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The evaluation of every new radiotracer involves pharmacoki-
netic studies on small animals to determine its biodistribution
and local kinetics. To extract relevant biochemical information,
time–activity curves for the regions of interest are mathemati-
cally modeled on the basis of compartmental models that re-
quire knowledge of the time course of the tracer concentration
in plasma. Such a time–activity curve, usually termed input
function, is determined in small animals by repeated blood
sampling and subsequent counting in a well counter. The aim of
the present work was to propose an alternative to blood sam-
pling in small animals, since this procedure is labor intensive,
exposes the staff to radiation, and leads to an important loss of
blood, which affects hematologic parameters. Methods: Monte
Carlo simulations were performed to evaluate the feasibility of
measuring the arterial input function using a positron-sensitive
microprobe placed in the femoral artery of a rat. The simulation
results showed that a second probe inserted above the artery
was necessary to allow proper subtraction of the background
signal arising from tracer accumulation in surrounding tissues.
This approach was then validated in vivo in 5 anesthetized rats.
In a second set of experiments, on 3 rats, a third probe was
used to simultaneously determine 18F-FDG accumulation in the
striatum. Results: The high temporal resolution of the technique
allowed accurate determination of the input function peak after
bolus injection of 18F-FDG. Quantitative input functions were
obtained after normalization of the arterial time–activity curve for
a late blood sample. In the second set of experiments, com-
partmental modeling was achieved using either the blood sam-
ples or the microprobe data as the input function, and similar
kinetic constants were found in both cases. Conclusion: Al-
though direct quantification proved difficult, the microprobe
allowed accurate measurement of arterial input function with a
high temporal resolution and no blood loss. The technique,
because offering adequate sensitivity and temporal resolution
for kinetic measurements of radiotracers in the blood compart-
ment, should facilitate quantitative modeling for radiotracer
studies in small animals.
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Radiotracer studies on living animals require venous
injection of a radioactive tracer. To extract relevant bio-
chemical information, time–activity curves for the regions
of interest are mathematically modeled on the basis of
compartmental models describing the transfer steps of the
tracer from blood to the target organ and its subsequent
incorporation into specific biochemical pathways. For in-
stance, the local metabolic rate of glucose can accurately be
quantified after injection of18F-FDG, a radiolabeled analog
of glucose. Using a classic modeling approach, each of the
kinetic rate constants governing passage from one compart-
ment to another can formally be identified (1). However,
such a modeling approach requires accurate determination
of the time–activity curve of the tracer in plasma—also
termed input function. This value is used to describe the
availability of the tracer to the regions of interest. Usually,
the input function is obtained by repeated blood sampling
and external counting of the radioactivity concentration.
This involves labor-intensive manual withdrawals that
present several drawbacks: repeated exposure of staff to
radioactivity; a temporal resolution limited to 5–10 s be-
tween each sample, affecting the accuracy of the input
function; and, finally, the need to collect relatively large
amounts of blood, with a possible significant effect on the
physiologic parameters of the animal. In that context, the
purpose of this study was to evaluate the potential of an
intraarterial�-sensitive microprobe to provide an alterna-
tive to blood sampling for measuring18F-FDG input func-
tions with high temporal accuracy in rats. As a first step,
Monte Carlo simulations were performed to evaluate the
theoretic ability of the technique to measure quantitatively
the tracer concentration in blood. In view of the fact that a
probe would be inserted into the femoral artery, we inves-
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tigated the relative amounts of detected signal arising from
radioactivity within the artery and from radioactivity in the
surrounding tissues. We also investigated the influence of
probe position relative to the artery walls. The results of
these simulations led us to propose an experimental ap-
proach using 2 �-sensitive probes. The first was inserted
into a femoral artery, and the second was placed in the
vicinity of the artery to allow subtraction of the positron
background signal arising from accumulated tracer in the
surrounding tissues. As a second step, this approach was
validated in vivo in rats and compared with the gold-
standard blood-sampling method, which was performed by
simultaneously drawing blood samples from the other fem-
oral artery. Finally, to illustrate the potential of the tech-
nique in the context of compartmental modeling, we tested
the feasibility of using the input function derived from
�-microprobe measurements to evaluate quantitatively the
cerebral metabolism of glucose in the rat striatum.

MATERIALS AND METHODS

The �-Microprobe System
The �-microprobe is a local �-radioactivity counter that takes

advantage of the limited range of �-particles within biologic
tissues to define a detection volume in which the radioactivity is
counted. For 18F, the detection volume corresponding to 90% of
the detected positrons is a cylinder of approximately 0.8-mm
radius centered on the probe axis. A detailed description and
discussion of the system can be found elsewhere (2,3). The device
has previously been validated for pharmacokinetic studies, some
involving coupling with microdialysis (4,5) and some involving
quantitative measurements of cerebral metabolism using 18F-FDG
(6) or of blood flow using H2

15O (7). � Microprobe is now a
commercial product from Biospace Measures SA.

Monte Carlo Simulation
To evaluate the ability of the technique to absolutely quantify

the tracer concentration in blood, Monte Carlo simulations were
performed to determine the influence of arterial dimension on the
amount of signal detected within the artery for commonly used
PET isotopes and the influence of intraarterial probe position on
the detected counting rate.

These parameters were investigated using the Monte Carlo
N-Particle code, which allows simulation of the interactions and
trajectories of charged particles and photons in a user-defined
geometry (8). The materials used (polystyrene core for the micro-
probe, blood, soft tissues) were defined using their mass percent-
age per atomic element, as obtained from the National Institute of
Standards and Technology (9). We simulated a 6-cm-long 250-
�m-diameter probe immersed in a cylinder of 2-mm radius, ho-
mogeneously filled with 18F, 11C, or 15O solution to determine, for
each isotope, the percentage of signal detected within the artery, as
a function of arterial diameter.

To study the influence of probe position relative to the artery for
18F, the probe was inserted into a cylinder simulating an artery
(800-�m diameter, 6.5-cm length). Three probe positions relative
to the artery were considered and are presented in Figure 1.

�-Microprobe Experimental Setup for Input
Function Measurements

The diameter of the probes (250 �m) was close to that of
common microdialysis probes and allowed for easy insertion into
the femoral artery of a rat. However, this smaller diameter led to
a reduced sensitivity for the probe because of a smaller sensitive
volume and a more fragile fusion point at the interface between the
clear and scintillating fibers. In the particular case of input function
measurement, it was possible to overcome these drawbacks simply
by using probes made entirely of scintillating fiber directly coupled
to a photomultiplier tube. Because the diameter of a rat femoral
artery (between 0.2 and 1 mm) is smaller than the maximum range
of 18F �-particles in tissues (about 2.3 mm), the activity detected in
the artery is the sum of 2 contributions: the �-radioactivity in
blood and the accumulated radioactivity in surrounding tissues and
artery walls. To subtract this background contribution, a second
probe was inserted into tissues above the artery. Each detection
channel (probe, photodetector, and associated electronics) was
calibrated using a beaker filled with a homogeneous solution of
18F-FDG of known radioactivity concentration. The detected
counting rates were recorded while the 6-cm active length of the
probes was entirely immersed in the solution. Sensitivities of
1.80 and 1.55 cps/kBq/mL were determined for the signal and
background channels, respectively. For a second set of exper-
iments, a 1-mm-diameter 7-mm-long probe with a 1-mm-long
sensitive tip was implanted in the left striatum to simulta-
neously measure the 18F-FDG time–activity curve in striatum
and the input function. The striatum probe was calibrated sim-
ilarly and presented a sensitivity of 0.78 cps/kBq/mL. High
voltage was applied to the photomultipliers about 15 min before
starting the experiments to allow for stabilization of the pho-
todetectors and to evaluate dark counting rates. For the 2
photomultiplier tubes used in these experiments, the dark count
ranged from 1 to 6 cps. For each channel, the counts were
averaged and subtracted from the experimental counting rates
measured after tracer injection.

Animal Preparation
All experiments were conducted on male Wistar rats (IFFA

CREDO) weighing a mean (�SD) of 463 � 55 g. With the rats
anesthetized, catheters were placed into the right femoral vein and
artery for radiotracer injection and blood sample collection, re-
spectively.

Then, a first �-sensitive probe was inserted into the left artery.
More precisely, the 6-cm-long probe was placed into the vessel.

FIGURE 1. Probe positions
used for the Monte Carlo sim-
ulation: probe axis aligned
with artery axis (left), probe
laid on artery wall (middle),
and probe axis twisted at a
0.8° angle relative to artery
axis (right).
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The diameter of the probe was 250 �m, that is, far smaller than the
catheter used for cannulation and small enough to avoid occlusion
of the vessel. Moreover, the flexibility and the smooth tip pre-
vented perforation of the artery. A second probe identical to the
first was positioned to follow the trajectory of the artery; this probe
was attached to the tissue surrounding the vessel far enough away
(1 mm) to measure the background without detecting any signal
coming from the blood.

For the set of experiments on the potential of the technique for
compartmental modeling, the animal was mounted in a stereotactic
frame and a craniotomy was performed for the insertion of a
microprobe into the left striatum (anteriorly, 0.5 mm from bregma;
laterally, �3 mm from bregma; ventrally, �5 mm from dura
matter). The time needed to get the animal ready for such an
experiment was approximately 90 min, including 10–15 min for
artery and background probe placement.

For all experiments, the injected activities ranged from 17.4 to
31.8 MBq of 18F-FDG in a 1-mL saline solution. Timed arterial
blood samples were collected continuously for the first 3 min after
18F-FDG administration and then at increasing intervals up to 60
min. Radioactivity was then counted in 10 �L of whole blood
using a Beckman counting system.

Mathematic Modeling
A classic 18F-FDG compartmental model with 3 compartments

was used to determine the 18F-FDG kinetic rate constants in the
striatum (1). These compartments, for which the kinetic rate con-
stants were identified as K1, k2, and k3, corresponded to, respec-
tively, the concentration of 18F-FDG in plasma, the concentration
of 18F-FDG in tissues, and the concentration of 18F-FDG-6P in
tissues. Because these experiments were performed for 45 min
after a single injection of 18F-FDG, the activity of the glucose
phosphatase enzyme (reverse of glucose phosphorylation by hexo-
kinase) was considered negligible (k4 � 0). A 4% vascular frac-
tion was considered. The parameters were fitted using Comkat
(10), an open-source compartmental-modeling software program
dedicated to nuclear medicine applications. This software uses
minimization of a weighted least-squares function and a Leven-
berg–Marquardt algorithm.

RESULTS

Monte Carlo Simulations
According to the literature, the mean diameter of the

femoral artery in rats with a mean weight of 312 � 15 g is
about 741 � 22 �m (11,12). However, the diameter may
vary under normal conditions from 0.50 to 1 mm. We
evaluated the percentage of detected �-particles as a func-
tion of the distance from their origin to the axis of the fiber
for 3 currently used �-isotopes. As can be seen in Fig-
ure 2, for 18F-labeled molecules about 90% of the detected
signal arises within a 800-�m-radius cylinder around the
probe. However, the artery-to-background signal decreases
as a function of the diameter of the artery. For a 400-�m-
radius artery, 59% of the total signal arises from the artery,
the rest being positron background signal arising from the
artery walls and surrounding tissues. For a 200-�m-radius
artery, only 30% of the total signal corresponds to effective
blood activity. These observations led us to propose the use
of 2 probes: one inserted into a femoral artery and the other

placed in the vicinal tissues to allow positron background
suppression.

For 18F, the detection efficiencies corresponding to the 3
probe positions relative to the artery (Fig. 1) were 14.5%,
10.0%, and 11.8% of the � emitted within the artery, cor-
responding to calculated apparent sensibilities of 2.07, 1.4,
and 1.6 cps/kBq/mL, respectively. These simulations dem-
onstrated that the dimension of the artery and the position of
the probe inside the artery can significantly influence the
amount of detected signal. Thus, it may be difficult to
directly measure quantitative input function from the re-
corded counting rates. To overcome this difficulty, we nor-
malized the input functions determined by the microprobe
to the activity of a late blood sample (obtained at 40 min),
which was also required at the end of the experiment to
monitor the physiologic parameters of the animal (partial
pressure of oxygen in arterial blood, partial pressure
of carbon dioxide in arterial blood, oxygen saturation,
and pH).

Input Function Measurements in Anesthetized Rats
Both signals (artery and background probes) were first

corrected for the dark counts and then normalized to the
detection sensitivity of each channel. The background sig-
nal was then subtracted from the artery signal. Finally, the
result was corrected for radioactive decay of 18F (half-life �
1.829 h). Figure 3 shows the raw data from the 2 probes for
a representative experiment. After the first 90 s, data were
averaged every 10 s for the sake of clarity. The resulting
input function normalized to a late blood sample compared
well with the whole-blood input function simultaneously
measured by blood sampling, as can be seen in Figure 4.
The ratios of the areas under the curves obtained by the 2
techniques were 0.96 in animal 1, 0.85 in animal 2, 1.07 in
animal 3, 0.87 in animal 4, and 1.54 in animal 5. Further-

FIGURE 2. For 18F-, 11C-, and 15O-labeled molecules, Monte
Carlo evaluation of the fraction of detected signal correspond-
ing to radioactivity in the femoral artery as a function of artery
radius.
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more, the high temporal resolution (data points were ac-
quired every second) allows much more accurate determi-
nation of the peak of activity concentration in blood than do
manual samplings. At the end of the experiment, we
checked for possible tracer contamination that might have
accumulated on the fiber (13). The counting rate measured
just after the probe was removed from the artery was equal
to the dark counting rate of the photodetectors.

Compartmental Modeling Using Input Function
Generated by �-Microprobe Measurements

For 3 animals, a third probe was stereotactically im-
planted in the rat striatum to record local 18F-FDG accumu-
lation. Figure 5 shows the time–activity curves simulta-

neously recorded for 18F-FDG in the striatum and the blood
input function determined either in situ or with blood with-
drawals. As shown in Figure 6, we successively used both
blood time–activity curves as input functions to the com-
partmental model of 18F-FDG metabolism. Table 1 summa-
rizes the kinetic rate constants K1, k2, and k3 determined
using both methods.

DISCUSSION

In studies using radiolabeled molecules, knowledge of
the tracer arterial input function is required when compart-
mental modeling is to be performed, unless a tissue model
is used (14). The most common technique to measure this

FIGURE 6. Time–activity curve for 18F-FDG accumulation in
the striatum fitted using either blood sampling or the �-micro-
probe arterial input function.

FIGURE 3. Raw time–activity curves recorded by the artery
and background probes after bolus injection of 18F-FDG.

FIGURE 4. Arterial input functions determined with blood
sampling or the �-microprobe. Graph shows 1 datum point
every 10 s and then averaging of the data every 10 s. Inset
zooms in on the first 2 min after bolus injection.

FIGURE 5. Simultaneous determination of arterial input func-
tion and striatum time–activity curves after bolus injection of
18F-FDG.
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input function is blood sampling, usually taken from the
catheterized femoral artery of rats. This work is labor in-
tensive, and the subsequent loss of blood may lead to
hemodynamic instability. Several alternative techniques
have been developed to avoid this procedure. Some of these
techniques rely on automatic sampling and radioactivity
counting of small blood volumes (13,15–19). Although
these techniques allow standardization of the process and
minimization of staff exposure to radioactivity, all require
blood withdrawal unless a shunt system is used (20,21).
Furthermore, 2 difficulties are inherent in the use of long
catheters to drive the blood from the artery to the detection
system. First, the dispersion function of the blood sampling
system must be taken into account, and second, possible
adsorption of the tracer on the catheter wall may lead to
incorrect evaluation of radiotracer concentration. As an
alternative, an input function derived from PET images has
been proposed for rats and mice. Attempts to determine the
input function from PET images of mice were not entirely
convincing (22), but 18F-FDG blood input functions have
successfully been derived from left ventricle images of the
rat heart (23). However, this required the use of a small-
animal PET camera dedicated to cardiac studies (with elec-
trocardiography-gated acquisition) and careful analysis of
the signal to deal with motion artifacts and spillover.

The aim of the present study was to propose a simple and
sensitive approach for in situ input function measurement
that would overcome these limitations. The method has
adequate sensitivity and therefore a high temporal resolu-
tion, which allows accurate determination of the whole-
blood time–activity curve, including the first minutes after
bolus injection of PET tracers. This high temporal resolu-
tion may also be useful for tracers labeled with short-period
isotopes, especially flow studies with H2

15O (half-life � 2
min). Because blood sampling is not required, blood loss is
minimal, making the method convenient for multiinjection
experiments, which have proven to be powerful for deter-
mining complex pharmacokinetic parameters but require the
successive measurement of at least 2 input functions.

In situ measurements, however, present inherent prob-
lems. As evaluated by Monte Carlo simulations, the probe
position relative to the artery and the artery diameter are
uncontrolled parameters and prevent direct quantification of
the whole-blood time–activity curve. To obtain a quantita-
tive input function, it is necessary to renormalize the mea-

sured time–activity curve to a late sample. Nevertheless,
this does not interfere with the experimental scheme, since
at least 1 blood sample is necessary to control the physio-
logic parameters of the animal throughout the experiment.
Another difficulty is that the measured input function is the
whole-blood time–activity curve, whereas compartmental
modeling requires the plasma time–activity curve. For 18F-
FDG, if a standardized injection protocol is used, a simple
correction based on the time course of the plasma-to-blood
ratio is achievable (21). The weakest point in our technique
is the necessity of subtracting background signal from the
18F-FDG accumulation in surrounding tissues. However, it
was possible to position a background probe above the
femoral artery to ensure proper background subtraction.
This point should be less critical for other PET tracers
labeled with 18F, 11C, and 15O that do not accumulate as
much FDG in the tissues surrounding the femoral artery.
Another point that might be of concern is the length of the
probes. Because sensitivity increases linearly with probe
length, the level of recorded counts in the present study
indicates that probe length could be reduced to 3 cm without
compromising the input function measurements.

CONCLUSION

The use of 2 positron-sensitive probes allowed accurate
determination of the input function after bolus injection of
18F-FDG, provided background suppression was accurate.
The high temporal resolution prevented the peak of radio-
activity in blood from being missed, as sometimes occurs
with blood-sampling techniques. The proposed technique is
accessible to any laboratory technician accustomed to plac-
ing catheters in rats and does not require blood collection,
thus avoiding blood loss. This latter point should be of great
interest for multiinjection experiments, which require the
measurement of successive input functions. The technique
offers sensitivity and temporal resolution adequate for ac-
curate kinetic measurement of radiotracers in the blood
compartment. Therefore, the �-microprobe system allows
simultaneous measurement of blood and cerebral tissue
time–activity curves after a single injection of a PET tracer
in the animal.
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