
This work was principally concerned with monitoring â€˜1CO@
as an endogenously produced metabolite of other parent tracers.
Data from blood and exhaled air were obtained from a PET
series during which healthy volunteers received intravenous
bolus injections either of[@C}bicarbonate or of 2-[â€•C]thymidine

(which is catabolized to @CO2).These scans form part ofa study
investigating the contribution of â€˜1CO2IHâ€•CO3to the tissue
signal after 2-[' â€˜C]thymidineadministration (3,4).

MATERIALSAND METhODS

Radiochemicals
[11CICO2was producedby bombardmentof nitrogencontaining

1% O@with l9-MeV protons (â€˜4N(p,a)â€•C).The gas was bobbled for
approximately 2 ruin through a mixture of NaHCO3 solution for
injection(8.4%BP) dilutedwith isotonicsaline(1:9,percentvolumein
volume). We prepared2-[â€•C]thymidineas describedpreviously(S).

HealthyVolunteers
The data were taken from a study of 2-[' â€˜C]thymidineuptake in

tumors. The study were approved by the Research Ethics Commit
tee of the Royal Postgraduate Medical School, Hammersmith
Hospital. Permission to administer the radioactive tracers was
obtained from the Administration of Radioactive Substances Advi
sory Committee of the United Kingdom.

PETwas performedon a 931 ECATcamera(CTI/Siemens,Inc.,
Knoxville, TN). For both the [Iâ€˜C]bicarhonatescans (514 MBq)
and the 2-[@CJthymidinescans (487 MBq), the tracer was adminis
tered as a 30-s intravenous bolus.

Assay of â€˜1C02in Expired Air
Healthy volunteers wore a loose-fitting single-use nasal oxygen

set (Portex, Hythe, UK) (Fig. lÃ€) connected to a scintillation
detector by polytetrafluoroethylene tubing (length, 150cm; internal
diameter, 2.5 mm). They were asked to breathe normally through
the nose. Air was drawn from the nasal set through the detector
using a nonpulsatile air pump (Dymax 30; Charles Austin Pumps
Ltd., Byfleet, UK) set at 1.5 L/min. The air line was also sampled
downstream of the detector through a capnograph (model 455; P.K.
Morgan Ltd., Gillingham, UK) at a rate of 0.25 L/min.

In adults with a ventilation rate of 5â€”7Llmin, this device clearly
does not collect the full volume of expired air. Rather, the device
samplestheconcentrationofradioactivityin the inspiredandexpiredair
and, hence,requirescalibration.Witha collectionrate of 1.5Vmin, the
air in the detector chamber is replaced at a rate of about 7 Hz. This
sampling rate is sufficient to characterize the respiratory cycle.

ScintillationDetector
The scintillation detector was constructed of type 412 scintillat

ing plastic (Bicron, Newbury, OH) and is shown in Figures lB and
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n important consideration in the analysis of PET data is
the formation in vivo of radiolabeled metabolites of the
parent tracer. For NC-labeled tracers, CO2 (@CO2) is prob
ably the most commonly occurring metabolite (1). Exchange
of @CO2between plasma [@C]bicarbonate (HUCO3) and
expired air, although rapid, can nonetheless contribute
significantly to the total radioactivity measured in blood and
tissues throughout scanning. Thus, its retention and distribu
tion in vivo must be taken into account in the quantitative
analysis of many PET studies using â€œC-labeledtracers.

This article describes a simple method for continuous
monitoring of @CO2in expired air during PET. Further, a
method of data analysis is described that relates the expired
radioactivity to the corresponding concentration time course
of â€œCO2/Hâ€•CO3in arterial blood.

Monitoring of expired radioactivity during PET was
introduced by Koeppe et al. (2) for the quantification of local
cerebral blood flow using the inert, freely diffusible gaseous
tracer [â€˜@F]methylfluoride. Their aim was to quantitate flow
while avoiding arterial blood sampling, under the assumption
that alveolar and end-expiratoiy gas concentrations are propor
tional to the arterial blood concentrations leaving the lungs.
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FIGURE1. Photographsshowpartsof
expired-air monitoring system, including na
sal oxygen set (A), spiral chamber (B),
spiral chamber and single photomultiplier
tube (C), and scintillationdetectionunit and
leadshielding(0).

C. The airwas drawnthrougha spiralchamber(totalvolume, 3.34
mL) cut in the plastic, with a 2-mm plastic lid sealed with optical
cement, to give 4'rrgeometry. The internal dimensions of the spiral
cut were 2.5 mm wide and 4.5 mm deep, leaving a wall thickness of
2 mm. The spiral design was chosen to promote effective flushing
of air in the detector. The inside of the spiral was coated with a
500-A film of Parylene (Nova Tran Ltd., Northampton, UK) to
minimize diffusion of â€œCO2into the plastic. The device was
covered with Teflon tape (DuPont, Wilmington, DE) backed with
light-tight black tape and was bonded to the face of a single 9957B
bialkali photomultiplier tube (Thorn EMI CRL, London, UK) (Fig.
1C) using a BC-634a optical coupling (Bicron). Figure lD shows
the final assembly with lead shielding. Output from the photomulti
plier was preamplified (Ortec 113; EG & 0 Instruments, Woking
ham, UK) and fed to an Ortec ACE Mate amplifier and single
channel analyzer (EG & G). The device was primarily sensitive to
positrons. The mean energy of positrons arising from the decay of â€œC
was 394 keV,with a maximumof970 keV.At first,an ungatedenergy
spectn.tm up to approximately 1000 keV was obtained; subsequently, a
lower energy window was set to exclude noise in the spectralregion less
than 15 keV. Data were logged at intervals of 0.1 s on a personal
computer with a timerâ€”countercard (DPC-lO; Blue Chip Technol
ogy, Clwyd, UK) using software developed in-house.

The sensitivity of the system was determined by cross
calibration against a high-pressure ion chamber. A known volume
(5â€”10mL) of [â€œC]CO2gas was drawn into a syringe, and the total
activity was measured in an ion chamber. This gas was then mixed
with I L air in a nonpermeable gas bag, from which the detector
was flushed and filled. The system was then closed for calibration
and dead-time measurements. The dead time of the system was
estimated from the apparent decay in the counting rate of â€œCfrom
a maximum of 120,000 observed counts/s over a period of 3 h.
Over this long, static period, a small loss of gas from the detector
was apparent, because the terminal decay rate was slightly greater
than the isotopic decay rate. We assumed that this loss was caused
by the permeability of the apparatus and tubing to gas. The static

data were therefore analyzed in terms of a nonparalyzable model
incorporating a leakage term,

C@e(t) A0 X exp(â€”(X+ p) X t) + CbaCk

C@,(t)= C@(t)/(l + D x C@pj@(t)),

where C@(t) (counts/s) denotes the tnie counting rate in the field of
viewat timet (s),A@(counts/s)denotesthe truecountingrateof the
radioisotope at time t = 0, C@ (counts/s) denotes the background
counting rate, X (0.0005663/s) denotes the fractional decay rate of â€œC,
C@(t) (counts/s) denotes the observed counting rate, D (s/count)
denotes the nonparalyzabledead time per observedcount, and p (s')
denotesthe apparentloss of gas from the system over the 3-h period.

A weighted nonlinear least-squares fit of the model parameters
(A0, p. D) to the data (C0,,,,(t)) was obtained using a simplex
algorithm (6). Weights were set in inverse proportion to C@(t). The
dead time of the system as configured above was 4.75 Â±0.17 X
106 s/count (mean [Â±SDJof 4 estimates), with a value for p of
4.76 Â±0.72 x l05/s. (i.e., a half-life of 243 mm). In dynamic use,
the system operates under a slightly negative pressure with a short
transit time (7 Hz); any loss attributable to gas leakage in dynamic
use would therefore be vanishingly small.

The 4'rr geometry and spiral construction of the chamber enable
it to detect positrons resalting from the decay of â€œCin air with great
efficiency (92%). Its relatively low efficiency in detecting 5l1-keV@
radiation results in a low background count during scanning.

Assayof Radioactivityandâ€œCO@/H11COÃ§in Blood
Total radioactivity in arterial blood was also assayed continu

ously on-line throughout scanning. A radial artery was cannulated,
and blood was withdrawn at a rate of 2.5 mL/min through a
bismuth germanium oxide@ detector using a method that has been
described in detail (7). In addition, discrete samples of blood were
taken from the line at intervals for calibration against a well counter
and for the assay of â€œC02/Hâ€•C03 and of other radiolabeled
metabolites of the parent tracers. The line was flushed intermit
tently with heparmnized saline.
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FIGURE2. Recordingof exhaled11C02
afterintravenousbolusInjectionof[11C]bicar
bonate.cnts = counts.
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â€œCO2IHâ€•C03was measured in the discrete blood samples
using, essentially, a previously described method (8). Aliquots (0.2
mL) of blood were immediately added to tubes containing 0.8 mL
sodiumhydroxide(0.5 mol/L)and cappedto trap the radioactive
CO2. Another aliquot (0.2 mL) of blood was added to 0.6 mL
isopropanol, followed by 0.2 mL hydrochloric acid (0.5 mol/L).
Nitrogen gas was bubbled through this mixed sample to expel the
radioactive CO2.Radioactivity in the aliquots was then measured in
a â€˜ycounter (Compugamma1282;LKB/Pharmacia,Uppsala,Sweden).

RESULTS

A typical example of the time course of exhaled @CO@after
intravenous bolus injection of['1C]bicathonate, and measured as

described above, is shown in Figure 2. An expanded detail of the
time course ofthe exhaled â€œCO@is shown in Figure 3, in which
the respiratory oscillations in the raw data am clearly definecL
Inspection of this type of data suggests that the envelope of the
totaldataset,whichcorrespondsto end-expiratorygasconcentra
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FIGURE3. Segmentof Figure2 shows
timecourseof exhaled11@@2(x)andassoci
atedlow-passfiltereddata (continuousline).
cnts= counts.
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tions (compare Koeppe et al. (2)), may provide a suitable

description and measure of the corresponding time course of the
concentration of â€˜â€˜CO2Mâ€•CO3in the blood.

The data were first characterized by examining power
spectral density (9). The power spectrum corresponding to

the exhaled â€˜â€˜CO2data in Figures 2 and 3 is shown in Figure
4. The power spectrum yields 2 important pieces of informa
tion. First, the power of the signal in this example drops
markedly above 2 Hz, suggesting that appropriate smooth
ing could be performed using a low-pass filter with a cutoff
frequency of 2 Hz. A fourth-order Butterworth filter was

applied, and the smoothed time course is shown as the solid

line in Figure 3. This procedure allows the peak value of
each breath to be used as a more robust measure of the
envelope describing the concentration of radioactivity in the
end-expired air. Second, the maximum energy of the signal
occurs at a frequency of approximately 0.2 Hz, correspond
ing to an average respiratory cycle (rc) of 5 s. This length
was used as a window with which to search the filtered data
for maxima. Once a maximum has been found at time (t), the
next maximum is obtained in the interval [t + rc/2, t + 3
rc/2]. The resultant envelope for this example is shown in
Figure 5.

The relationship between the envelope of exhaled@ â€˜CO2
and the concentration of â€œCO2IHâ€•CO3in arterial blood
was examined using data from [â€œC]bicarbonate scanning

during which both expired air and blood had been sampled
continuously. The percentage of total radioactivity in dis
crete blood samples that was attributable to â€œCO2IHâ€•CO3
after intravenous administration of [Iâ€˜C]bicarbonateis shown
in Table 1 and was more than 90% throughout the scans.
Similar figures have been reported for dogs (82%â€”95%after
60 mm) (1). A linear interpolated fit to this data was used to

correct the continuously sampled on-line blood data and
give a continuous time course of â€œCO2IHâ€•CO3in arterial
blood. The plasma-to-blood ratio of the radioactivity was
constant throughout scanning, with a mean (Â±SD)of 1.17 Â±
0.04 (n = 4 scans). These discrete blood samples also allow
absolute calibration of the blood data against a well counter
and, hence, against the PET camera (6).

To compare the timeâ€”activitycurve of radioactivity in
exhaled air with that in blood, the envelope was scaled such
that the integral from 5 mm to the end of scanning was equal
to that of the corresponding time course of the â€œC02/
Hâ€•CO3 arterial blood curve. Figure 6 shows an example of
the match after intravenous administration of [@C]bicarbon
ate. Initially, the exhalation curve is higher than the blood
curve, but after a few minutes the shapes of the curves are
well matched. Similar results were obtained in all instances
in which [@C]bicarbonate was administered as an intrave
nous bolus.

After intravenous injection of 2-[â€•C]thymidine, â€˜1C02
was again detected in the breath almost immediately,
reflecting the whole-body catabolism of the parent tracer (8).
Figure 7 shows a typical example of the percentage of total
radioactivity in arterial blood attributable to @CO2IHâ€•CO3,
as measured in discrete blood samples. These data were

fitted to an equation of the form

t@d, 0
F(t) =@ > d, a(l â€”e(t@@)),

where F denotes the fraction of' â€˜C02/}Fâ€˜CO3in blood and
a, @3,and d (delay) are the parameters to be estimated.

The primary purpose of this fit was to interpolate these
data from 5 mm to the end of discrete CO2 sampling (15
mm) so as to scale the expired-air envelope to the product of
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FIGURE4. Powerspectrumcorresponds
to exhaled 11C02data in Figures 2 and 3.
cnts = counts.
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F and the measured total activity in blood over the same
period. This process gives an estimate of the concentration
time course of â€œC02/Hâ€•CO3derived from 2-[â€•C]thymi
dine in arterial blood (Fig. 8). The extrapolated portion of
the fit (Fig. 7) is used simply for illustration to extend the
comparison ofan extrapolated estimate of â€œCO2/Hâ€•CO3in
blood to the end of scanning (Fig. 8).

Again, in this case, in which â€œCO2derives from endog
enous catabolism of the parent tracer, the scaled exhalation
envelope is initially slightly higher than the blood envelope.
However, a close match between the exhalation curve and
the arterial blood curve is obtained after a few minutes.

DISCUSSION

This article describes a simple and highly sensitive device
for the continuous detection of radioactivity in exhaled air
from individuals undergoing PET. The study was principally
concerned with detection of radiolabeled CO2 as a metabo
lite of â€˜â€˜C-labeledtracers and the relationship between
activity in exhaled air and that in blood. We intend to use
such data to correct for the contribution of â€œCO2IHâ€•CO3to

TABLE 1
11C02/H11C03 in Blood After Intravenous Bolus Injection

of [11C]bicarbonatein 4 Studies

the tissue signal measured by PET, as is described in an
accompanying paper (4). The device may also facilitate
other applications in PET, such as the measurement of tissue
pH, because the partitioning of CO2 between plasma and
tissue depends on pH (10).

The sensitivity of the detector is illustrated by the
clearness of the respiratory cycle, as is apparent in the raw

data sampled at 10 Hz. In the application we are studying,
this sensitivity is important because it allows sufficient
temporal sampling to define the respiratory peaks of the
end-expired air after filtering of the raw data. Sufficient
sampling, in turn, allows use of a robust envelope of the
curve to relate the concentration of radioactivity in expired
air to that in blood.

Because the expired radioactivity is only sampled rather
than fully recovered, absolute quantitative studies in PET
require cross-calibration with the blood. We cross-calibrated
by scaling the integrals of the timeâ€”activitycurves of the
end-expired air and of @CO2/H@CO3in blood. The capno
graph in the system can also allow the specific activity of the
expired CO2 to be used to cross-calibrate against total
CO2/HCO3 in blood.

The tissue signal in PET is usually characterized and
modeled relative to an input function defined from arterial
blood or plasma. Expired air, however, reflects mixed
arteriovenous blood. The consequent difference between the
shapes of the timeâ€”activity curves in expired air and in
arterial blood is apparent soon after intravenous bolus
injection of [â€œC]bicarbonate.An analogous difference oc
curs for endogenously produced â€˜â€˜CO2arising from the in
vivo metabolism of parent â€œC-labeledtracers, as we show
for 2-[â€•C]thymidine. The difference in shape at early times,
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however, is less apparent because of the relatively slower
evolution of @CO2IH1'CO3,and again, a subsequent concor
dance was seen between the shapes of the timeâ€”activity
curves in blood and expired air after a short period. These

initial differences can be attributed to a first-pass effect. At
early times, ll@@2f}jll@@3- in venous blood is exchanged
and distributed in lung interstitial fluid and alveolar gas,
resulting in an initial unidirectional loss of tracer as mea
sured in the arterial blood. Later, an effective secular
equilibrium exchange is established, resulting in close
concordance of the shapes in venous blood, expired air, and
arterial blood.

In the study by Koeppe et al. (2), cross-calibration of the
expired radioactivity with the corresponding arterial blood
concentrations was possible using discrete venous blood
samples. Koeppe et al. point out that because the tracer
[â€˜8F]methylfluoride is inert and freely diffusible, the inte
grals of the venous and arterial blood activity time courses
should be equal. Because the scanning period was short,
equilibrium between arterial and venous concentrations was
not reached. A compartmental model was therefore used to
relate venous blood and expired air and to calibrate the
system. In general, for endogenously produced metabolites
such as â€œCO2f}@â€•CO3,the venous and arterial integrals
will differ, and calibration against discrete arterial or arterial
ized venous samples may therefore be necessary.

In this study, discrete arterial blood samples were taken
for the assay of the fraction of total radioactivity in blood
recovered as â€œCO2IHâ€•CO3.Scaling of the continuous
exhalation data to blood was based on integrals derived from
fits to the discrete blood data and from the corresponding

continuously sampled total blood activity. The match be
tween the shapes of the timeâ€”activitycurves for blood and

20

500 1000 1500 2000
tIme (secs)

2500

A
500

400

@300

@200

100

B
500

400

@300

@200

100

3000 3500

C
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blood (A) and calibrated envelope of expired air (B) after
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tion of the 2 curves.

expired air does, however, indicate that scaling could be
performed on the basis of a few discrete blood samples taken
in the mid to later parts of scanning.

In general, continuous measures make best use of the
available signal, and continuous monitoring of expired air

has several clear advantages in the generation of input
functions for quantitative analysis. For rapid changes, the
definition and execution of an appropriate rapid, discrete
blood sampling protocol may be difficult. Continuous sam

pling avoids the need for a functional form or model to
interpolate and extrapolate discrete data samples across the
entire scanning period. A major advantage is the sensitivity
of the system. A marked improvement in signal-to-noise
ratio is apparent in the envelope of the expired radioactivity
compared with the blood data, as Figures 6 and 8 illustrate.

CONCLUSION

During PET, the exhaled-air scintillation detector we have
described can, with high sensitivity and fine temporal
resolution, monitor the in vivo production of â€œCO2arising
from metabolism of â€œC-labeledparent tracer.
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