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Because of its computational simplicity, the graphic method
introduced by Logan et al. is frequently used to analyze time—
activity curves of reversible radiotracers measured in brain
regions with PET. The graphic method uses a nonlinear transfor-
mation of data to variables that have an asymptotically linear
relationship. Compared with compartmental analysis of untrans-
formed data, the graphic method enables derivation of regional
distribution volumes that are free from assumptions about the
underlying compartmental configuration. In this article, we de-
scribe statistical bias associated with this nonlinear transforma-
tion method. Methods: Theoretic analysis, Monte Carlo simula-
tion, and statistical analysis of PET data were used to test the
graphic method for bias. Results: Mean zero noise is associated
with underestimation of distribution volumes when data are
analyzed with graphic analysis, whereas this effect does not
occur when the same data are analyzed by nonlinear regression
and compartmental analysis. Moreover, this effect depends on
the magnitude of the distribution volume, so that the bias is more
pronounced in regions with high receptor density than regions
with low receptor density or no receptors (region of reference).
Conclusion: These results indicate that conventional kinetic
analysis of untransformed data is less sensitive to mean zero
noise than is graphic analysis of nonlinearly transformed data.
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G raphic analysis of PET data acquired with reversib
(1) or irreversible 2) radiotracers is commonly used for
guantification. The method of Logan et dl) {or analysis of

reversible radiotracers comprises a nonlinear change
variables applied to region-of-interest (ROI) activities and
the arterial plasma input function {Cin which the trans-

formed variables have an asymptotically linear relationshi
The linear part of the graph can be written in the form of

equation for a line:
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The slope m is equal to the tracer total volume of distributi
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(V7). Vi is equal to (K/k;) + Vp in the 1-tissue-
compartment model and (K,) X [1 + (k3/ks)] + Vpin the
2-tissue-compartment model, where> V6 the vascular
contribution and the k values are (nonnegative) time param-
eters associated with the models. The intercept b is given by
the expressions:

K1k3
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in the 1- and 2-tissue-compartment models, respectively.
The slope is the desired outcome measure, but note that the
intercepts are negative in both cases; this fact will be
pertinent to the subsequent discussion.

The graphic method has several attractive aspects. It is
less computer intensive than classic compartmental analysis
and not subject to the convergence problems that may arise
with iterative methods. Furthermore, it allows derivation of
V+ without making assumptions about the compartmental
configuration of the underlying data. For these reasons, the
graphic method is widely used for analysis of neuroreceptor
imaging studies performed with reversible radiotracers.

PET data always include a significant noise component,
whose multiple sources have been discuss®d I this
I%rticle, we consider the effect of only noise with a zero mean
Value, that is, noise that increases and decreases measured
PET values to the same extent. We show that this type of
nOC}ise causes this graphic technique to systematically under-
estimate the outcome measure &d that the amount of
underestimation increases as the SD of the noise increases.

\We also show that the effect depends antgelf, so that the

Bffect is more pronounced in regions with high Yhan
regions with low 4. The implication is that if the distribu-
tion volume ratio (ratio of regional ¥to the \, of a
reference region) is used as an outcome measure, the
distribution volume ratio will be underestimated as well.

The phenomenon of statistical bias caused by mean zero
noise introduced by a change of variables may not be
Intuitively expected. Given that individual points are ran-
domly increased or decreased by the same amount, why does
the slope (i.e., Y) systematically decrease? In the case of
the method of Logan et all), the bias has been documented
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by Monte Carlo simulation in a study comparing thé the ordinary linear least squares regression slope is then

noise-related bias levels in several methods of PET analysinputed, it will be less than m. This can be made mathematically

(4). Here, we replicate the Monte Carlo analysis as appligigorous by computing the expectation of the difference-nin.

to 2 new and promising radiotracers, offer a theoretithe proof can be made to cover a much broader class of models

explanation for the simulation results, describe the relatiolithout much extra effort. Now assume the true data are stil y

ship between the bias in estimategand true \{, and show M but that the data points (x,y) are perturbed §010¢.y; + ey),

the presence of the effect in real PET datasets. In the grapffité"® (e, values are independently distributed with mean zero

method, noise in the ROI curve appears in both the x and t?lr(%d vanancer (not neces.sarlly the same for all j) and tq’?.
values are independently distributed with mean zero and variance

y transformed variables, and the x noise and y noise aar%j' Further, assume that for eacle,j,ande,; have covariance,y;

hlg.hly correlated. Draper and Smltﬁ)(d!sc?uss the case Ny, ¢ thate,; andey, are not correlated for # k. Then setting D=

which the x and y variables have statistically mdependeNE(Xj + 6g)2 — (3% + €g)% M — Mis equal to:

noise. Here, we present reasoning that predicts the bias on

the basis of the correlation structure. m X D = N30 + eg)(mx + e)
+ 2(X + eg)2(mx + €)

D

Eq. 1
MATERIALS AND METHODS

Theoretic Analysis

Analysis of a Simple Cas@s a simple example of data with
correlation between the x and the y noise, consider the linenx,
m > 1, and perturb both x and y by the same small ameyfig.
1). Thatis, (x,y) becomes (x €,y + €). Consider the line segment (N — 1) x |m X 2 o2 — E ool Eq. 2
from (x,y) to (x + €,y + €). The rise over the run of this segment el K
will always bee/e = 1, and the perturbed point will be moved either . . . .
down and to the left but above the original line or up and to the right This expression will be positive when m(zzcxy")/(zcii).’ In the
but below the original line, according to the signefNow map simple case abovey; = «; and Royy)/(Xo5) = 1, which, by
each data pointjy= mx, j = 1,.. .N, to (x + €,y; + ¢), where the design, is less than m.

g values are independent identically distributed random variable_sGraphiC .Method.Anz?llysis of the graphic method is. not as,
tS|mple as in the previous case, partly because multiple noise

with mean zero and variane€. Geometric intuition suggests thai ol ) ¢ e ) s
sources exist, including counting statistics both in the brain image
and in G, measurement errors, and motion artifacts. Also, the noise
has a more complicated effect on the data than in the model of the
previous section, because of the transformation of variables.
Typically, a fitting procedure such as a sum of exponentials is used
to presmooth the plasma data, so that the effect of noise in the
plasma data is minimized. Even if the plasma data have not been
preprocessed, £and therefore noise in Lappears only in an
integral. Integration is a smoothing process that tends to reduce the
—y=0+25xR=1 effects of mean zero noise. Finally, noise ipgan reasonably be
----- y=0+0.5xR=1 assumed to be statistically independent of noise in the PET data, so
that effects from plasma noise and ROI noise can be treated
separately. Here, we ignore error ig @cusing instead on noise in
[ e the ROI curve. This noise will be assumed to have mean zero and
e " variances? at time 1. Because the mean is zero, this noise will tend
0 e to be cancelled irf!t ROI(r)dr, provideds? changes slowly over
time. Let:

The denominator D is the determinant of a positive definite
matrix and therefore always positive, so the sign of-m will be
equal to the sign of the numerator. The expectation of the
numerator reduces to:

20

i5

10+

Sed) = J, cdmer

FIGURE 1. Simple linear regression. Effect on noise perturba- Srollt) = fl ROI(7)dr. Eq.3
tion, =e, added to both x and y values of given point of simple 0

regressiony = mxwith m greater than 1 (=2.5)and mlessthan1l  Then the graphic transformation can be written in vector form as:
(=0.5). New location of point (X = €,y * €) relative to original line

depends on value of m. If m is greater than 1 and value of € is ScAt)

positive, perturbed point will fall to right and above its original T,(ROI() ROI(Y)

position but below original line. Negative e will result in point [ X } — Eq. 4
below and to left of original position but above line. If m is less T,(ROI(1)) Srolt)

than 1, positive e will move point to right and above original line, ROI(1)

whereas negative e will move point to left and below original line.

Geometric intuition suggests that linear least squares fit of T,(ROI(f)) = m X T,(ROI(t)) + b. Eq.5
perturbed data will have slope less than m if m is greater than 1

and greater than m if m is less than 1. If we assume the magnitude of the noise is relatively small, the
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perturbed transformation can be approximated by a first-ordiat the amount by whichgg/Sc, deviates from the original slope

Taylor expansion as: m is equal to:
Sedt) b 3 b X ROI(t) Eq. 10
TAROIE) +¢)] |(ROIE) + )| [TLROIW) T(ROI(t)) Se(t) '
T,(ROI(t) + €) = Seol(t) = T,(ROI(t)) B The denominator on the right side of Equation 10 will be the
W same across brain regions, but the numerator will tend to have a
5+ larger magnitude in regions with high uptake, both because ROI(t)
t will stay elevated and because a large m will drive b in the negative
€j SCa( ]) . . . . :
—_— . Eq.6 direction. This suggests that the bias effect will be more pro-
(ROI())* [Srai(t) nounced in regions with largesyand our simulations support this

Let this final expression be our new model process. For Smghlggestlon.

0%, this process and the graphic transformation will behaw§mulations

similarly. For this process, the ratiig)/(2o%) is equal to: We examined data derived from 2 different experiments. The
2

o first set of analyses was based on the brain uptake of the S5SHT1A
E( J )x Sedt)Srol(t) antagonist [carbonylIC]WAY 100635 @) in a baboon (R.V.
4 allj/=rolly . . L
ROI(t) Parsey, unpublished data, 1999). After a single bolus injection
o2 (injected dose, 60 MBq; specific activity, 27,417 GBg/mmol),
E ' X S2 (1) emission data were acquired for 120 min, as previously described
ROI4(t e ol i
(1) (7). The arterial input function was measured, corrected for the

At each point, the ratio §y/Scs Which equals the ratio metabolites, and fitted to a sum of 3 exponentials (Fig. 2A).

[T,(RODJT,(ROI)] of the unperturbed variables is, by Equation 5:¢9ional uptake was analyzed using a 3-compartment Kinetic
analysis as previously described).(Results from 3 regions were

Eq.7

equal to: selected, representing regions with high uptake (cingulate cortex),
T,(ROI) b regions with low uptake (dorsal raphe nuclei, DRN), and a
m =m+ T(ROI)’ Eg.8 reference region devoid of 5-HT1A receptors (cerebellum). Kinetic
X X parameters were as follows: cingulate cortex, [K1, k2, k3, k4]
The intercept bis negative, SORQgSCa) <m. Therefore’ [04407, 03367, 01899, 0027], DRN, [Kl, k2, k3, M—][02595,
0.1982, 0.0358, 0.0268]; and cerebellum, [K1, k2, k5, k6]
of [0.6038, 0.8364, 0.0421, 0.0518], where K1 (mL/g/min) and k2
2 (ROI“(t-)) X Sed)Sroi(t) (per minute) describe the rate of transfer between the plasma to the
! < free and nonspecific (nondisplaceable) compartments, k3 (per
E 012 X S2.(t) minute) and k4 (per minute) describe the rate of transfer between
ROI(t) Cal’j the nondisplaceable and specific compartments, and k5 (per

minute) and k6 (per minute) describe the rate of transfer between
sz X the fast and the slow nondisplaceable compartments in the cerebel-
> (ROI“(t-)) Sedt) X m lum.

) =m. Eq.9 These parameters were used to create 3-compartment impulse
response functions that were then convolved with the smoothed
arterial input function to create “perfect” noise-free regional
time—activity curves (Fig. 2B). Data were simulated for 120 min,

By Equation 2, the expected value ofmm is positive. with values calculated every minute. Normally distributed mean
At each timejt the ratio Ko/Scais the slope of the line segmentzero noise of various magnitudes was added to the data, assuming a
from the original point to the perturbed point. Note from Equation 8onstant level of noise over time. The magnitude of the noise was

2

3 [

ROI(t)

X Sgia(ti)

>

10 04
[

035 [

oal FIGURE 2. (A) Plasma unmetabolized
Cingulate [\*C]WAY 100635 after injection of 60 MBq
in baboon. Points are measured values; line
represents values fitted to linear combina-
tion of 3 exponential functions (logarithmic
scale). (B) Regional activities in cerebellum
(A), DRN (@), and cingulate cortex (O).
Curves and data points were generated by
convolution of fitted plasma with impulse
response functions. Kinetic parameters for
impulse response functions are listed in
Simulations section.
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FIGURE 3. (A) Plasma unmetabolized
[*CINNC 112 after injection of 648 MBq in
human. Points are measured values; line
represents values fitted to linear combina-
tion of 3 exponential functions (logarithmic
scale). (B) Regional activities in cerebellum
(4A), SGPC (@), and striatum (O). Curves
and data points were generated by convolu-
tion of fitted plasma with impulse response 0001 L . e
functions. Kinetic parameters for impulse "0 20 40 60 80 100 120 0 20 40 e0 80 100 120
response functions are listed in Simulations Time(min) Time(min)

section.
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characterized by its SD, expressed relative to the mean value of #malysis were performed to derive regionat. V\The 5-HT1A
noise-free ROI activity over time. Noisy datasets were created fiaceptor BP was then calculated as the difference betweantke
increments of 0.01, from SB 0.01 to SD= 0.2 (20 noise levels). ROl and 4 in a region of reference devoid of receptors (cerebel-
At each noise level, 1000 noisy curves were created. Noisy curdes). The size of these regions varied considerably, from large
were then analyzed with the graphic method. The average of theocortical regions such as the dorsolateral-prefrontal cortex
1000 V4 values was compared with the true Value (i.e., the ¥ (32,575 = 2579 mni) to small limbic regions such as the
value used to create the data) for each noise level to measure lifppocampus proper (582# 441 mn¥) to very small and noisy
bias introduced by the noise. In the absence of bias, the averager®gions such as the DRN (888 742 mn?). Given the large
of 1000 simulations would be identical to the true value ef V between-region variability in size, we anticipated large variability
The second set of data was based on the brain uptake of thehe noise level associated with the regional measurements. We
dopamine B receptor antagonistCINNC 112 @) in a human tested the hypothesis thatC]WAY 100635 BP derived by graphic
(injected dose, 648 MBq; specific activity, 48,655 GBg/mmol; Figanalysis would be lower thari}C]WAY 100635 BP derived by
3). Details of the experimental and analysis procedures have béametic analysis and that this underestimation would depend on the
published 9). Three regions were selected, with high i@ceptor level of the noise, as measured by the residual sum of squares of the
density (striatum), moderate Peceptor density (subgenual prefron-kinetic fit.
tal cortex, SGPC), or no detectable Peceptors (cerebellum).
Kinetic parameters derived from this experiment were as followgegy TS
striatum, [K1, k2, k3, k4]= [0.1533, 0.0674, 0.1241, 0.0358]; _. _
SGPC, [K1, k2, k3, k4]= [0.1674, 0.0736, 0.0727, 0.0453]; and>imulations _ _
cerebellum, [K1, k2] [0.12, 0.0526] (i.e., 1 tissue compartment). Figures 4 and 5 present the graphic analysis of the
As in the [ICJWAY 100635 experiment, noise-free curves werdOise-free dataset and the result of Monte Carlo simulations
generated with these parameters, various levels of mean zero néethe [F'C]JWAY 100635 and F'CJNNC 112 experiments,
were added, noisy curves were analyzed with graphic analysis, aegpectively. The simulation results show that the bias effect
the results were plotted against the noise level. of zero mean noise was detected. As the level of the noise
Confirmation in Real Data increased, the mean estimate gfdécreased. This bias has

Results from derivation ofC]WAY 100635 binding potential (€ 3 Properties predicted by the theoretic analysis: first, that
(BP) to 5-HT1A receptors derived in 15 region of the human bra@iVen the negative intercept, the bias always leads to an
with the kinetic method were compared with results from thenderestimation of ¥; second, that this effect increases as
graphic method. Each regional BP value was the mean value oftt® noise increases; and third, that this effect is more
experiments 10). Kinetic analysis (3 compartments) and graphigronounced in regions with highp\than in regions with low

A 500 - B 12
, 400 ~ AR .
£ROI(T)dT i To, Cingulate
ROI(t) E 8t oy,

FIGURE 4. (A) Graphic analysis of noise- °r DRN Cerebellum £ fPree,,
free data presented in Figure 2. (B) Results Cingulated',. § 5t
of simulations show mean VT as function of 20r M =,
SD of noise (SD normalized by mean re- b I ORN
gional activity of noise-free dataset, so as to 100 1 B
have comparable level of noise between “hssasasassaasaas
regions). One thousand trials were per- o 0 1 _ Cerebelum
formed at each noise level. Effect of bias is 0 %0 100 10 200 260 %00 %50 ° 0 o 018 o2
more pronounced in cingulate cortex than in [cmaz/rory Noise level (SD noise)
regions with lower V; (DRN, cerebellum).
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0RT(¢)250 L SGPC = *r T o Striatum
(=] L R
200 | Striatum LI ..  sGPc Tree. FIGURE 5. (A) Graphic analysis of noise-
ot £ el . free data presented in Figure 4. (B) Results
§ 4T e of simulations show mean VT as function of
100 | = Cerebellum SD of noise (SD normalized by mean re-
afreesrncecasssoaasas gional activity of noise-free dataset, so as to
ot have comparable level of noise between
P ) ) \ ; s ) regions). One thousand trials were per-
0 20 40 60 80 100 120 140 160 ° oM 08 92 formed at each noise level. Effect of bias is
[z /rorc) Noise Level (SD noise) more pronounced in striatum than in re-
gions with lower V; (SGPC, cerebellum).

V1, because regions with hight\are associated with moremean zero noise, such as the noise associated with measure-
negative y-axis intercepts and greater ROI values for largentent of radioactive decay. Because the noise is expected to
Similar simulations using classic, iterative, nonlinear leasicrease with the duration of the experiment (because of
squares curve fitting to a compartmental model have ledisntope decay), we also performed a simulation in which
bias estimates that, as a fraction of trug ®re an order of mean zero noise increased with time, and the results were
magnitude smaller than those observed with the graptsinilar (8).

method 0). Despite this problem, the graphic method is still prefer-
able to kinetic compartmental analysis when nonlinear

Confirmation in Real Data analysis is ill-conditioned. One advantage of the graphic
Graphic BP values were slightly but significantly lower Y ; 9 grap

than kinetic BP values, by an average of 398% (repeated method is that the derivation of{Mloes not depend on an

measures ANOVAP < 0.001). This BP underestimationunOIerIyIng choice of compartment model. This prope.rty
. . . makes the method particularly useful when the possible
was detected mostly in small and noisy regions. For

example, BP obtained by the graphic method wassme, R IS A S BNeOIe B T 0 S
13% =+ 6%, and 33%*+ 8% less than BP obtained by kinetic pprop ' pie,

modeling in the dorsolateral—prefrontal cortex (region Sizgptake of PCINNC 112 does not perfectly fit a 1-tissue-

32,575+ 2579 mnf), hippocampus (5824 441 mnf), and compartment model. However, the small size and slow
DRN (880 = 742 mn¥), respectively. The noise in the
measurement, as estimated by the residual sum of the square

of the kinetic fit, was significantly associated with the 1,
magnitude of the underestimation of BP by the graphjc ;
method compared with the kinetic methad € 0.59,P < 0.95
0.004; Fig. 6). This analysis shows the presence of the effect & o9l
in real data. £
€ 085[
X
DISCUSSION S osl
Our results indicate that mean zero noise is associated % 075 b
with underestimation of distribution volumes when PEJ £
data are analyzed with the graphic method. The underestima- g 07}

tion was theoretically predicted, confirmed in Monte Carlp 065 | DRN —> o
simulations, and observed in real data. The pertinent features '

of our noise model are that it has zero mean and is rot
temporally correlated. The transformation brings about|a
particular correlation structure between the error terms in the Residual sum of squares (LCi/ml)2

predictor and dependent variables, leading to biased egti-

mates of . This phenomenon is reminiscent of noiseg|GURE 6. Relationship between experimental noise in ROIs
dependent bias encountered in the analysis of saturat{an= 15), as estimated by residual sum of squares of kinetic fit
binding data. The transformation of saturation data corfx-axis), and underestimation of BP by graphic analysis com-
monly called the Scatchard ploi) has been shown to pared with kinetic analysis. Each point is average of BP of 10

. . . . [MC]WAY 100635 experiments conducted on humans. Dorsal
introduce a noise-related bias to the estimates.gk&nd o raphe nucleus (DRN, arrow) is region associated with highest

(12. noise, and DRN BP is considerably underestimated by graphic
In this article, we considered the effect of only randoranalysis compared with kinetic analysis.

0.6 £ f ! 1, L 1 3
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
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