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Letters to the Editor

Controversies Arising from Recent FDOPA Articles
TO THE EDITOR: In three recent articles, Dhawan et al. (7 ),
Ishikawa et al. (2) and Wahl and Nahmias (3 ) examined the use of
the tracer FDOPA to quantify the decarboxylation of DOPA to
dopamine in human brain. Although we commend the authors for
their desire to evaluate the issues pertaining to interpretation of
positron emission tomograms of FDOPA metabolism in human
brain, their citations are selective and their arguments noticeably
biased. In particular, we feel that the current debate about the utility
and merits of the several approaches to the assay of FDOPA
metabolism with PET would benefit from consideration of the
following points:

1. The authors' conclusions that it may be unnecessary to assay

a specific biological variable (as opposed to a less specific
variable) to obtain clinically relevant information.

2. The authors' demands that an uncertain disease process be

the criterion of model of quantitation of a biological variable,
and that the estimates of model parameters be independently
clinically (as opposed to biologically) validated.

3. The authors' selections of cited articles.

Choice of Assay
With present PET methods, Dhawan et al. (1) conclude that

FDOPA yields clinically more relevant information with the simple
multiple-time graphical analysis of Patlak (4-6) than with the
computationally more demanding compartmental techniques of
Gjedde et al. (7) and Kuwabara et al. (8,9). According to Dhawan
et al. (I ), the information obtained with the simpler approach is
clinically relevant because it agrees with clinical information
already in evidence. It matters little whether the simpler approach
yields any information of biological interest.

Diagnosticians and neuroscientists of course may have divergent
interests in the outcome of specific tests, but we believe it is wrong
to suggest that the only criterion of interest of such a measurement
is whether or not it clearly distinguishes between specific groups of

preselected subjects. For example, the failure of a particular assay
to establish a conclusive difference between the activities of an
enzyme in patients and healthy control subjects does not mean that
the measurement is of no value to the understanding of the disease;
on the contrary, the observation may be the key to that understand
ing. We only emphasize this truism because Dhawan and Ishikawa
et al. incorrectly claim that attempts to measure the activity of the
enzyme DOPA decarboxylase (DDC) in Parkinson's disease are

misguided because another less specific measurement of the net
transfer of FDOPA across the blood-brain barrier in their hands
discriminates more clearly between patients and healthy volun
teers. Ishikawa et al. (2 ) give an unintended but excellent example
of this dilemma: The authors conclude that "Estimates of striatal

DDC activity cannot discriminate between normals and Parkin
son's disease patients as accurately as KfD (i.e., the slope of the
Patlak plot, not a "unidirectional" transfer constant as claimed by
the authors) or SOR (i.e., striatum-occiput ratio)." The authors base

this conclusion on the F-statistics of the measures which in reality is a
reference to the precision rather than the accuracy of the measures.

Accuracy is the more illuminating property, which in the case of
FDOPA may not apply to measures such as the Patlak slope and the
SO ratio if they have no specific biological meaning. The accuracy
of the two measures is placed in further serious doubt by the lack
of correlation between the values of the SOR and measures of the
disease's severity (UPDRS), as revealed by the authors' own

Figure 3 (2 ) and by the restrictive biological bounds on the Patlak
slope dictated by blood flow and the blood-brain permeability-
surface area (PS) product of FDOPA. It is entirely possible that
both the Patlak slope and the SO ratio fail to reveal this variation
for methodological reasons.

In many scientific studies, the purpose of the assay is not to
distinguish between patient groups but to measure a biological
variable of interest to pathophysiology. In this respect, lack of
discrimination need not be less revealing than discrimination. Also,
were the activity of the enzyme that synthesizes dopamine from
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DOPA not of clinical significance in Parkinson's disease because

the measurement is too imprecise, as claimed by Ishikawa et al., the
variable could be of interest in other states or to hypotheses of the
regulation of dopaminergic neurotransmission in other conditions
(10). To argue that a variable is not interesting because it is
difficult to measure is absurd and reminiscent of the very ancient
Sufi legend of the Dervish who dropped his spectacles one evening
while whirling in the garden, but being of a fanatical bend, insisted
on looking for them in the kitchen where the light was better.

Choice of Model
Dhawan et al. (/) require that model selection be biologically

validated but establish a circular condition for the validation (i.e.,
that the model must accurately represent the underlying disease
process). What they mean is that the results should not misrepre
sent the disease process, but we invite readers to think about this
requirement for a moment: If the disease process is uncertain, as it
is in Parkinson's disease, or when the process is the object of the

assay, potential misrepresentation cannot be used as a criterion of
choice of the model without begging the question. The model must
be based on known biological facts but cannot be rejected solely on
the basis of details of a disease that the model is being used to
reveal. The multiple-time graphic analysis or "Patlak" plot (4-6)

yields the net, not unidirectional, clearance of FDOPA from the
circulation by exchange across the blood-brain barrier. Its use for
the purpose of imaging DOPA metabolism in the human brain was
explored during a meeting in Belgrade in 1987 (11). While the
analysis is simple, it was argued, the information gained from the
plot is useless because DOPA normally derives not from the
circulation but from the tissue where it is derived in situ. The net
transfer of FDOPA across the blood-brain barrier reflects a
multiplicity of factors, of which plasma and brain amino acid
concentrations, peripheral and central DOPA decarboxylase and
COMT activities and cerebral blood flow are the most important.

Concurrent efforts were directed at the establishment of PET
assays for a specific biochemical step of significance to DOPA
metabolism. The efforts were undertaken by groups in Los Angeles
(12) and Montreal (7-9,13) and by others, including the

groups represented by Dhawan et al. (1), Ishikawa et al. (2) and
Wahl and Nahmias (3 ). The goal has been to do so on the basis of
a model with a minimum number of parameters, yet uniquely
sensitive to the activity of the enzyme DOPA decarboxylase.
Dhawan et al. ( / ) present the model proposed by us as their Figure
1.* To reduce the number of parameters to two transfer coeffi

cients, and an initial volume of distribution, the Montreal group
included two variables as constants, i.e., one symbolized as "q"

which represents the ratio between the blood-brain transfer rates of
FDOPA and 3-O-methyl-FDOPA (3OMFD), and the other by
"Ve", which symbolizes the joint partition volume of large neutral

amino acids (LNAA) in brain. The assumptions underlying our
choice of values of q and VL.are physiologically reasonable. When
the authors of the three papers variously criticize the assumptions
on the grounds that they are at variance with the results of their
actual PET observations, we insist that the authors look more
carefully for pitfalls in the PET measurements.

Transport Radio
Dhawan et al., Ishikawa et al. and Wahl and Nahmias argue that:

1. In humans the value of q does not equal the value reported by
us (q = 2.3).

2. Uncertainty about the value of q may bias the estimates of k3,
as reported by them in abstract.

'In the legend to Figure 1, Dhawan et al. (1 ) state that our "nomenclature was retained
for comparison purposes." What does this statement mean? Is the original nomencla

ture actually wrong? Do Dhawan et al. have another that they reluctantly omit to
mention? Is the use of the model adversely affected by the original nomenclature?

They further claim that unity is closer to the correct value of the
ratio in humans, and they base this claim on separate estimates of
the blood-brain transfer constants of 3OMFD and FDOPA. How
ever, a blood-brain transfer ratio can be determined accurately only
in the absence of significant metabolism of the tracers, either when
the transfer is measured for a period short enough to exclude
significant metabolism, or when the tracers are not rapidly metab
olized (as is the case for 3OMFD). This is not an academic point,
because regression to uptakes maintained for long periods of time
has fundamental difficulties distinguishing between noisy ap
proaches to steady-state with and without metabolism, as docu
mented by Kuwabara et al. (8). As shown by decades of research
into glucose transport into red blood cells and across the blood
brain barrier, it is simply not acceptable to measure blood-brain
barrier transport rates in the presence of significant metabolism.

Ideally, q should be estimated as a separate parameter, not by
subsequent numerical manipulation of average estimates of other
regression analyses. No estimate of q, other than the original one of
2.3, determined as an abscissa intercept, actually meets these
requirements. It is interesting that the only other estimate of q that
come close to meeting these requirements, that of Dhawan et al.,
averages 1.8 in the cerebral cortex of healthy volunteers in whom
the metabolism of FDOPA is minimal. It is true that the value of q
determined in rats need not apply to humans and hence the use of
this constant in human studies need not be warranted. Dhawan et
al. (1) and Ishikawa et al. (2) cite their own preliminary evidence
in support of this argument, but they neglect to discuss results of
simulations which showed that the uncertainty about the exact
value of q in the range 1.8-2.8 had little effect on the estimates of
k3 [see Figure 3B in Kuwabara et al. (8)]. We have recently
obtained evidence in the rat that varying q from 0.5 to 3 had
minimal effect on k, (Deep et al., unpublished data, 1997). In other
words, our results indicate that it is safe to use the only correctly
determined value of q also in human beings in which it has not yet
been determined.

Partition Volume Ve
Our solution of the model equations assumes that Vc has the

same value in every region of the brain. Dhawan et al. show that
separately estimated FDOPA Vc values of frontal cortex and
striatum are different. They neglect to say that this result was
predicted by simulations reported by Kuwabara et al. (8, Figure
2A ). There are several possible explanations of the result but the
simplest is that Vc, as q, reflects processes involved in the
blood-brain transfer of LNAAs which can only be measured
correctly in the absence of significant metabolism of the tracer. In
normal volunteers, Dhawan et al. reported a uniform distribution of
3OMFD in the brain. An entire body of literature of the transport
of amino acids across the blood-brain barrier likewise shows that
the partition volume of LNAAs is close to the water volume of
brain because the total net consumption of LNAAs is minuscule in
most regions of the brain (14), as is specific binding. In turn, this
means that the total concentration of LNAAs in brain tissue is
lower than, but close to, the total concentration in blood plasma.

The water volume of grey matter is close to 0.78 ml/cm3 and this

is the value that amino acid studies predict that Ve is likely to
approach. In keeping with the prediction, Dhawan et al. (/ ) found
no significant differences of Vc among any regions or any subject
groups, when Ve was determined with a non-metabolized LNAA,
3OMFD; no value of Vc differed significantly from 0.78 ml/cm3 in

their study. A partition volume greater than the water volume of
brain tissue, relative to plasma water, signifies a gradient of
transport directed out of brain. This unphysiological situation
means either that the brain tissue has a net export of one or more
LNAAs, or that the LNAAs are transported into brain against their
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concentration gradient. None of these explanations should be
entertained in the face of simpler methodological explanations.

As an argument in favor of higher partition volumes of LNAAs
in the striatum than in cerbral cortex, Wahl and Nahmias refer (3 )
to their article in which the striatum is visible in 3OMFD images
(15). A higher partition means a greater total content of LNAAs in
striatuFi than in other regions of the brain, despite the relatively
pronounced metabolism of tyrosine in striatum (76). As an alter
native and more plausible explanation, we offer the speculation that
3OMFD may bind to DOPA decarboxylase without being metab
olized. It would of course be a mistake to regard the value of Vc
determined this way as representative of the partition volume of
DOPA which is metabolized by DOPA decarboxylase. Wahl and
Nahmias also refer to the findings of Wahl et al. (/5) and other
findings in the literature in which the steady-state distribution of
non-metabolizable LNAAs such as 3OMFD appears to reflect a
partition volume greater than the water volume, and sometimes
higher than 1 ml/cm3 or 1 ml/g. Rather than invoking unphysio-

logical explanations involving export or active transport, we
suggest that diffusion of LNAAs from plasma into erythrocytes
after sampling of arterial blood artifically lowered the plasma
concentration of these tracers, thus causing the calculated Ve to be
too high. None of the papers give any indication of how blood
samples were handled or of how rapidly plasma was separated
from erythrocytes in these analyses.

Choice of Citations
Dhawan et al. (7), Ishikawa et al. (2 ) and Wahl and Nahmias (3 )

nelgect to cite the two early articles of the Patlak plot (4,5,16,17).
Dhawan et al.'s citation of Firnau et al. (18) ignores the missing

3OMFD in that report, although the rapid peripheral metabolism of
FDOPA to 3OMFD in humans had been described accurately by
Boyes et al. (19). This oversight occurred again in Dhawan et al.'s

references to Firnau et al. (18,20) in which the presence of large
amounts of 3OMFD in tissue extracts was overlooked, apparently
due to systematic misidentification of the radiochemical peaks in
Chromatographie fractionations. This misidentification has never
been acknowledged or addressed, although it is in plain view. Wahl
and Nahmias' references to Chan et al. (21,22) confirm a linear

increase with time in the ratio of metabolites to FDOPA in
circulation, but fail to acknowledge that this empirical result was
first described by Boyes et al. (19).

The principle underlying the utility of FDOPA for PET sudies of
DOPA metabolism is that FDOPA enters into the pathway for
dopamine metabolism in living brain; i.e., that FDOPA is decar-
boxylated by DDC yielding F-dopamine, which is, in turn, elimi
nated from brain as deaminated metabolites. As such, Dhawan et
al., Ishikawa et al. and Wahl and Nahmias quite properly begin
their articles with a brief review of the pathway for dopamine
synthesis and metabolism. However, none sees fit to acknowledge
the body of work first describing the metabolic fate of FDOPA, and
its similarity to that of endogenous DOPA. Dhawan et al.'s and
Wahl and Nahmias' references to the largely confirmatory work of

Melega et al. (23,24) ignore the detailed description of the
peripheral and central metabolism of FDOPA by Boyes et al. (79)
and Gumming et al. (25-28). Dhawan et al.'s references to

blocking the formation of 3OMFD ignores earlier contributions by
Gumming et al. (26), in which treatment of rats with the catechol-
O-methyltransferase inhibitor U-0521 decreased the peripheral
formation of 3OMFD, and so increased the synthesis of F-
dopamine from FDOPA in striatum of living rats.

REFERENCES
1. Dhawan V, Ishikawa T, Patlak C, Chaly T, et al. Combined FDOPA and 3OMFD PET

studies in Parkinson's disease. J NucÃMed 1996:37:209-216.

2. Ishikawa T. Dhawan V. Chaly T, MargouleffC, et al. Clinical significance of striatal
DOPA decarboxylase activity in Parkinson's disease. J NucÃMed 1996:37:216-221.

3. Wahl L, Nahmias C. Modeling of fluorine-18-6-fluoro-L-DOPA in humans. J NucÃ
Med 1996:37:432-436.

4. Gjedde AH. High- and low-affinity transport of D-glucosc from blood to brain. J
Neurochem 1981:36:1463-71.

5. Gjedde AH. Calculation of glucose phosphorylation from brain uptake of glucose
analogs in vivo: a re-examination. Brain Res Rev 1982:4:237-274.

6. Martin WRW. Palmer MR. Patlak CS. Calne DB. Nigrostriatal function in human
studies with PET. Ann Neural 1989:26:535-542.

7. Gjedde A. Reith J. Dyve S, LÃ©gerG, et al. Dopa decarboxylase activity in the living
human brain. Proc Nati Acad Sci (USA) 1991:88:2721-2725.

8. Kuwabara H. Cumming P. Reith J, LÃ©gerG, et al. Human striatal L-DOPA
decarboxylase activity estimated in vivo using 6-[lxF]fluoro-DOPA and positron

emission tomography: error analysis and application to normal subjects. J Cereb Blood
Flow Metab 1993:13:43-56.

9. Kuwabara H. Cumming P. Yasuhara Y, LÃ©gerG. et al. Regional striatal DOPA
transport and decarboxylase activity in Parkinson's discase. J NucÃMed 1995:36:

1226-31.

10. Reith J, Benkelfat C. Sherwin A, Yashihara Y.. et al. Elevated DOPA decarboxylase
in living brain of patietns with psychosis. Proc Nail Acad Sci (USA) 1994:88:2721-

2725.
11. Gjedde A. Exchange diffusion of large neutral amino acids between blood and brain.

In: Rakic L, Begley DJ. Davson H. Zlokovic BV, eds. Peptide and amino acid
transpon mechanisms in the central nervous system. New York: Stockton Press: 1988:
209-217.

12. Huang SC, Yu DC. Barrio JR. et al. Kinetics and modeling of 6-['*F]fluoro-L-DOPA

in human PET studies. J Cereb Blood Flow Metab 1991:11:898-913.
13. Reith J. Dyve S, Kuwabara H. Gunman M, et al. Blood-brain transfer and metabolism

of o-I^Flfluoro-L-dopa in rat. J Cereb Blood Flow Metab 1989:10:707-719.

14. Smith QR. The blood-brain barrier and the regulation of amino acid uptake and
availability to brain. Adv Exper Med Biol 1991:291:55-71.

15. Wahl L. Chirakal R, Firnau G. Garnett ES. Nahmias C. The distribution and kinetics
of ['"F^-fluoro-S-O-methyl-L-dopa in human brain. J Cereb Blood Flow Metab

1994:14:664-670.
16. Gjedde A, Reith J. LÃ©gerG. Cumming P. et al. Blood-brain barrier removal of DOPA:

role in regulation of dopamine synthesis and treatment of Parkinson's disease. In:

Greenwood J. et al. eds. New concepts of a blood-brain barrier. New York: Plenum
Press; 1995:103-109.

17. Gjedde A. Origins of the Patlak plot. NucÃMed Commun 1995:16:979-980.

18. Fimau G, Sood S, Chirakal R. Nahmias C. Gameti S. Cerebral metabolism of
6-["<F]fluoro-L-3.4-dihydroxyphenylalanine in the primate. J Neurochem 1987;29:

1077-82.

19. Boyes BE. Cumming P, Martin WRW. McGeer EG. Determination of plasma
[lsF]-6-fluorodopa during positron emission tomography: elimination and metabolism

in carbidopa treated subjects. Life Sci 1986:39:2243-2252.
20. Firnau G. Sood S. Chirakal R. Nahmias C, Garnett S. Metabolites of 6-['*F]fluoro-

L-dopa in human blood. J NucÃMed 1988:29:363-369.

21. Chan GLY. Hewitt KA. Pate BD, Schofield P. et al. Routine determination of
['^FJ-L-o-fluorodopa and its metabolites in blood plasma is essential for accurate

positron emission tomography studies. Life Sci 1991:50:309-318.
22. Chan GLY. Morrison KS, Holden JE, Ruth TJ, et al. Plasma L-[F-18]6-fluorodopa

input function: a simplified method. J Cereb Blood Flow Metab 1992:12:881-884.
23. Melega WP. Grafton ST. Huang SC. Satyamurthy N, et al. L-6-['*F]fluoro-DOPA

metabolism in monkeys and humans: biochemical parameters for the formulation of
tracer kinetic models with positron emission tomography../ Cereb Blood Flow Metah
1990:11:890-897.

24. Melega WP. Luxen A. Perlmutter MM, Nissenson CHK. et al. Comparative in vivo
metabolism of 6-['*F]fluoro-L-dopa and ['H]dopa in rats. Biochem Pharmacol

1991:39:1853-1860.
25. Cumming P, Boyes BE, Martin WRW, et al. The metabolism of ['"Flo-fluoro-L-S^-

dihydroxyphenylalanine in the hooded rat. J Neurochem 1987:48:601-608.

26. Cumming P. Boyes BE, Martin WRW, Adam M, Ruth T. McGeer E. Altered
metabolism of ['"FJ-o-fluorodopa in the hooded rat following inhibition of catechol-

O-methyltransferasc with U-0621. Biochem Pharmacol 1987:36:2527-2531.

27. Cumming P. Hausser M. Martin WRW. et al. Kinetics of the in vitro decarboxylation
and in vivo metabolism of 2-l!lF- and 6-'*F-fluorodopa in the hooded rat. Biochem

Pharmacol 1988:37:247-250.
28. Cumming P, Kuwabara H, Gjedde A. A kinetic analysis of 6-[lxF]fluoro-3,4-

dihydroxyphenylalanine metabolism in the rat. J Neurochem 1994:63:1675-1682.

Paul Cumming
Montreal Neurological Institute

Montreal, Quebec, Canada

Albert Gjedde
Aarhus General Hospital

Aarltus. Denmark

Jakob Reith

Bispebjerg Hospital
Copenhagen, Denmark

PARAMETERESTIMATIONINNUCLEARMEDICINE 1269




