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AbstractWe recently introduced an imaging application
combining dynamic positron emission tomography (PEJ, a
modification of the two-tissue compartment model, ad
constrained parameter estimation. The objective ofthis
method, which we have called neurotransmitter PET rtPET),
is to estimate the timing of neurotransmitter (NT)kinetics. The
time course of NT release in response to drugs other stimuli
may provide information about the function of the brain. In
this paper, we evaluate two alternate formulationsof ntPET,
one which uses arterial blood samples as the plasmaput
function (ART) and another which uses a reference agion-
derived approximation of the plasma input (REF). $mulated
data with strong (moderate noise, prominent NT respnse) and
weak (high noise, subtle NT response) signals weenalyzed
with ntPET using ART and REF. Both methods were able to
recover NT profiles resembling the true response, ith
temporal resolution better than 1 min for strong sgnals and 3
min for weak signals. Despite potential disadvanges, REF
yielded results rivaling those of the ART method. When a
sufficiently robust response is anticipated and knwledge of
absolute timing is not necessary, the REF method ign
appropriate alternative to ART, which is more demanling
experimentally.

I. INTRODUCTION

elicited by a drug may be related to the addictasnof the
drug and its potential for abuse [6].

There are two common methods of obtaining the retede
plasma input function (PIF) in PET modeling. Omseto
obtain arterial blood samples, which can be prambds
measure the tracer concentration in arterial plasme
other is to formulate the PIF in terms of PET diatan a
reference region that has negligible receptor dgnsi].
Arterial sampling yields an accurate measuremethetrue
PIF, but requires surgical cannulation of the pat®artery,
which introduces considerable complexity into the
experiment. Increased cost and invasiveness dimittie
practicality of the method. Reference region apphes
simplify the experimental procedure and reduce scesid
patient discomfort. However, reference methodarasshat
the reference region PET signal comes solely froee f
tracer. This is not true early in the scan whensamterable
tracer remains in the blood.

We have implemented two formulations ofPET, one
that uses arterial blood samples (ART) as the Rif a
another that uses a reference region-derived ajppation
(REF) of the PIF. Here, we compare the respectbibties

T imaging using receptor ligands as tracers has beof the ART and REF versions ofPET to accurately and
used to detect release of endogenous neurotraesmiferecisely estimate the time course of endogenousdiébise

(NT) in response to behavioral [1], [2] and pharolagical from PET data. Using realistic simulations, we ks¢e
[3], [4] challenges. For this purpose, we receirttyoduced determine how the performance of REF compareségbdadh
an imaging method that combines dynamic PET adépnisi ART, which we consider to be the gold standard.

novel compartmental modeling, and constrained petam

estimation, and have called it neurotransmitter PET I

(*ntPETZ) [5]. By analyzing data from rest (NT level The compartmental model used MPET [8] is an
unchanging with time) and activation (NT concerntrat extension of the standard two-tissue compartmerdemtn
changing with time due to a stimulus) conditiongnclude competition between the tracer and an esuimgs
simultaneouslyntPET is able to detect the presence of NNT at the receptor sites. Competitive (displacepbinding
releaseand to characterize its temporal prOf”e. The tlqu assumed because both tracer and NT bind Srmtyfto a
course of NT release in response to specific stif@i., receptor that is limited in number. The model esents
pharmacological or cognitive challenges) may previdmass balances on the tracer and NT as they movedet
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information about the function (or dysfunction)tbé brain.
It has been hypothesized that the timing of NT asée
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distinct states (i.e., *Freee in the tissue, *Baundeceptors,
and in the case of tracer, suspended in *Plasni rate
constants represent the rate of transfer from one
compartment to another. These are generally &rder
(transfer between compartments is a unimoleculan@gy
however the transfer from free to bound is a bimalier
interaction requiring both free ligand (i.e., trace NT) and
available receptor to occur (binding is saturableThe
balance on free tracd¥(t), is
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where, in contrast to most PET moddg, is total receptor
concentration, including receptors occupied by €.
Similarly, the balance on bound tracBf), is

dB(t “ “ -
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and the balance on bound Ng'(t), is

(2)
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The output equation relates PET output to the mode

parameters. The PET signal over a time intervéhéssum
of the radioactive tracer states weighted by thespective

volume fractions, integrated over the frame duratio

hot

PET =1 3,0+ 1[0 +BOJSADRN

(4)
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between conditions not attributable to tracer kaset

A. Computer Simulations of PET Data

A canonical set of tracer parameters (ik&., ko, Kon, Ko,
Bnay Was chosen to match the cerebral pharmacokinetics
the PET radioligand *{C]raclopride, a dopamine D,
receptor antagonist. Two cases were then considdrethe
strong signal case (STRONG), NT parameters (Eqvese
selected to approximate the release of dopamine) (DA
response to cocaine (based on [3]), a drug knowrcatse
acute elevation of synaptic DA concentration. Poisson-like
noise [9] was added to the simulated data, witienae

p= 2TEL ™

ti
was chosen to yield a signal to noise ratio wieets or
exceeds our typical human PET data. In the wegkasi
case (WEAK), the DA response was more prolongedadnd
lower magnitude than STRONG. The PET data in WEAK
had a higher noise level than in STRONG (= 0.015 in

The specific activity termSA(t), converts the free and boundSTRONG, ? = 0.03 in WEAK). Simulations for both cases

states from molecular to radioactive concentrati@msl

used DA start timest{) of either 5, 10, or 15 minutes after

accounts for radioactive deca,is the whole blood volume raclopride injection. DA association and dissaomtrates

fraction, and@ (=1- Q) is the tissue volume fraction.

were chosen to agree withvitro binding data.
For each value df,, 25 data sets were generated for both

The model used bwtPET contains two time varying
inputs. The first isCq(t), the concentration of tracer in the STRONG and WEAK, each with tracer parameters setect
plasma. The second inputf8(t), the concentration of NT randomly from a +10% uniform distribution about the
free in the tissue.FV'(t) is the quantity of interest, and isCanonical parameter set. Each data set was gedebat
estimated in both the ART and REF approaches. solving the ntPET model (Egs. 1-4, implemented in

The PIF,Cq(t), is commonly obtained in one of two ways.COMKAT [10]) using a given set of tracer parametes

One is to sample arterial blood and directly measine
tracer concentration in the plasma. The othewisuide a
reference region, an area which contains a neggigibnsity
of the receptors being targeted by the tracer. ddweation
for this model (Eg. 1 with binding terms omittedincbe
rearranged to yield an expression @a(t),

1 WFF() °
Co(t) = ke <t +k;5F (1) . (5)
Thus the PIF can be approximated from the freestracthe

reference region and its time derivative. We defimee ART

method as the application ofPET using a PIF obtained

from arterial blood samples, and the REF methodhas

produce four PET curves. 1. A curve correspondinthe
target region during activation. 2. A curve foetharget
region during rest. 3. A curve for the referenegion
during activation and, 4. A curve of the referemegion
during rest. All simulations of activation were aeawith a
given set of tracer parameters and a time varyifigchrve
(Eq. 6). All rest curves were made with the sam@meters
but with constant NT. All reference region curwesre
made with negligible receptorB{a = 0).

In order to address the false discovery rate, bllescases
were generated at each noise level used (.015, 0.03). A
null case is a set of four curves with constantifNBoth the
rest and activation conditions.

application of ntPET when the PIF is derived from the For all simulations, the PIF was defined according

reference region.

The time-varying free NTEV'(t), is parameterized as a

gamma variate function,

FNT(t)=Basal+ (tSt,) e® (S0), (6)
Key characteristics are delay tintg; peak timetp =tp +
./ ; and peak heighg"(tp).

S S gt

Co)=(,tS ,S )+ %"+ e ®)
with ; =12, ,=1.8, 3=0.45(nM), , =4, ,=0.5, and

3 = 0.008 (miff) [11]. Tissue fraction §) and vascular
fraction (§) were 0.95 and 0.05, respectively. A sixty
minute scan duration was simulated with 60 x 1 frames.

The tracer and NT parameters are estimated byB. Application of ART and REF methods

simultaneously fitting the model to dynamic PETeadmt the

rest (constant NT) and activation (time-varying NT)ART formulations of ntPET.

conditions. We assume that tracer parameters lbpéll

Simulated PET data were analyzed using the REF and
Parameter estimation was
performed using penalized least squares. The tgec

identical in both conditions, and that the paramsetefunction is composed of the weighted residual suim o

describing NT dynamics will account for differendasdata

squares in the rest and activation conditions amdpenalty
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terms constraining time of peak NT concentratigf énd TABLE |. DELAY AND PEAK TIME ESTIMATES STRONG $GNALS
resting binding potential (BP), an index of timeseaged Delay Timetp (minutes) Peak Timdp (minutes)
receptor availability. The penalized objectivedtion is Bias + SD Blas £ SD

TRUE ART REF TRUE ART REF

(1, w)=tw [PETimeasé PET( 1, wr )]2 5 -0.39+042 -042+069 12 1.35+0.28 159+0.32
! 10 -0.73+0.43 -0.08 + 0.64 17 0.98+0.34 1.6790.3
& & & 15 -0.96+0.47 -0.22+0.51 22 1.11+0.33 162904
+ a[exdSfto () St ])+exlt () St )]
+, [B P™*SBP( ;, ur )]2 9) TABLE Il. DELAY AND PEAK TIME ESTIMATES WEAK SIGNALS
where w, are the weights applied to each term (set—DPelay Timelp (minutes) Peak Timdp (minutes)
. 2 . . Bias + SD Bias + SD
proportional to I'), 2 and 2 are weights applied to the peak tryg — aRT REE TRUE — ART REF
time and BP penalty termE 2 = 60), and, andty are the 5 0.05+1.74 158+2.40 15  1.92+1.37 2.09+1.45

10 -019%222 1.10+224 20 1.97+1.79 2.78+2.07

upper and lower peak time constraintg :é 0.ty = 60)' -0.21+£1.81 1.33+2.46 25 1.82+1.59 3.04+2.66

BP(,t, ,n7) IS calculated from the estimated parameters

whereasBP™* is determined independently by the Logan The estimated NT profiles for null data are higidyiable
graphical method [12]. Eg. 9 is minimized by paetens iy timing parameters, and are consistently of small
which fit the data from both scan conditions, yial@8P near magnitude. For ART estimates of null data with #aene
BP™* and find NT events which peak during the scan.  noise level as STRONG, 95% of the estimated NTilesof
Due to the large number of parameters being estiat have average peak height less than 1.16 (fractibn o
correlation of parameters, and noise in the datgamust be baseline). If we apply ART to data with signalnimise ratio
wary of the dependence of our estimates on irgtiglss. As greater or equal to that of STRONG and the regultin
a precaution, we fit each data set 50 times witheB@lomly average peak height is greater than 1.16, thereaison to
chosen initial guesses. Typically, 40 to 45 of the 50 fitgelieve that the estimated response is not attiiet to
converged. Of the fits that converged, the bestiere noise in the data but rather to a bonafide NT reseo
determined by a multiple stage goodness of fit csiele Similarly, the 95%.confidence threshold determiped fqr REF
process based on objective criteria [5]. As alteswe 1S 1.15 when applied to data with the same noisthaisin

obtain multiple answers (typically about 15), representing 2l RONG. The higher noise level used in WEAK raies
family of best NT profiles to explain each pairschns. threshold to 1.31 for ART and 1.40 for REF.

The tracer PIFs (one each for rest and activatic~ 2
conditions) used for REF were derived from the $atad
reference region PET data according to Eq. 5. &VAhlil
noiseless PIF was used to generate simulated data
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according to Eq. 8 to better approximate real datd to
allow a fair comparison of between ART and REF.
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I1l. RESULTS

' ' 80.5 | 4/,,;-\\\
Both the ART and REF methods estimated NT profilex
resembling the true, known NT curves, from data ¢ % 20 0 0 %% 20 40 60
H : H Time (minutes)
moderate noise level and ,Wlth_ prommgnt NT rESponﬁg. 1. Example results of WEAKH=10 min) case analyzed with ART.
(STRONG) and from data with higher noise level amae |eft panels: simulated PET data (open circles)smiainput (gray circles),
subtle NT release (WEAK). Estimates of NT timingand model fit (solid black curve) to the data. iRiganels: estimated NT
parameters are shown in Table | for the ART and REfEsPonses (black ::urvesl), true NT cur\ije (soli(é)gmyd tr;reshold (dashed
. . ray). Top panels a to rest condition, bottpanels to activation.
methods applied to STRONG, and in Table Il for bot E),?resu“g ;re sim”aﬁpy " P el
methods applied to WEAK, for each of the threeeddht

NT curves examined. An example fit and estimated N IV. DISCUSSION

curves obtained by application of ART to WEAK af@wn The ART and REF methods differ primarily in how the

in Figure 1. Typical analyses of null data vieheitmethod  pr is getermined. In ART, the input is measured directly
show little or no NT response. Figure 2 shows &TAitto o - 1i50d samples. In REF, the input function is

null data WiFh_ the same noise !evel as WEAK. . formulated from PET data measured in a recepter{egion

The precision of estllmates is greater and thetbpis,a”y assuming that this PET signal is attributable goleltracer
Ie;s with ART than with Rﬁf (Tables 1 and _“)' €9 3 i the free state. This assumption is invalid atyetime.
displays a cluster plot oF "(tz) plotted againste. In  1he REF method is also more susceptible to noisause
a”a'Yses of STRONG’_ we Opse”’e scattﬁ_‘\ﬂ(tp), hovv_ever its approximation of the PIF requires a time ddiixaof the
the fits are more consistenttin The ART fits show slightly | tarence region data. Finally, REF introduces wtra
tighter grouping irts than do the REF fits. parameter to be estimated.

DA Concentration
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release in these studies, we observe that therpafee of

both versions ohtPET degrades as the quality of data and

prominence of the NT response diminish.

V. CONCLUSIONS

We compared two versions ofPET, which differ in how
the plasma input function is determined. In spitpotential
disadvantages, the REF method is nearly as suotessf
ART in recovering NT profiles from either STRONG or

WEAK signals.

resolution better than one minute for STRONG sigraaid

Fig. 2. Example results of null data analyzed wART, noise level same
as WEAK. Left panels: simulated PET data (opencles), plasma input
(gray circles), and model fit (solid black curve)the data. Right panels:
estimated NT responses (black curves) and thredfaaished gray line).

Top panels apply to rest condition, bottom panelsattivation. REF

results are similar.

(1

[2

(3]

Fig. 3. Estimated peak height of NT respori@¥(tp), vs. estimated peak
time, tp. ART results are shown on left panel, REF ontrjggnel. Circles
indicate results of analyzing STRONG, squares aselts of analyzing
WEAK. Different colored markers indicate differamtie NT delay times

(dark graytp=5 min; white,tp=10 min; light graytp=15 min). (5]

We demonstrated that both the REF and ART
formulations ofntPET can be used to recover the temporal
signature of NT release from realistic simulated PET dati)]
In addition to the consistency of our estimatednd3ponses
and their resemblance to the true NT curves usethén
simulations, analysis of null case simulations éatis that it
is unlikely that we could have obtained our NT rasties by
chance. Both methods estimate average peak hdigints
STRONG signals exceeding their respective thresholkthe [8]
peak heights estimated when applied to WEAK appgroac
occasionally fall below the threshold values, sstigg that
false negative events may become problematic wh¢s
magnitude of NT release is small or data are veigyn

In both ART and REF analyses of STRONG signals, the

(7]

estimated peak times were more precise and acoBBXe'  [10]
0.4 min, bias < 1.7 min) than those estimated fMBAK
signals (SD < 2.7 min, bias < 3.1 min), which wamsier 11]

and made from smaller NT curves with a poorly dedin
peak time. Similarly, estimated delay times weessl
variable; delay bias, however, was slightly greate ART 12]
analyses of STRONG than WEAK. Though we cann(;t
disentangle the effects of increased noise, pradng

three minutes for WEAK signals. In applicationsend we
anticipate a sufficient effect size and do not neednow
absolutetiming of the NT response, the more convenient
REF method is probably preferred.
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