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J. Appl. Physiol. 61(4): 1534-1545, 1986.-Human decompres- 
sion sickness is presumed to result from excess inert gas in the 
body when ambient pressure is reduced. Although the most 
common symptom is pain in the skeletal joints, no direct study 
of nitrogen exchange in this region has been undertaken. For 
this study, nitrogen tagged with radioactive 13N was prepared 
in a linear accelerator. Nine human subjects rebreathed this 
gas from a closed circuit for 30 min, then completed a 40- to 
100-min washout period breathing room air. The isotope I3N 
was monitored continuously in the subject's knee during the 
entire period using positron detectors. After correction for 
isotope decay (half-life = 9.96 min), the concentration in most 
knees continued to rise for at least 30 min into the washout 
period. Various causes of this unexpected result are discussed, 
the most likely of which is an extensive redistribution of gas 
within avascular knee tissues. 

inert gas kinetics; tracer; decompression sickness; nitrogen 
isotope; positron emission 

HUMAN DECOMPRESSION SICKNESS (DCS) is presumed 
to follow a supersaturation of inert gas and formation of 
bubbles that occurs when the rate of pressure reduction 
is too fast compared with the rate of gas elimination. 
Experimentally derived gas kinetics have not been avail- 
able. Symptoms of DCS can occur in many organ sys- 
tems, but the most common presentation is pain in the 
skeletal joints. The knee is the primary focus of pain in 
approximately 30% of deep-sea divers presenting symp- 
toms of DCS. Indirect evidence from numerous studies 
in decompressed aviators supports a local source for this 
pain (20). This suggests that  the knee may be peculiar 
in its gas exchange. 

the shoulder joints and knees (31). Others (27) have 
shown skeletal retention of xenon for several days. When 
radioactive argon is formed in bone mineral by activation 
of calcium, the excretion rate isvery prolonged (2). Direct 
injection of xenon into the knee is followed by redistri- 
bution of the isotope through several nearby tissues (24) 
and an  overall slow rate of excretion (26). Inert gases 
exchange slowly in human knees. 

Isotopes of the inert gases normally used for diving, 
nitrogen and helium, are not commonly available. There 
is no usable isotope of helium and all radioisotopes of 
nitrogen are short lived. The most promising, positron- 
emitting I3N, must be studied at  the site of production 
because i t  decays a t  a half-lice of 9.96 min. Apparently, 
this isotope has not been used to study nonpulmonary 
tissues, but its use in decompression studies was sug- 
gested by West (33). 

This work was designed to obtain quantitative mea- 
sures of nitrogen exchange rates in human knees using a 
radiotagged nitrogen tracer. Data would be used to eval- 
uate physiological models of gas exchange and provide a 
data base for decompression calculations. The results, 
however, were unexpected, indicating a rise in knee ni- 
trogen concentration for more than l h after a change in 
inspired gas gradient. The best explanation is a signifi- 
cant flux of gas into a local sink that coincides with the 
most sensitive area for detection with the specific instru- 
mentation employed. 

METHODS 

Experimental. Each subject inspired a normoxic gas 
with radioactive 13N2 for 30 min and room air for a 1.5- 
h washout period thereafter. Isotope activity was moni- 
tored by two detectors: one of 13 cm diam and the other 

Nitrogen gas &change in organs was studied directly 
by Campbell and Hill (5) in the early part of this century 

0 and more recently by Thomas et  al. (28). Most studies 
& since then have concerned centrally sampled gas (venous 
2 blood or expired air), which cannot be used to infer 
6 kinetic behavior of any specific organ (1). Insight into 
0 partially localized gas exchange may be achieved using 

inhaled radioisotopes and external detection. Several 
animal studies performed with '33Xe were directed to- 
ward the entire animal or the joints in particular. The 
'33Xe isotope was also used in many human studies of 
local blood flow, especially within'the brain and skeletal 
muscle. Our survey in dogs with a large-field gamma 
detector showed an unusually slow exchange of 133Xe in 
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a 40-cm-diam positron camera. In experiments 1-7 the 
small detector was aligned over the left knee and the 
camera over the upper extremeties. In experiments 8 and 
9, the camera was over the knee and the small detector 
on an inspiratory section of the rebreathing circuit. De- 
tails of isotope production and detection are in APPENDIX 
1. 

The  breathing circuit is shown in Fig. 1. After produc- 
tion, the I3N2 was analyzed for ozone (< 0.1 ppm) and 
NO2 ( t 2  ppm). Then about 50 liters of the I3N2 were 
mixed with pure O2 to reach a final concentration of 20.8 
f 0.2% 02. The N2-02 mixture was kept in a 100-liter 
gas bag behind a 1-cm lead shield to minimize personnel 
exposure and camera overload. The bag was connected 
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FIG. 1. Experimental apparatus. See text for details. 

to a rebreathing circuit consisting of 12 m of 4-cm-ID 
tubing, low-resistance valves, a C02 scrubber, and a 
mouthpiece. Gas was pumped continuously from top to 
bottom of the gas bag a t  8 l/min to enhance mixing. 
Supplemental experiments using two inert gases and a 
mass spectrometer showed that the gas concentration in 
the rebreathing circuit would reach about 85% of steady 
state within 1 min of the start of an experiment. Before 
and during rebreathing, O2 was monitored with a polar- 
ographic electrode (Beckman OM-11). Fresh O2 was 
added through a manually adjusted needle valve to main- 
tain the circuit between 0.2 and 0.4% O2 of the starting 
value. No breathing resistance was reported by any of 
the subjects. 

Each subject took three rapid, deep breaths at both 
the start and finish of rebreathing to expedite mixing in 
the circuit and the lungs. Those breaths were comparable 
with the volume of tubing in the rebreathing circuit. The 
study was designed to measure 13N2 kinetics during a 30- 
min uptake phase of constant inspired concentration of 
13N2 and a washout phase of up to 105 min of breathing 
room air (Fig. 2). This time interval was considered the 
maximum possible study time because it covered 13 half- 
lives of 13N. After such a time, the count rate was 2-13 of 
the original or a reduction by a factor of well over 1,000. 
Durations of experiments varied 80-135 min before de- 
tectors reached essentially background levels of radia- 
tion. Counting intervals ranged from 0.5-5 min, depend- 
ing on the count rate. After the 30-min rebreathing 
period, the subject breathed room air through a vslve 
near the mouthpiece, and expired gases were vented 
outside. Subjects remained motionless throughout the 
study period and were covered with a blanket that  kept 
them comfortably warm. 

Nine male volunteers served as subjects after providing 
informed consent (Table 1). Subjects in experiments 1 - 
6, 8, and 9 were experienced deep-sea divers; only the 
subject in experiment 7 was a smoker. By the operation 

of the LINAC a t  maximum power and steady state, a 
specific activity of 1.7 mCi/l of radioactive nitrogen was 
produced. Before each experiment, radiological decay and 
dilution in the circuit and the subject’s lungs reduced the 
initial inhaled specific activity to a maximum of 0.2-0.3 
mCi/l. The calculated internal radiation dose was 350- 
450 mrad to the lungs and half of that range to the 
trachea. Doses for other internal organs from local pos- 
itron annihilation and from gamma radiation in the lung 
gas were estimated at under 10 mrad. External dosime- 
ters provided readings consistent with this estimate. 

Data analysis. The dominant feature of the raw data 
was the 13N radiological decay rate as illustrated with a 
hypothetical example in Fig. 2. The desired inspiratory 
profile was a square wave of 30 min duration (solid trace 
a t  top). By decay alone, emissions from a sealed container 
of 13N2 would be recorded as the decreasing trend of 
triangles. In the absence of radioisotope decay, tissue 13N 
concentrations would be expected to show a gradual rise 
and fall like the dotted line. Radiological decay would 
make the detected signal follow the time course indicated 
by squares. These two curves were produced by multiply- 
ing each expected curve by an exponential decay function 
with a 9.96-min half-life. The rate of biological uptake 
in the tissue could be equaled and then exceeded by decay 
even before the end of 13N inspiration (about 15 min in 
the example shown), producing an apparent maximum 
signal early in the experiment. 

Decay became progressively important during the lat- 
ter experimental period. Data collection continued until 
the count rates were near the background level (-1 cpm). 
At that point the reduction of activity was more than 
1,000 times. Interpretation of data relied critically upon 
accurate correction for decay and background, especially 
in the latter phases. The usual treatment was to subtract 
background from raw count rate, then multiply by a 
decay correction term: exp [+ln ( 2 )  x t,/9.96], where t, 
is the appropriate mean time of the sample period. The 
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TABLE 1. Subject information 

Exp No. Age, yr Ht, cm Wt, kg 

1 35 165 65 
2 24 155 79 
3 28 191 82 
4 26 173 71 
5 28 180 68 
6 39 182 90 
7 31 180 84 
8 41 183 92 
9 35 183 100 

decay correction, therefore, increased the measured 13N 
activity to the value that would have been recorded if the 
isotope had not decayed. For short counting times, t ,  
was essentially the midpoint of the counting interval, 
but longer times required a slight correction as shown in 
APPENDIX 2. Poisson counting errors (SD = square root 
of the total counts recorded in a given interval) were 
multiplied by the same decay correction term. To allGw 
smoother plotting of the data in subsequent figures at 
times of low count rate, successive counts were combined 
to yield a statistically useful number of total counts 
(usually 50) in the extended time interval. 

RESULTS 

Figure 3 shows the degree of O2 and 13N control 
achieved during the 30-min rebreathing period of exper- 
iment 8. The closed circuit maintained an 0, concentra- 
tion of 20.8-21.0% during the entire period (upper trace). 
Similar O2 control was achieved in all other experiments. 
The square symbols of Fig. 3 plot the raw counts of 
radiation recorded over a section of inspiratory hose. 
Some lag is seen in the first (1 min) point, but a smooth 
exponential fall is apparent thereafter. Decay correction 
of the hose activity is also plotted in Fig. 3. The decay- 
corrected 13N concentration had a coefficient of variation 
of about 4%. The variation probably reflects slight leak- 
age, uptake of the isotope into body tissues, and slight 
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FIG.  2. Hypothetical data expected 
from experimental design. 13Nz mix was 
to be inspired at constant (decay-cor- 
rected) concentration for 30 rnin and 
recorded over numerous tissues for that 
period and a washout period. Radiologi- 
cal decay was expectedto alter the curves 
by an exponential decay with a half-life 
of 9.96 min. 

dissolving of N, in the water condensed throughout the 
rebreathing apparatus. The data of experiment 9 are 
similar. These inspired 13N measurements were not per- 
formed in experiments 1-7, but all experiments followed 
the same gas mixing and inspiration protocol. 

Raw data from the knee detectors in experiment 2 are 
plotted in the upper panel of Fig. 4. All other experiments 
yielded the same general appearance. Counts increased 
for 10-15 min to a peak and decreased rapidly thereafter. 
No break in the data curves was apparent a t  the 30-min 
point when the gas mixture was changed from the I3N 
mixture to room air. The decay correction can be illus- 
trated with data drawn from Fig. 4. Between 104.0 and 
106.0 min, 196 counts were recorded from the knee. The 
raw activity was thus 98.0 cpm reported a t  a mean time 
of 105.0 min. (The formula in APPENDIX 2 shows only a 
slight error was involved when choosing the midpoint.) 
The approximate (+SD) uncertainty was 14 counts or 
7.0 cpm. A 19-min background check performed lesa than 
1 h later with this detector yielded three counts in 19 
min for a rate of 0.16 +- 0.09 (SD) cpm. The net 13N knee 
activity was thus 97.8 cpm with a combined uncertainty 
of 7.1 cpm, assuming the independence of the data and 
background measurements. Decay correction back to the 
start of the experiment for t ,  = 105.0 rnin was expt0.693 
x 105.0/9.96] = 1,489, so the corrected knee activity 
reported was (1.46 k 0.10) x lo5 (SD) cpm at 105.0 min. 
In this example, deliberately chosen to be extreme, the 
strong decay correction still allowed a useful precision, 
even though the measurement was made more than 1 h 
into the washout period. 

Performing the same type of background and decay 
correction for all the data of experiment 2 yielded the 
curve shown in the lower panel of Fig. 4. For this and 
Fig. 5, two SD error bounds were plotted. The initial rise 
in activity continued throughout the measurement pe- 
riod, even more than l h after the end of 13N breathing. 
The uncertainty due to strong decay correction increased 
continuously until the signal-to-background ratio made 
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the data unusable beyond approximately 115 min. Nev- 
ertheless, the relentless rise in corrected 13N2 activity 
during most of the experiment was much greater than 
experimental counting error. 

Decay- and background-corrected data for all other 
experiments are shown in Fig. 5. The background ranged 
from 0 to 12 counts in 10 min for experiments 1-7, and 
a single average background of 0.28 cpm was used. The 
larger detectors (with less lead shielding) used in exper- 
iments 8 and 9 resulted in a background of 4 cpm. 
Nevertheless, the greater signal-to-background ratio al- 
lowed those experiments to continue beyond 2 h. Com- 
parison of absolute count rate among subjects was not 
warranted because of variations in amount of 13N2 pro- 
duced, differences in detector tuning, subject size, and 
exact location of the knee in the detector field. With the 
possible exceptions of experiments 4 and 7, all subjects’ 
knees showed an unmistakable rise in 13N2 act,ivity after 
the subjects stopped breathing 13N2. 

The original intent to compare these knee data with 
exchange in upper body sites recorded by the large posi- 
tron camera has been frustrated by data analysis prob- 
lems. An example is shown in Fig. 6. These are decay- 
and background-corrected activity in the upper arm 
(mostly muscle) in experiment 4 .  Regional activity was 
extracted from the full camera data by the weighted 
backprojection method of Lim et al. (18) using eight 
iterations and a power of one. Nineteen time intervals of 
up to 10 min duration were independently reconstructed, 
with the midpoint of the time interval used for plotting 
in Fig. 6. Despite the substantial error bounds, the data 
behave more “normally” than the knee. Soon after the 
switch in inspired gas the activity dropped significantly 
and maintained a low level thereafter. 

Figure 6 was chosen as our best example of an ana- 
tomic area in these studies with a clearly different kinetic 
response from the knee. Other reconstructions show 
generally similar shapes: rise for 30 min, fall rapidly a t  
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FIG. 3. Inspiratory gas measure- 
ments from experiment 8. 0, (top) and 
I3N (bottom) in inspired gas monitored 
during experiment. Radioactivity mea- 
sured (squares) was subject to decay cor- 
rection (diamonds). 

25 30 35 

30 min, and weakly rise or fall thereafter with a large 
amount of apparent random changes. The error bars 
displayed in Fig. 6 are +SD counting error; the recon- 
struction must introduce some additional but currently 
unknown error. 
DISCUSSION 

The marked rise in knee 13N levels relatively long after 
the end of radioactive gas inspiration was unexpected. 
We had anticipated the possibility of very slow kinetics 
that would appear as a nearly linear rise for 30 rnin 
followed by a decrease so slight as to appear nearly 
horizontal. From Figs. 4 and 5 it is apparent that  ex- 
change is even slower, resisting the gradient for excretion 
for a t  least an hour. It is necessary to examine whether 
this result was due to a specific technical artifact, then 
to discuss mechanisms for very slow nitrogen exchange, 
and finally to postulate how the specific late rise could 
be observed. 

Technical questions. Possible technical artifacts were 
examined in detail a t  the time of the experiments and 
during the 20-mo interval between experiments 1-7 and 
8 and 9. The correct position of the inspiratory valve on 
shift to room air was verified several times, and the 
rebreathing circuit itself was vented to the outside of the 
building within 10 min of the end of rebreathing. Timers 
and energy discriminators were examined repeatedly; the 
energy discrimination circuits showed a small amount of 
drift as is common but nowhere near enough to change 
detector response by more than a few percentage points. 

The possibility of pulse pileup during the early stages 
of the experiment would have caused output to saturate 
during the run. When this occurs, gamma rays frequently 
arrive at the detector before a previous event has been 
analyzed for the proper energy; one or both events are 
then rejected. The large detector resolving time, however, 
was < lo  ps and the small detector resolution time was 1 
ps .  Thus pileup would only be significant at gamma-ray 
arrival rates of 105/s or faster. Calculations using the 
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FIG. 4. Top: raw radioactive emis- 
sions (in thousands of counts/min) from 
13N2 decay in the knee (experiment 2). 
Each trinngle is a raw count rate from a 
counting interval of 0.5-3 min. Dashed 
lines are 2 SD bounds on counting (Pois- 
son) error. Bottom: decay-corrected 
emission rate from same knee after back- 
ground and decay correction as described 
in text. Two SD error bounds were 
treated similarly. Dashed line at 30 min 
is end of 13N2 inspiration and beginning 
of washout. 
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specific conditions of experiments 1-7 show that even 
counting gamma rays that do not arrive in coincidence 
(about 60 times greater than the coincidence rate) would 
not put the knee detector in a pileup situation. In other 
performance checks with the large detector, coincidence 
rates of 6,500 counts/s were measured accurately without 
significant pileup. The danger became much smaller later 

~ i .  

in the experiment when all I3N gas sources were vented 
outside and knee events fell below 10 counts/s but con- 
tinued the decay-corrected rise. We noted that pileup 
problems did occur with the large-detector in experiments 
1-7 when upper-body exchange rates were sought. 

Gamma-ray flux from sources other than the knee 
could also yield a spuriously high count. These rays have 
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FIG. 5. Decay-corrected emis- 
sion rates (in thousands of 
counts/min) from knees in 8 other 
experiments. Raw data were sub- 
ject to background and decay cor- 
rection as described in text. Two 
SD error bounds ware treated 
similarly. Dashed line at 30 min 
is end of I3N2 inspiration and be- 
ginning of washout. One crystal 
in positron camera was inopera- 
tive during period 65-80 min in 
experiment 9. 

TIME (mln) 

to be treated as background for purposes of analysis. control experiments in which a 3-liter gas bag of 13N2 in 
Many repeated background measurements before and the approximate position of the subject's lungs was used; 
after the study gave readings far too low to seriously however, detectors with 5 cm of lead sGeld, located where 
affect the data. Of course background counts cannot, be the knee would have been, registered many orders of 
directly determined during the experiment and the magnitude lower activity than that of the bag. Extra lead 
nearby nonknee sources of radiation are a concern. In shielding around the detectors kept this effect under 
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FIG. 6. Decay and backgrouna corrected emission rate from upper 

arm in experiment 4. One SD error bound were corrected similarIy. For 
this region, background activity was well below 1 cpm. 

control. This artifact was thus avoided, but even if it had 
been present, it would have become unimportant in the 
latter phases of the experiment when the only significant 
activity in the room was in the subject's body. 

The very large decay correction required makes the 
decay rate of the gas an  important question. The treat- 
ment of isotope decay presumes all the isotope is 13N. 
Should contaminant gases be present, the data could be 
affected severely. The nitrogen for this experiment was 
purchased as a very pure gas. With the same accelerator 
and gas-handling equipment, gases containing positron 
emitting isotopes I5O and "C were irradiated on other 
occasions. These were made with the same (7, n) nuclear 
reaction but with CO, or 0, in the LINAC beam. None 
of these radioactive gases can be differentiated on the 
basis of their emitted gamma rays because all decay by 
positron annihilation and produce pairs of 511 KeV 
gamma rays identical to those from 13N decay. 

The decay rate of gas used in this study was addressed 
in several additional experiments where 13N was pro- 
duced in an identical manner but not exposed to humans. 
The gas was kept in a steel cannister or in a 20-liter gas 
bag. Activityltime records were made of the isotopic 
decay, such as those in Fig. 7. The semilog plot in this 
case is quite straight over four orders of magnitude, 
indeed up to the point where detector background was 
reached. The slope of this plot is equivalent to an isotope 
half-life that agrees with accepted values within 1-2%. 
The uncertainty in the half-life is such that a 1% error 
in half-life propagates a 7% uncertainty in corrected 
activity a t  t, = 105 min. As shown in Fig. 7, the standard 
background and decay treatment returned the 13N2 plot 
to a constant over several hours (square symbols). At- 
tempts to analyze the data of Fig. 7 to extract a second 
half-life (i.e., an  isotope contaminant) yielded upper 
bounds of about 0.01% for the most likely contaminant 
("C, half-life = 20 min) and lower ones for other candi- 
date isotopes. 

Additional estimates were made of possible contami- 
nant levels. In one test, 13N produced in the standard 
way was bubbled through a caustic bath [mixed Ca(OH), 
and NaOH] to  trap any acid gases that might have been 
produced (e.g., NO,, NOS, HCN, or COZ). In this experi- 
ment, the acid-free gas showed a normal I3N decay. The 
residual liquid was counted as well, but the data were 
complicated by a diffusion exchange between air and gas 
spaces. When a diffusion model was used to account for 
this effect, the decay appeared once again to consist 
completely of 13N with an upper bound of 0.2% ''C of 
the possible original abundance of 13N. Because gas dif- 
fusion altered the counting geometry, this experiment 
had a larger uncertainty than the analysis of Fig. 7. 

Finally, estimates were made of the gas mixture used 
in experiments 8 and 9. After the end of the inspiration 
phase, part of the rebreathing circuit was isolated by 
valves and the inspired gas detectors continued to run. 
The data during the next several hours were noisier than 
Fig. 7, but analysis of the decay showed about 1% of an 
"C component in the I3N. 

What would be the effect of isotopically contaminated 
gas? Even substantial amounts of 150 gas would not 
become a problem because it decays at a half-life of 2 
min. Furthermore, none of the gas prepared for these 
experiments had even a chemically measurable trace of 
ozone or nitrogen oxides, which are usually detected 
when a source gas containing 0, is irradiated. If, however, 
a substantial fraction of the original gas was a slower 
decaying isotope than 13N, our decay correction would 
produce an inappropriate increasing curve. The "C could 
be a problem because it decays a t  half the rate of 13N 
(half-life = 20.4 min). The possibility of "C contamina- 
tion leading to these results can be examined as follows. 
Assume that the "C is delivered in an isotopic form such 
as 11CH4, which has the same physiological exchange rate 
properties as nitrogen (22, 23). As both isotopes distrib- 
ute throughout the body, the 13N tracer will decay faster 
and let a relatively higher fraction of subsequent emis- 
sions come from the "C tag. Each isotope fraction would 
have to be decay corrected individually to avoid a mis- 
leading rise in decay-corrected data. 

Decay-corrected curves assuming various fractions of 
C in the knee are presented in Fig. 8 using the raw data 

of experiment 2 as before. Any fraction up to about 1% 
C in 13N scarcely changes the corrected curves. Higher 

levels bring the later phase of the curve down to lower 
levels. For this experiment, even 10% "C did not force 
the corrected curve to decrease at the start of washout. 
Similar calculations show that an original fraction of 5- 
30% (1% in experiment 7) of the original positron-emit- 
ting isotope would have to be "C for the decay-corrected 
curves to appear flat after 30 min. Evidence against this 
high a contaminant level are the facts that the gas was 
originally purchased as a mixture with less than 1 ppm 
hydrocarbon, and the activation cylinder and transfer 
lines were kept in a vacuum when not in use for I3N 
activation (4 mTorr). As shown above, half-life analysis 
could support 1% at  most of original "C fractional activ- 
ity. Other isotopic contaminants are even less likely 
because they would have to emanate from the experi- 
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FIG. 7. Radiological decay of l3NZ 
sample. Gas was prepared as described 
in text and kept in a 30-liter gas bag in 
positron camera for 4 h after irradiation. 
For first 70 min after preparation radia- 
tion was too intense for true recording 
(see discussion of pileup in text). There- 
after, 30-s to 10-min counts (triungks) 
were made until gas decayed to essen- 
tially background levels. Solid line is a 
best-fit least-squares regression to data 
of a single exponential decay (time con- 
stant 9.96 min) with an estimated con- 
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mental materials, be delivered as gases with high specific 
activity, and emit positrons. Finally, one other sample of 
gas prepared in this system was sent to another labora- 
tory for a complete nuclear spectrum analysis. Only 13N 
(no other isotope) was reported. 

The most extreme form of a contamination hypothesis 
we can imagine is a contaminant of "C in its maximum 
plausible concentration, about of 13N. The " C  would 
need to be tied chemically to a molecule whose synthesis 
could proceed in the extremely active environment of 
high radiation field bombardment, and the chemical form 
of the " C  would have to be subject to extreme biological 
amplification (i.e., HCN). The initial entry rate of the 
HCN into the subjects would be proportional to its 
abundance, and nearly all of it reaching the alveoli would 
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FIG. 8. Effect of "C contamination in 
isotope decay correction. Data of erperi- 
ment 2 (Fig. 4) were corrected for decay 
and various assumptions were made about 
fraction "C with dominant 13N isotope 
present in the knee: no contamination (tri- 

(dotted line); 0.05 "C (dashed-dotted line); 
and 0.10 "C (doshed line). 

angles); 0.0001 "C (solid line); 0.01 "C 

100 120 

be picked up in the blood and delivered to tissue. Because 
cyanide is essentially irreversibly bound to oxidative 
enzymes in tissue, its rate of biological excretion would 
approach zero. Thus almost every molecule of HCN 
would be delivered to the body and conceivably remain 
a t  its peak level in any tissue for the duration of the 
experiment. Local knee activity, however, would have to 
approach the fraction of 13N already stated as needed to 
render the curves of Figs. 4 and 5 flat after 30 min (5- 
30% of the 13N local activity). This is also unlikely 
quantitatively, and no mechanism is known to make the 
knee especially susceptible to cyanide poisoning. Our 
additional but problematic data from other tissues in the 
same experiments do not show the large rise in concen- 
tration of 13N after switching to room air as the breathing 
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mixture. 
One problem with data from other regions such as 

shown in Fig. 6 is the very low level of activity and 
consequently large error bounds. The low level is a result 
of choosing a small region far from the lungs, mouth, 
and nose. The shape of the curve during the hour follow- 
ing gas switching cannot be accurately established; slight 
rise and slight fall are both consistent. The most impor- 
tant use of these data in the present context is to con- 
clude that some areas in our subjects did not have a 
continual upward trend in tissue 13N2 concentration. The 
fall in corrected activity after 30 min appears convincing, 
but more problems are possible. Suppose that the data 
for the arm arise partially from gas spaces in the breath- 
ing circuit or the subject's lungs, parts of which were also 
in the camera field of view. Then the fall after 30 min 
could be misleading. Thus the question becomes: how 
reliable is the spatial reconstruction procedure? 

A number of different methods have been published 
for three-dimensional reconstruction of positron images. 
However, they are all tested and used in a clinical static 
setting where isotope doses are much higher and lo6-10' 
counts are accumulated for a single image. (In these 
experiments lo4 counts were the maximum available 
after about 40 min.) For Fig. 6 we used an algorithm that 
avoids susceptibility of common transform methods to  
low-activity artifacts (18). No reports are available to 
provide quantitative guidance in its use. We performed 
some simulations that made the algorithms of Lim et al. 
(18) and Shepp and Vardi (25) appear promising, but 
much more work is required before reconstucted images 
are reliable for quantitative kinetics. 

An actual rise in knee I3N2 activity has been observed. 
On a finer level, the results in Figs. 4 and 5 do not allow 
a precise conclusion on how much the nitrogen rose (or 
fell) in what part of the knee. The detector only reported 
a single activity averaged over the entire field of view. 
The rise could mean nitrogen moved in from entirely 
outside the detector field, or from an area of low detection 
efficiency to an area of higher efficiency. We can reject 
the possibility of no gas movement at  all, since that 
would produce a constant 13N2 activity (after decay cor- 
rection). All radiation detectors have a field of view with 
differing spatial sensitivity. Our type of positron detector 
has a relatively mild variation in sensitivity (3), and we 
take its behavior into account in the proposed explana- 
tion discussed later with Figs. 9 and 10. 

Mechanisms of nitrogen exchange. I t  is necessary to 
consider mechanisms for the observed rise of knee 13N2. 
First, nitrogen would need a long residence time in some 
knee or nearby structure such that excretion of labeled 
gas would be very slow during periods of 1-2 h. Such 
nitrogen sinks could be physical, chemical, or physiolog- 
ical. One physical possibility is a gas bubble phase that 
would preferentially retain the gas, since nitrogen is 
about 70 times more soluble in air than in tissues like 
blood (30). Some theories hold that humans always have 
a store of gas micronuclei that are available for subse- 
quent enlargement to cause decompression sickness (35). 
Gas areas can form in the body and persist for some time 
without any major symptoms. This was demonstrated 

I 

clinically in humans after altitude decompression (29) 
and by routine X-ray or CAT examination (9). Indeed, 
most of our subjects were divers with a history of de- 
compression conceivably resulting in some persistent 
bubbles. None of our subjects, however, had undergone 
decompression for weeks to months, and knee X-rays of 
subjects 8 and 9 several weeks after the experiments 
showed no visible gas bubbles. In addition, subjects' legs 
were normally extended and fully supported so knee- 
joint traction was not as severe as that used to elicit gas 
pockets described in radiological examinations (9). Fi- 
nally, this mode of physical trapping would be possible 
with any gas species, but the numerous studies using 
133Xe did not report a similar result. 

Another form of physical trapping would occur if any 
gas actually penetrated into bone matrix. Inert gases in 
those areas can take days to emerge (2). Such a mecha- 
nism would have also loaded other bony areas and our 
unreported data from other joints do not support such a 
conclusion. 

Chemical trapping can occur by any mechanism that 
transfers the labeled 13N atom to species other than 
nitrogen. Many lower organisms have enzymatic systems 
to fix atmospheric N2 into other forms, but reaction of 
nitrogen is exceedingly difficult without either those 
enzymes or metallic catalysts at  high temperature (16). 
For several years a series of studies purported to show 
active nitrogen metabolism in humans (6), but the result 
now seems to be explained by experimental artifact (11). 
We consider all chemical mechanisms unlikely, because 
it is difficult to find a plausible reaction, and the effect 
seems to occur specifically in the knee. 

Physiological transport of inert gas in the knee is 
complicated by the complex anatomy of the area. Origi- 
nal gas delivery to the area must be from the arterial 
circulation: bones, articular cartilage, and the synovium 
have defined vascular systems (10, 14, 17, 34) and could 
serve as the arterial source of gas. The flows in these 
tissues are slow, in the range of 0.01-0.1 ml-g-'.min-', 
producing mean residence times as long as 100 min. The 
circulation is likely to be slower if the joint is immobile 
(13). Areas in fairly close proximity may have flows 
differing by a factor of 10 (10). Other areas such as the 
synovial fluid in the joint space have no blood supply a t  
all and only occasional fluid connections to vascularized 
bone areas (12, 21). Thus the picture of nitrogen distri- 
bution 30 min after the start of inspiration would show 
some areas approaching their eventual steady-state con- 
centration, others only slightly filled and some areas still 
nearly devoid of the tracer. 

With the rapid drop in arterial concentration, response 
in many knee structures would not be immediate. Areas 
perfused more quickly would respond with an immediate 
and marked drop; areas perfused more slowly would drop 
but slowly; and areas fed by diffusion would change even 
more slowly. In fact, diffusion bound areas might well 
increase in tracer concentration over a period of time 
because their boundaries would still have a higher con- 
centration than their interiors. In an area with as low a 
blood supply and blood flow as the knee, the active 
diffusive redistribution process could be as important as 
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FIG. 9. Detection geometry in the 
knee during experiments 1-7. Two crys- 
tals were aligned with knee-joint line; 
major bones were approximately in po- 
sitions as sketched. Dashed lines show 
relative detection efficiency isosensitiv- 
ity contours (surfaces of 10, 30, 50, 70, 
and 90% are shown; maximum detection 
efficiency was set at 100%). Position of 
hypothetical mixed and slab compart- 
ments referred to in text are also 
sketched in joint space. 

FIG. 10. Simulated data from system of 2 
slabs (each 0.5 cm thick) bounded by a well- 
mixed region 0.1 cm thick on 1 edge as sketched 
in Fig. 9. Arterial blood was delivered to well- 
mixed region that had a time constant of 100 min 
where it passively diffused into slabs with a dif- 
fusion coefficient of 3.5 x cm'/s. Arterial 
concentration was constant for 30 min and be- 
came 0 thereafter. Rise in tracer in all 3 regions 
is far short of equilibrium, which would be 100 
units on scale shown. A hypothetical detector 
sensed total tissue concentration with relative 
detection efficiency of 80% (well-mixed region), 
90% (first slab), and 95% (second slab). Detector 
output would appear as traced in upper curve. 

0 20 40 60 80 

TIME ( m i d  

venous drainage during the washout phase. One possible 
transport route follows. The red marrow of long bones 
has a relatively low blood flow and high partition coef- 
ficient for nitrogen (5, 28). In a "short" 30-min exposure 
this area would be greatly undersaturated in 13N2. During 
the subsequent 1-2 h it could maintain effluent fluid 
streams a t  nearly a constant level of the tracer. It has 
been reported that direct but presumably very low flow 
channels connect bone cavity and articular cartilage (12). 
These channels could serve as sources for prolonged 
diffusion of gas toward the joint center. The marked 
redistribution in time after a single intra-articular injec- 
tion of '33Xe (24) strongly implies the existence of such 
diffusive pathways. 

A quantitative possibility. Formal tracer models of flow 
plus diffusion transport near the knee are unavailable. 
Ideally, one would choose a model that realistically in- 

1 j :,a ~ -! * , \  
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cludes prominent anatomic and physiological features of 
the knee. In addition, one would superimpose the non- 
uniformity of the particular radiation detector used. Fig- 
ure 9 is a plot of several isoresponse contours for the 
detector used in experiments 1-7 calculated from a phys- 
ical description of detection efficiency (32). The approx- 
imate boundaries of the major bones in the knee joint 
are also sketched. At  the center of the detector, roughly 
a t  the midline of the joint, the relative efficiency is set 
at  100%. Efficiency drops below 90% outside a l-cm 
region and to 70% within 2-3 cm. The nonvascular 
synovial fluid and poorly perfused articular cartilage are 
more efficiently detected than the richly perfused skele- 
tal muscles or bone marrow. This suggests that easily 
detected regions may acquire tracer largely by pure dif- 
fusion from a sluggishly perfused region. 

Can diffusion produce the type of kinetics that were 
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observed? One area of the knee may be modeled very 
roughly by a pair of adjacent slabs of diffusion-limited 
tissue 5 mm thick fed a t  the edge of one slab by a well- 
mixed region 1 mm thick and with a time constant of 
100 min. The diffusion coefficient for nitrogen in this 
region should be approximately 3.5 x cmz/s (15), 
since synovial chemicals do not decrease greatly the 
diffusion of nitrogen from its value in water (19). The 
relative counting efficiencies of the mixed area and the 
two diffusion slabs could be about 80,90, and 95% of the 
maximum, respectively. As sketched in Fig. 9, these 
dimensions and efficiencies can be found in a layer of 
articular cartilage (mixed area) and adjacent synovial 
space (slab areas). Finite difference calculations (7) of 
uptake and excretion of tracer to each region under 
constant arterial delivery for 30 min are plotted in Fig. 
10. The loading of the perfused (mixed) area changes to 
a drop as soon as the arterial supply ceases; the more 
slowly loading slabs do not achieve maximum concentra- 
tion until well after 30 min. The total response weighted 
for efficiency is the top trace in Fig. 10. It is seen to peak 
much later than 30 min and has many of the character- 
istics of the experimental data of Figs. 4 and 5. 

Composite curves with the same general characteris- 
tics can also be generated using sequences of two or more 
well mixed tissues if second and latter tissues receive 
tracer from other mixed compartments rather than ar- 
terial blood. Late-rising curves could also be generated 
even from a well mixed or diffusion limited tissue with a 
uniform detection efficiency if the gas source was located 
outside the detector field of view. Experiments with 
greater spatial sensitivity are needed to decide which 
possibility is correct. 

The unexpected result of a very marked delay in knee 
gas excretion following pulmonary washout makes fur- 
ther study desirable. No current approach t o  avoiding 
decompression sickness uses a gas-exchange model that 
is consistent with these data; one is now needed. 

APPENDIX 1 

Isotope Production and Detection 

The radioactive nitrogen gas 13N2 was freshly produced for 
each subject with a linear accelerator (LINAC) that  produced 
about 500 p A  of electrons with a maximum energy of about 72 
MeV. Bremstrahlung photons from the electron bombardment 
of a heavy metal target induced the 14N(y, n)13N reaction in a 
bottle of pure nitrogen (>99.999% N2) (Air Products Ultra- 
Pure Carrier). The  decay of 13N occurs with a half-life of 9.96 
min and emits a positron with a maximum energy of 1.2 MeV 
and a most probable energy of about 0.5 MeV. This particle 
interacts with an electron near the site of decay, with a range 
of about 2 mm in water. The interaction results in the annihi- 
lation 3f a positron-electron pair producing two gamma rays of 
511 keV energy emitted in exactly opposite directions (8). 
Detection is possible by external recording of coincident gamma 
emissions. 

The detectors were pairs of NaI(T1) crystals operated in 
coincidence: a detection of a 511-keV photon in one crystal was 
ignored unless a similar photon was simultaneously detected in 
the other crystal (within about 50 ns). The coincidence feature 
rejected nearly all radiation unless a positron annihilation 
event occurred within the cylinder bounded by the two crystal 

faces. Thus  background radiation was reduced to below one 
event per second, even without using lead collimation necessary 
with single-photon isotopes. Due to the limited detector size, 
the geometric efficiency of detection was reduced to below 25% 
of the positron events within the field of the crystal. (Because 
no direction of gamma emission is preferred, events were not 
detected unless the emission was near the axis connecting the  
centers of the crystals.) 

Two sets of detectors were used. The smaller detector was a 
pair of crystals 13 cm diam, 5 cm thick, and connected to  
electronic modules for simple counting of detected coincident 
511 f 30-KeV photons (events) over intervals varying from 30 
s to  5 min, depending on the count rate. In experiments 1-7 
these crystals were shielded, collimated, and aligned laterally 
with the joint line of the left knee with a separation of 25 cm. 
In the  final two experiments, this detector pair had a spacing 
of 15 cm between crystals and was placed around the inspiratory 
hose. 

The  larger detector (positron camera) was a pair of scintil- 
lation crystals 40 cm in diameter, 1.27 cm thick, and with a 
crystal separation of 46 cm in experiments 1-7 and 29 cm in 
experiments 8 and 9. The 37-photomultiplier tube array behind 
each crystal was connected such that  the photon event could 
be localized within a few mm on the crystal face (3). Each 
detected event (both cameras “seeing” a photon in coincidence) 
provided a data point consisting of the r y  coordinates of the 
photon on each crystal and the time. The data thus included 
information sufficient to identify a line on which the positron 
was annihilated. In experiments 1-7 this detector pair was 
placed over and under the subject’s left upper lung lobe, left 
shoulder, and left lower aspect of the head. In  experiments 8 
and 9 the  camera was placed over and under the left knee. 
Image recovery of the spatially resolved 13N2 concentration is 
an extremely complicated process (4, 18). Due to the low count 
rates in this study, reasonable pictures and kinetics could not 
both be obtained from the data. For reasons discussed in the 
text, mainly kinetics of the full detector field are reported. 

APPENDIX 2 

Counting Interval for a Decaying Isotope 

Suppose that  a constant radioactive source is observed over 
a time interval from to to to + A while decaying with a time 
constant [T = tu/ln(2)] from an initial activity Ao. We wish to 
specify the mean time in that  interval, t,, that  is appropriate 
for the assignment of all measured activity to that  time. The 
total measured counts, C, over the interval is obtained by the 
integral of decaying activity over the interval 

4+ 
c = & exp(-t/T)dt 

(1) 
= &T[exp(-k~/~)] [I - exp(-A/-r)] 

This is the same measured quantity that we wish to assign 
to the source a t  a single time t, 

c = &. A[exp(-t,lr)] (2) 

(3)  

If the sampling interval A is less than T / Z ,  t, is nearly the 
midpoint of the interval; for longer intervals t, is shifted to  
earlier times, thus decreasing the magnitude of the decay cor- 
rection. For example, a counting interval of 10 min with 13N ( T  

= 14.4 min) has t, 4.72 min after the start rather than 5.00 
min, which is the midpoint. 

The combination of Eqs. 1 and 2 on rearrangement yields 

t, = to - T.h((T/A)[l - exp(A/~) ] ]  
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