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The applicability of protein synthesis rate (PSR) determination
with L-[1-''Cjtyrosine (''C-TYR) and PET was assessed in pa-
tients suspected of a primary or recurrent brain tumor. Methods:
Simultaneous to intravenous injection of 265 MBq of ''C-TYR,
dynamic PET acquisition was started and continued for 50 min.
Arterial samples were taken and analyzed for ''C-TYR and
metabolites. Based on this data, a model was proposed and the
corresponding PSR caiculated. Results: Plasma metabolites

were ''CO,, ''C-proteins and ''C-L-DOPA, constituting more
than50%oftotalplasmaradioactivityat40minposﬁnjecﬁon.
Plasma ''CO, reached a plateau of around 25% of total plasma
radioactivity at 20 min postinjection. Plasma *'C-protein was not
detected before 10 min postinjection, but increased exponen-
tially afterwards to 20% at 40 min postinjection. Plasma ''C-L-
DOPA was the only acid-soluble radioactive metabolite detected
and was less than 8% at 40 min postinjection. Using a five-
compartment model, it was shown that while the net PSR was
dependent on the recycling of amino acids from protein, the
amino acid incorporation was not, which was thus used for
subsequent analysis. It was found that our curve-fitting results
were unreliable due to the exchange of ''C-TYR between
plasma and erythrocytes whereas the graphical Patlak-Gjedde
analysis is hardly influenced by this transport phenomenon. The
average amino acid incorporation rate thus calculated was 0.7
nmole/mkmin for nontumor tissue with a tumor versus nontumor
average ratio of 1.7. Conclusion: The assessment of the PSR
with TYR-PET is valuable and relatively simple to implement
clinically.
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R’I‘ allows the in vivo study of physiological rather than
anatomical parameters. Quantification of the regional rate
of glucose metabolism, using the tracer 2-['*F]-fluoro-2-
deoxy-D-glucose (FDG), has found wide clinical applica-
tion. Although FDG-PET has been very successful over
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the years, it is evident that it is not the optimal tracer in all
cases. Especially in neuro-oncology, sensitivity and spec-
ificity of tumor detection are hampered in regions with a
high basal metabolism such as the brain (1-4) while glio-
mas may exhibit both elevated and reduced rates of glu-
cose metabolism. Furthermore, inflammatory cells have
been reported to exhibit increased glucose metabolism.
(5-7).

To circumvent these problems, the in vivo study of other
metabolic processes may be fruitful, such as the rates of
protein, RNA or DNA synthesis (8,9). To determine the
protein synthesis rate (PSR), various labeled amino acids
have been studied. These include L-[methyl-''C]methion-
ine (4,10-15), L-[1-''C]methionine (16,17), L-[1-''C]leu-
cine (18-20), L-[1-''C] tyrosine (I4,21-24), ''C-valine
(25,26), '®F-fluorotyrosine (27,28) and C- or '®F-labeled
phenylalanine (29,30). Metabolic pathways of the tracer,
kinetic modeling and clinical applicability have all been
studied to some extent. In this study, the potential of PSR
determination in humans using L-[1-'"'C]tyrosine (*'C-
TYR) and PET is reported. The specific goals comprise:
identification and quantification of the plasma metabolites
of 'C-TYR as a function of time in humans; development
and validation of a kinetic model; and the subsequent de-
termination of PSR in tumor and nontumor tissue.

Metabolic Pathways of L-[1-''C]Tyrosine

During a PET study (+60 min), the main metabolic path-
way of !C-TYR in tissue is irreversible to the incorpora-
tion of 'C into protein (37 ). Minor metabolic pathways are
decarboxylation and synthesis of L-[p-hydroxy]-[1-''C]
phenylpyruvic acid, L-[p-hydroxy]-[1-C]lactic acid and
L-[1-!'"C]DOPA (31). Further metabolism results in the
release of the label as 'CO,. Carbon-11 protein may be
found in plasma as it is produced in the liver and released
in the circulation. Plasma metabolites in man can be deter-
mined in arterial blood samples. For human tissues, how-
ever, only the total radioactivity can be directly established
from PET data. Therefore, animal experiments are re-
quired to assess the metabolites in tissue.

Animal Experiments
Metabolic studies with L-[1-'“C]tyrosine as well as PSR
determination in rats have been reported (31). The meta-
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bolic studies revealed a significant amount of *CO, in
plasma, although the amount in tissue was negligible.
Other labeled nonprotein metabolites in tissue were less
than 4% of total tissue activity. Non-protein metabolites in
plasma may reach 10% and proteins in plasma reached 85%
leaving less than 10% free tyrosine at 60 min. Paans et al.
(32) established the PSR for rhabdomyosarcoma to be 0.4
+ 0.1 nmole/(g'min) while the faster growing Walker 256
carcinosarcoma gave a PSR of 0.8 + 0.2 nmole/(g'min).

MATERIALS AND METHODS

Synthesis of L-[1-''C]-Tyrosine

NC.TYR was synthesized via !C-carboxylation of an a-lithi-
ated isocyanide according to Bolster et al. via robotic synthesis
(16,21). In brief, p-methoxyphenylethylisocyanide was lithiated
and carboxylation was carried out with 'CO,. After acid hydro-
lysis the racemic mixture was pH neutralized and then purified
and separated enantiomerically by HPLC. Finally, tyrosine in a
0.9% NaCl solution was passed through a sterile 0.22 pm Milli-
pore filter. Synthesis was remote controlled using a robot system.
Total synthesis time was 60 min (EOB), including HPLC purifi-
cation. Typically, 750-1000 MBq 'C-TYR was produced with a
specific activity in excess of 40 GBg/umol.

Patients

So far, 11 patients participated (6 male, 5 female, age 40 + 11
yr) in the study. The study was approved by the Hospital Medical
Ethics Committee and the patients gave informed consent. All
subjects were suspected of a primary or a recurrent brain tumor
on the basis of clinical data and CT/MRI, and were scheduled for
further treatment. In addition, metabolite data were obtained from
seven patients who had static acquisition only.

Data Acquisition

Patients had fasted for at least 6 hr when they were positioned
under the PET camera (Siemens ECAT 951/31, FWHM = 6 mm)
with low ambient light and noise. Photon attenuation was mea-
sured using a retractable ring source filled with %Ge/*®Ga. Car-
bon-11-TYR (265 * 115 MBq) was injected intravenously over a
1-min period. Dynamic image acquisition (10 x 30 sec, 3 X 5 min
and 3 x 10 min) was started simultaneously with the injection.
Arterial plasma samples were obtained every 10 sec for the first
minute, then every 30 sec for the next 4 min, and at 10, 15, 20, 30
and 40 min postinjection. All blood samples were centrifuged
(2000 g, 5 min) to acquire plasma. Whole-blood radioactivity was
also measured for some patients. Typical delays between sam-
pling and centrifugation were three min. Some samples were
centrifuged immediately (delay <1 min) to study the exchange of
C-TYR between plasma and erythrocytes. Plasma samples ac-
quired at 0.5, 1, 2.5, 5, 10, 15, 20, 30 and 40 min were analyzed for
11C0, and ''C-proteins, while samples acquired at 10, 20 or 40 min
were analyzed using HPLC as described below.

Metabolite Analysis

All reagents used were of analytical grade. L-Tyrosine, 2-pro-
panol, HCl, NaOH, NaHCO,; and NaH,PO,H,0 were from
Merck (Darmstadt, Germany). L-[3,4-dihydroxy]phenylalanine
(L-DOPA), DL-p-hydroxyphenylpyruvic acid and DL-p-hydrox-
yphenyllactic acid were from Sigma (St. Louis, MO).

Plasma !'CO, was assayed in plasma samples using a modifi-
cation of the procedure described for *C-palmitate by Fox et al.
(33). Duplicate plasma samples (0.5 ml each) were pipetted in
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10-ml tubes containing 3 ml 2-propanol and 1 ml 0.09 M NaHCO,
(carrier). One sample was acidified by the addition of 1 ml 6 N HC1
and the other was alkalinized by the addition of 1 ml 0.1 N NaOH.
The tube contents were thoroughly mixed and placed in a ultra-
sonic bath (Branson 8200, 60°C) for 30 min. Radioactivity was
then determined using a gamma counter. The difference between
the two samples was considered to represent evaporated *CO,.
The procedure was checked using NaH!CO, and 'C-TYR as
internal standards. Under these conditions *CO, was quantita-
tively (298%) evaporated, whereas !C-TYR was retained for
>99%.

Labeled plasma protein was determined using the method of
Ishiwata et al. (31). Duplicate plasma samples (0.25 ml) were
pipetted into Eppendorf cups. To one sample, 0.5 ml ice-cold
7.5% (wiv) trichloroacetic acid (TCA) was added; the other sam-
ple was covered and stored at room temperature. In the acidified
sample, protein was precipitated by short centrifugation (2 min,
14,000 g). The pellet was washed three times with 0.5 ml TCA,
each followed by centrifugation (2 min, 14,000 g) and removal of
the supernatant. Radioactivity in the pellet and in the untreated
plasma sample was then determined using the calibrated gamma
well counter. Pellet radioactivity (after subtraction of a zero-time
blank) was considered to represent incorporation of L-[1-''C]ty-
rosine into plasma proteins.

Acid-soluble metabolites of "'C-TYR in human plasma were
determined using reversed phase HPLC. A plasma sample (0.5
ml) was mixed with 0.25 ml ice-cold 7.5% (w/v) TCA and protein
was removed by short centrifugation (2 min, 14,000 g). The su-
pernatant was filtered (0.4 ), spiked with cold standards (10 ug of
L-DOPA, L-tyrosine, p-hydroxy-phenylpyruvic acid and p-hy-
droxy-phenyllactic acid) and directly injected into the reversed-
phase HPLC system (C18). The mobile phase consisted of 0.1 M
NaH,PO, (room temperature, flow rate 3 ml'min~"). Radioactiv-
ity in 0.5-2.5 ml fractions of the eluate was finally determined
using the calibrated gamma counter. This resulted in a baseline
separation of all compounds of interest. Radioactivity applied to
the column was quantitatively recovered in the eluate.

Compartment Model

Based on the above data, a kinetic model for the transport of
UC-TYR and its labeled metabolites is proposed (Fig. 1). It con-
sists of five compartments: (1) free tyrosine in plasma (2) free
tyrosine in tissue and (3) protein in tissue, 'C is released as (4)
1CO, with rate constant k,, which in turn is transported to the
plasma (5) with rate constant ks. Transport of labeled protein into
plasma as well as exogenous recycling of amino acids by prote-
olysis of proteins labeled with !*C-TYR are assumed to be negli-
gible on the time scale of the study. Thus the following equations
hold:

dC: * * * *
-5=kTCp-(kz+k3+k4 e Eq.1
dC,‘,, k3C: 2
dt = R3te Eq
dce,
= kiCl - kiOm*, Eg.3

with C; the concentration of *'C-TYR in plasma; C; the concen-
tration of ''C-TYR in the precursor pool; C;, the concentration of
labeled protein in tissue; C, the concentration of 1*CO, in tissue;
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FIGURE 1. Compartmental model of L-{1-''Cltyrosine and ''C-
metabolites. The transport of tyrosine between plasma, compart-
ment C,,, and precursor, compartment C,, is modeled with rate
constants k, and k,. The incorporation into protein, compartment
C,. is modeled with rate constant k. Recycling of amino acids by
the d jon of protein, rate constant kg, is assumed to be neg-
ligible for the labeled but not for the uniabeled protein. The only
alternative pathway is decarboxylation which releases the label as
carbon dioxide, compartment C,.,,, with rate constant k,. ''CO, is
then transported to plasma with rate constant k.

and k(i = 1..5) the rate constants. The superscript is used to
indicate that the parameter relates to the labeled compound.

From these equations, the relation between measured tissue
activity and measured plasma activity as a function of time can be
obtained as was shown by Hawkins et al. (19). For the unlabeled
endogenous proteins, amino acid recycling cannot be ignored. It
has been published (13,25,34,35) that about 50% of the precursor
amino acid pool (C,) is due to amino acid recycling. Under steady
state conditions the net rate of protein synthesis (PSR,) is then
given by:

PSR, = k;C, — kiGpr = $ksCos Eq.4

with ¢ = 1 — k¢C,,,/k;C, the recycling factor and kg the rate
constant for the transport of unlabeled protein to unlabeled amino
acid due to recycling.

If the primary objective is to study the amino acid incorpora-
tion rather than net protein synthesis, one can alternatively take:

PSR = k,C,. Eq.5

The concentration of nonlabeled (endogenous) free tyrosine (C,)
is, under steady state conditions and including the recycling with
rate constant kg, given by:

kG = (ky + k3 + kg)C, — keCpr
= (ky + k3 + kg)Ce — (1 — ¢)k3C,

= (k; + ¢k; + kg)C.. Eq. 6

Following the same method as with the FDG model (36), the
combination of Equations 4 to 6 yields:

kik
mm:&
Kk + dks + kg
dkiks ko + ks + kg

k2+k3+k4k2+¢k3+k4c" $KeGr Eq.7
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kiks

PSR = T &~ KeG Eq.8
with
_ kiks
ky + k3 + kg
and
_ kptky+kg
ko + dky + kg

Hawkins et al.(19) reported rate constants for L-[1-'’CJleucine.
Assuming their values (k, = 0.4, k; = 0.04, k, = 0.1) to be
transferable to our case and with a recycling of 50% (¢ = 0.5)
(13,25,34,35) we find an € of 1.04. Equation 8 can thus be approx-
imated by:

PSR = KG,, Eq.9

indicating that the amino acid incorporation rate is not affected by
the amino acid recycling. Considering that chemically 'C and !*C
are identical, we have k; = k{ (i = 1..5). Consequently the rate
constants obtained for labeled tyrosine can be substituted into
Equations 7 and 9.

Provided that the protein is effectively trapped in the tissue, the
quotient k;ki/(k, + k, + k,) can also be obtained using a graphical
method (37,38) as described below. Also, if the various !'C-
metabolites in tissue can be ignored, animal experiments showed
them to be less than 4% (31) then the tissue activity as measured
with PET is given by:

Cl=(1-Vp)Cc+Cpr + Cr) + ViCi,  Eq. 10

with V,, the blood volume measured and C;, the total blood activ-
ity concentration (i.e., including the labeled metabolites).
After the first fast kinetic phase the following relations apply:

* kl *

Ce= Tk G, Egq. 11
ok ko,
C”§k5C°3ksk2+k,+1gC"(t)’ Eq. 12

C;r=k3JC:(r)dr§k—+k‘ICp('r)dr Eq. 13
By combining Equations 10 through 13 one obtains:
c G (1-Vpk ( ) k4)

c;=v"5;+k2+k3+k., ks

, (4= Volkiky j Gylr) dr
k2+k3+k4 Go

where CJC; is denoted as the distribution volume and [Cj(7)
d#/Cy(t) is denoted as the apparent time.

Consndenng that Cfis measured by the PET camera and that C;,
can be established from arterial blood samples, a graphical dlsplay
of Cj/C;, versus [ C5(7) d7/C;(t) can be made. The first term on the
nght-hand side of equation 14, V,Cy/C;, is considered to be a
perturbation, but can be ignored for the studies reported here (see

Eq. 14
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TABLE 1
Plasma Kinetics of L-[1-''C]Tyrosine in Humans as a

Percentage of Total Plasma Radioactivity

Time Acid-soluble

(min) CcoO, Protein metabolites  L-Tyrosine
05 17+x12 <1% <1% 983 + 1.2
1 36+18 <1% <1% 964 +18
25 8430 <1% <1% 91.6 3.0
5 134 +54 <1% <1% 866 +54
10 168 £ 5.0 <1% 25+16 80.7 £5.2
15 208+ 45 <1% 42+19 750+ 49
20 24+55 1.7+23 57x22 702+ 64
30 263+59 70+29 70+09 59.7 + 6.6
40 245+ 6.1 184 £ 45 84+23 487 +79

Data are expressed as mean + s.d. of up to 18 oncological patients.

results). The second term is a constant and does not influence the
slope. The third term determines the slope of the resulting curve,
(1 = Vp)K, from which the amino acid incorporation rate (Eq. 9)
can be calculated. So, provided that the blood volume is small (1
-V, = 1) it can be concluded that neither the blood volume nor
the ''CO, activity in tissue, affect the final result. If the blood
volume is not negligible the calculated PSR is influenced by the
blood volume fraction which should then be measured separately.

RESULTS

Plasma Metabolite Analysis

Labeled plasma metabolite data as percentage of total
plasma radioactivity is summarized in Table 1. Labeled
CO, is detectable within 1 min whereas proteins and acid-
soluble labeled plasma metabolites remain low (<5%) for
the first 15 min. Total metabolite fraction reaches 50% of
plasma radioactivity at 40 min. The only acid-soluble la-
beled plasma metabolite identified was !'C-L-DOPA for
times up to 40 min postinjection. Total plasma metabolite
fraction is given in Figure 2. After the first 5 min the
metabolite fraction increases almost linearly with a slope of
1%/min. This allows the estimation of the perturbation in
the slope between the distribution volume and the apparent
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FIGURE 2. Ptasma and whole blood activity as a function of time.
Data are not corrected for metabolites. The total metabolite fraction
as a function of time is also indicated.
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FIGURE 3. Patiak graphical display of a tumor and of the con-
tralateral region with fit.

time (Eq. 14) resulting from the radioactivity in the mea-
sured blood volume. Since the whole blood and the total
plasma time-activity data are virtually identical after 5 min
(see below), we have:

VuCo/Cp = Vi (Cp + Con)/Cp = Vy, + Vi, Co/C,
with Cy, the total plasma metabolite activity. The first
term, V,, is constant and therefore does not influence the
slope. With a maximum blood volume of 5% for the brain
and a plasma metabolite fraction of maximum 50% within
the duration of the study we obtain:

0< VbC;m/C; < 0.025.

As C}/C; 2 1after the first fast kinetic phase, see Figure 3,
the perturbation can easily be ignored.

Plasma, Tissue and Whole Blood Time-Activity Data

Figure 2 shows a typical example of a plasma and whole blood
time-activity curve. These virtually identical curves reach their
maximum at approximately one minute after which they decrease
rapidly. Five to ten minutes later the curves reach a slow kinetic
period. The similarity between the whole blood and plasma time-
activity curves enables the substitution of the (uncorrected)
plasma activity for the whole blood activity in Equation 14 which
was used to assess the influence of the blood volume above. As
described in the methods section, some samples were separated
as quickly as possible. At 1.5 and 2 min a plasma to pellet ratio of
up to 3 was found. This ratio decreased rapidly, indicating fast
dynamics between plasma and erythrocyte pool, and reaches
unity for samples obtained after 5 min.

Typical tissue time-activity curves for a tumor and for the
contralateral region are given in Figure 4. Maximum activities are
reached within the first 5-10 min after which the measured activity
decreases. This loss of activity is caused by the transport of }'CO,
from tissue to plasma. The corresponding Patlak curves, how-
ever, (Figure 3) rapidly approach a straight line indicating irre-
versible trapping of ''C in proteins even though the total measure
tissue radioactivity decreases.

Modeling

On the basis of the model description and the difficulties
in obtaining a correct plasma input function, the graphical
Patlak analysis (37,38) was considered as the reference
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FIGURE 4. Tissue time-activity curves for a tumor region and for
the contralateral region. See also Figures 3, 5 and 7.

(see discussion). Also several kinetic models were tested to
calculate the PSR by curve fitting. Therefore, the model
was written as follows:

X = AX + BU, Eq. 15a

Y =CX + DU, Eq. 15b

with X = [C:CQ,C“,,]T, U= [Cl‘,C,‘,]'r A, B, C, D the state-
space matrices and Cy, the radioactivity of whole blood
where superscript T indicates the transpose of the vector
and X indicates the derivative of X.

By setting the state-space matrices A, B, C and D the
model can be simulated and the measured signal (Y) can
then be calculated. For the model described above the
following matrices are found:

—(ky+ks+k) 0 0 k; 0
ky -ks 0 B=]0 0
ks 0 0 00

—

A=

C=[1-Vy1-Vy1 -V, D=[0V,). Eq.16
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FIGURE 5. Curve fits for the kinetic tyrosine model for tumor and
normal tissue. Four different model variants were as
described in the text. Solid line: ks = V,, = 0; Dash-dot line: ks = 0,
V, # 0; Medium-dash: ks = 0, V,, = 0; Dotted line: ks = 0, v, = 0.
See also Figures 4 and 5.

PSR Determination with Tyrosine and PET ¢ Willemsen et al.

In two simpler models either ks or V, was set to zero.
Finally a fourth model was selected in which both ks and
V,, were set to zero. The simulation result was fitted to the
measured result by minimizing the (unweighted) »* (Fig-
ure 5). The full model with six degrees of freedom had
severe difficulties finding the optimal fit and negative k;
values were obtained on some occasions resulting in a
negative PSR. This indicates overdetermination of the sys-
tem. Removing ks these problems were solved although the
PSR values found were a factor of 2 lower than those
determined with the graphical Patlak analysis. Further-
more, PSR values for normal tissue were now dependent
on the area selected. Similar problems occurred with V,, =
0 or with V, = 0 and ks = 0. No model gave identical PSR
values as the Patlak reference.

In Vivo PSR Determination

Considering the above, the PSR for the various tumors
as well as for the contralateral brain were calculated using
the Patlak analysis method. The results are given in Table
2. The average tumor PSR was found to be 1.13 + 0.59
nmol/ml'min. The contralateral PSR was found to be 0.66
* 0.39 nmol/ml'min. The ratio tumor to nontumor was
found to be 1.72 + 0.44. The Patlak method was also
applied to the data on a pixel by pixel basis. So, for each
pixel in the volume a separate independent calculation of
the PSR was performed. The result is given in Figure 6
together with the original activity distribution image. Fig-
ure 3 shows the corresponding Patlak plots for the tumor
and the contralateral region with their fits. As can be no-
ticed the signal to noise ratio in the parametric image is
reduced as compared to the activity distribution indicating
that the individual voxel values are less reliable. However,
the mean pixel PSR value of a region of interest is practi-
cally identical to the PSR value as calculated from the
corresponding mean time-activity curve. Furthermore, the
tumor appears to be smaller and better outlined on the PSR
image than on the activity image, although it is too early to
speculate on the underlying reasons.

DISCUSSION

The average protein synthesis rate of 0.7 nmole/ml'min
for nontumor regions compares well with previously pub-
lished data on both humans and animals (19,32, 39,40). The
tumor to nontumor ratio was 1.7 on average. This contrast
is quite sufficient for tumor detection. Furthermore, con-
sidering the heterogeneity of the tumors, the results ob-
tained so far indicate that a high specificity and selectivity
of TYR-PET can be expected. The nontumor PSR values
found should not be interpreted as typical however, as the
PSR values in the contralateral hemisphere may be affected
by the presence of the tumor and by the therapeutic strat-
egies employed, such as radiotherapy.

Correction of the plasma activity values for the presence
of metabolites is essential. Especially the 'CO, level be-
comes significant within 5 min and remains so during the
rest of the study. The expiration of 'CO, is not able to
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TABLE 2
Protein Synthesis Rates in Humans

PSR
Subject Dose Tumor Control
no. (MBq) (nmole/mimin) Ratio Histology
1 396 2.05 1.64 1.25 Lipidized glioblastoma
2 137 0.15 0.12 1.25 Low-grade astrocytoma
3 126 . 0.38 — —
4 189 0.68 0.49 1.39
5 93 1.64 0.67 245 Glioblastoma
6 222 0.98 0.66 147 Astrocytoma
7 403 — 0.82 — Meningioma
8 229 1.76 0.95 1.85 Oligodendroglioma
9 377 1.08 0.47 227 Malignant astrocytoma
10 370 0.89 0.44 2.02
1 377 0.97 0.62 1.56 Necrotic tissue and
inflammatory cells
mean + s.d. 265 = 115 1.13 £ 0.59 0.66 + 0.39 1.72 + 044

*No increased uptake observed.

keep the plasma radioactivity values at negligible levels in
accordance with previous observations (41). Labeled
plasma proteins were negligible for the first 20 min only. Of
the acid-soluble metabolites only 'C-L-DOPA reached
significant levels (<8%) which appeared 10 min postinjec-
tion. The detection of L-DOPA by HPLC enabled us to
establish only a single value per study. Because HPLC of
multiple samples will remain impractical, we must resort to
a normalized or standardized curve established over many
subjects. The data presented here show consistency which
indicates that this option is actually feasible.

The graphical Patlak analysis further enhances these
methods as it has a robustness against metabolites. The
relation between the measured total plasma radioactivity,
C;, including the plasma metabolite radioactivity, and the
free plasma tyrosine radioactivity can be written as
C; = (1 - a) C;, where a is the metabolite fraction. Ignor-
ing the plasma metabolites is equivalent to substituting C;
for Cy, in equation 14. However, the integral fC{(7) dr is
determined mainly by the initial data when overall plasma
radioactivity is high and the metabolite fraction is still low i.e.
JCY) dr = JCy(7) dr. Now, the slope between the distribu-

FIGURE 6. Activity and parametric im-
ages of a subject with a malignant astrocy-
toma in the parieto occipital region. The
parametric image is obtained by calculating
the PSR value on a pixel by pixel basis as
described in the text.
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tion volume (CJC;) and the apparent time (/Cy(7)d7/Cy(t))
relates to the PSR as (Eq. 9 and 14):

@= (CCe — (C)/CP
G U Cdr/Ca- (U Ciar/Chy

__ (C1BSe— (C1BCH
(f G d7/BCp)a — U Cp d7/BCply

with 8 = 1/(1 — a).

Therefore, in the instance that the metabolite fraction is
approximately constant (B,; = B,,), it can be divided out of
Equation 17, indicating that the PSR thus calculated is not
affected by constant plasma metabolite fractions. Com-
bined with the relatively low 'C-L-DOPA activity (<7%)
this effect may explain why the observed Patlak curves are
easily fitted with a straight line even though the 'C-L-
DOPA activity was not corrected for. Considering the val-
ues for the remaining tyrosine activity in plasma (Table 1),
which shows a rather low variation, one could also con-
sider a modeling approach for the metabolite fraction
which requires only a limited number of samples (42).

Eq. 17
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Transport of amino acids by the erythrocytes is well
established (43-49) and this explains the differences in the
measured plasma activity as a function of measurement
time, in other words, the measured apparent plasma activ-
ity depends on the time it takes to separate plasma and
erythrocytes. This represents a problem as free plasma
1C-TYR cannot be determined by simple centrifugation of
a blood sample and measurement of plasma radioactivity.
This may very well explain why our kinetic model fits
showed so many problems. Infusion of the tracer over a
longer period, cooling of the plasma samples to freezing
temperatures or deconvolution of the time activity data
could possibly reduce these problems. In the mean time the
results of kinetic modeling and curve fitting should be in-
terpreted with caution. Fortunately, it can be shown (see
appendix) that the Patlak method is hardly affected by the
exchange of 'C-TYR between plasma and erythrocytes.
Although the efficacy of this Patlak analysis does not prove
the model, it does support it strongly. We conclude that the
presented model is adequate for the determination of the
PSR and that the presented problems must mainly be at-
tributed to the dynamic exchange of 'C-TYR between
plasma and erythrocytes.

Recently, it was shown (50) that the accumulation of the
labeled amino acids (L-[methyl-*H]methionine, and L-2-
["®F]fluorotyrosine) represent amino acid transport
whereas L-[1-'“C]leucine represents the protein synthesis
rate. This indicates that only in vivo uptake of carboxyl
labeled amino acids, such as L-[1-''Clleucine and
L-[1-''C]tyrosine, is representative of PSR. Noncarboxyl
labeled amino acids may still be of some clinical value in
tumor detection, as they appear to be reliable markers of
tumor tissue. However, for tumor identification patient
follow-up or therapy evaluation, a quantitative analysis
such as the PSR, appears to be essential. Furthermore,
although the radiochemistry of methyl labeled amino acids
(8) is considered to be relatively simple as compared to the
synthesis of carboxyl labeled amino acids, preliminary data
on a new synthesis strategy for !'C-TYR, to be published
separately, indicate that a fast and simple synthesis is fea-
sible which should facilitate the use of carboxyl labeled
amino acids in clinical settings. Finally, tissue metabolite
activities of 2-3% for "'C-TYR compare favorably with
similar studies using L-[methyl-''C]methionine or L{1-
CJmethionine showing metabolite activity values of 10—
17% (17). Apparently, this relates to the different meta-
bolic pathways for tyrosine and methionine. Thus the
application of "'C-TYR and L-[1-!'C]leucine is considered
to be superior to the other labeled amino acids mentioned.

A final problem concerns the discrepancy between en-
dogenous and exogenous amino acid concentrations. In
particular, the recycling of amino acids from proteins
(13,25,34,35) indicates that the PSR is not a measure of the
net unlabeled protein synthesis as shown in the model
section. Therefore, it is important to emphasize that the
PSR should be understood as the amino acid incorporation
rate. Because the transport of amino acids between plasma
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FIGURE 7. Model describing the dynamic exchange of tyrosine
between plasma and erythrocyte compartments.

and precursor pool is faster than the amino acid incorpo-
ration rate (k,, k, > kj) the effect of recycling on the amino
acid incorporation rate can be neglected (¢ = 1 in Eq. 8).
Consequently, even in the instance that the rate constant
obtained with L-[1-"'CJleucine used to estimate &, is not
applicable for 'C-TYR or that the recycling differs be-
tween tumor and normal tissue, or even between various
tissues, this would still have little effect on the calculated
amino acid incorporation rates.

CONCLUSION

The amino acid incorporation rate, generally described
as protein synthesis rate (PSR), can be assessed using
carboxylic labeled amino-acids such as !'C-TYR. In ani-
mals labeled tissue metabolites are below 4% of total tissue
radioactivity and are therefore neglected in the model.
Labeled plasma metabolites, on the other hand, rise con-
tinuously to 50% of total plasma radioactivity at 40 min.
After correction of the total plasma radioactivity for the
metabolite fraction, a Patlak analysis may be performed to
calculate the PSR. Using the Patlak analysis an average
non-tumor brain PSR of 0.7 nmole/ml'min was found while
the tumor to non-tumor ratio was 1.7 on average. The
determination of the labeled plasma metabolites is labori-
ous. However, only the determination of !'C-L-DOPA
plasma levels by HPLC requires special attention, whereas
the determination of *CO, and labeled protein in plasma
using the method presented here is simple to implement.
The PSR values reported here were obtained without cor-
rection for plasma 'C-L-DOPA levels. Apparently, this
correction is relatively minor and can be neglected. There-
fore it is concluded that the application of TYR-PET in a
clinical setting is possible.

APPENDIX

Whole blood is modeled as a two-compartment model (Fig. 7).
Tyrosine within the erythrocyte can only interact with the plasma
compartment. The plasma compartment also interacts with a un-
known number of other tissue compartments. A whole blood
sample shows identical tyrosine concentrations in both compart-
ments after a few minutes of storage at room temperature, indi-
cating equilibrium. This average activity (Cy) is given by:

VG + V.Co

t= 1]

. Al
V,+ V. Eq
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with C7 and C; the plasma and erythrocyte activity at the time of
sampling, and V, and V, the respective volumes.

From the model the transfer function can easily be deduced to
be:

C:(S) k1 1

Eq. A2

This describes a low-pass filter with gain k,/k, and cutoff fre-
quency k,. The data show that the activity concentrations in the
plasma and in the erythrocyte compartments are identical after a
certain time (T), showing that the gain of the transfer function
must be 1 and thus k; = k, = k. For t > T it also follows that C}
= C; and thus C; = C}.

From the final value theorem for Laplace transforms, it can be
shown that for a filter written as:

1+ a;s' + a,s® + a,s”

H(s) = ,
(s) 1+ b;s' + bys? + bys™

Eq. A3

such as the filter in equation A2, the following equation holds

I “hO®CY0 dt = I “Cypdt.  Eq.Ad
0 0

Thus

" Ctydt=—2— [ co a
LQt) t_Vp+VeL Cy) dt
Ve wh L) d_ vp ® % dt
e, [ oeGua= g G

ve L @

+—— | Cdt= 5(t) dt. . AS
v, | Goa= [qo Bq

Strictly speaking, the above is true only for t — «. However,
considering the dynamics of tyrosine in blood, it can safely be
assumed for t > T. In conclusion, we find that for t > T C{t) =
C3(t) as well as fC{{7) dr = [C}(r) dr. Because a graphical Patlak-
Gjedde analysis uses only the data for t > T, it should give the
correct result whereas a least squares model fit will not.
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