (24), preexisting
gas micronuclei 2/, 22), and appropriate
ascent criteria in a way that is insensitive
to the experimental difficulty inherent in
decompression.
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Carbon-13/Carbon-12 Ratio Is Relatively Uniform Among Honeys

Abstract. The variability of the carbon-13/carbon-12 ratio in honeys was evaluated
preliminary to use of the ratio to detect the addition of high-fructose corn syrup to
honey. Eighty-four honey samples representing 34 states and including 37 floral
types from 17 plant families were analyzed. The mean value of the per mil increment
in carbon-13 (8'C) for all samples is —25.2 per mil, and the coefficient of variation is
3.7 percent. This is the smallest variation yet encountered for a honey constituent or
physical property. The range and magnitude of the values suggest that the floral

sources are Cs plants.

We have undertaken to develop meth-
ods to detect the undeclared addition to
honey of high-fructose corn syrup
(HFCS), a new, highly refined syrup now
produced in large quantity (/). Its simi-
larity to honey in major components and
in minor oligosaccharides and the great
variability of the composition of honey
make most approaches unfruitful.

When inorganic carbon is converted to
living matter during photosynthesis, an
isotope effect produces differences in the
BC/2C ratios among the various reser-
voirs of the carbon cycle (2). The organic
compounds of cells invariably have a
slightly lower *C/*2C ratio than the car-
bon dioxide and carbonate of the envi-
ronment. Isotope variations among these
reservoirs result from differences in
chemical and physical properties of
molecules containing different isotopic
species 3).

In surveys of many plant families,

Bender (¢) and Smith and Epstein (5)
demonstrated large differences in §C
values (6) among plants. Bender, in ana-
lyzing the family Gramineae, found that
plants that initially fix carbon dioxide via
the C, dicarboxylic acid pathway have
813C values in the range —10 to —20 per
mil and those which follow only the C,
cycle have 8'°C values of —22 to —33 per
mil. Thus C; plants fractionate atmo-
spheric carbon dioxide to a greater ex-
tent than do C, plants. Families that
show crassulacean acid metabolism also
have many examples of high §'3C values.
Smith and Epstein looked at many plant
families and found several to be high in
BC content (8*C range, —5.6 to —18.6
per mil), while those lower in *C content
(®3C range, —23.2 to —34.3 per mil)
comprise the bulk of the plant kingdom,
lacking the C, pathway of carbon dioxide
fixation.

" Smith and Epstein (5) suggested that
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