used as a distal ICA protection system in 15 patients, and
a Naviballoon system (Kaneka) was used in 1 patient.
With the patient under local anesthesia, a guiding catheter
was advanced to the affected common CA, and a self-
expandable SMART stent (Cordis Endovascular System)
was implanted after predilation with a balloon catheter.
Postdilation using a larger balloon catheter was used in 5
patients. For prevention of postoperative stroke related to
stenting, 81 mg of aspirin and 200 mg of ticlopidine were
routinely administered before CAS. Heparin was intrave-
nously administered during and after CAS in all patients.
No complications including cerebral ischemia, retinal
ischemia, or groin hematoma occurred during peri- and
postoperative stenting in any patient. Postoperative diffu-
sion-weighted MR imaging was routinely performed, and
no fresh infarctions that might affect the PET data were
found in any patient.

Protocol for PET

Positron emission tomography was conducted 3
times: within 1 month before CAS, 1-7 days after CAS
(acute stage), and 3—4 months after CAS. Only 8 patients
underwent PET scanning 3-4 months postoperatively.
A Headtome V (Shimazu) PET system was used to ex-
amine the following parameters: CBF,, OEF, and CBV
using 1%0,-labeled water, °0,-labeled molecular O,, or
150,-labeled CO, as previously reported.® The CMRO,
and the CBF/CBV ratios were also calculated. The CBF/
CBV ratio is an index of CPP according to the previous
PET analysis of the relationship between CBF, CBV, and
the oxygen extraction ratio® Acetazolamide challenge
was performed by intravenous administration of 1000 mg
acetazolamide, and the percentage change in CBF from
the resting state to the acetazolamide challenge state was
calculated as follows: % CBF,, = 100 x (CBF,, — CBF )/
CBF.

Positron emission tomography analysis was per-
formed using elliptical regions of interest located at the
centrum semiovale level in each cerebral hemisphere.

S. Matsubara et al.

TABLE 1: Mean values of the parameters before and after CAS

Parameter Before Acute Stage  Chronic Stage
ipsilateral side
CBFrest (mi/100ml/ 376 +79 49.0+ 101 391459
min}
%CBF,, (%) 399+215 4281174 536+ 13.0
CBV (mi/100g) 3451069 3481075 3.41+053
CPP {min) 1112+226 1425+199 11.82+3.22
OEF 044+005 043:0.06 0.45+0.03
CMRO, (mi/i00ml/  262+0.39  273+0.37 271+0.33
min)
contralateral side
CBF ¢ (/100 ml/ 40572 48.1 101 39.7+67
min)
%CBF,, (%) 53.8+157  455+170 53.0x 161
CBV {ml/100g) 363+072 366+066  3.30+0.46
CPP {min) 11.33£1.86 13.34+278 1236+3.14
OEF 042+004 044:0.06 0.44 + 0.05
CMRO, (mi/100mi/  275+0.39 2.78+0.38 2.69+0.29
min}

These data assessed from the affected side were com-
pared with those for the control side at each stage. Val-
ues were statistically analyzed with unpaired t-tests using
StatView 5.0 software (SAS Institute). Probability values
< 0.05 were considered statistically significant.

Results
Representative Case

A 7l-year-old woman developed pulse-synchronous
tinnitus in her right ear. Significant coronary artery steno-
sis requiring bypass surgery was identified, but stenosis
originating in the right ICA was also detected after cere-
bral angiography. The patient was referred to our institu-

CBF at rest
ipsilateral contralateral
ml100 mVmin ml100 mbmin
70.0 700 .
§0.0 60.0 -
50,0 9.0 50.0
40.0 $76 39,3 40.0
30.0 30.0
20.0 200
00 - 100
pre-op 2-7D 3-4M pre-op 2-71D 34 M
| bl J | [ |
P20001 P=0018 P<0D00} P=0016

Fia. 3. Graphs showing sequential changes in CBF ., on both sides. Ipsilaterally, significant increases are seen in the postop-
erative acute stage, with modest increases in the chronic stage. Contralaterally, significant increases are also seen in the acute
stage, which reverted to the preoperative level in the chronic stage.
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Fia. 4. Graphs showing sequential changes in % CBF,,. Mean values initially fell on the affected side but improved over

fime.

tion for CAS prior to coronary artery bypass. Initial right
carotid injection angiography revealed 90% ICA stenosis
(Fig. 1A). Angioplasty with a stent was successfully per-
formed with the patient under local anesthesia, and no
significant stenosis remained (Fig. 1B). Figure 2 depicts
the PET scans and elliptical regions of interest used in
this study.

Cerebral Blood Flow

As shown in Table 1, the ipsilateral CBF,,, signifi-
cantly increased in the postoperative acute stage (by a
median value of 30.3%) before returning to normal levels
3-4 months postoperatively. The contralateral side also
exhibited this trend, increasing by a median of 18.8% in
the acute stage (Fig. 3). Statistical analysis revealed sig-
nificant differences between values measured before and
immediately after CAS on both sides. In contrast, the %
CBE,, on the ipsilateral side displayed gradual improve-

ment, although this change was not significant. On the
contralateral side, the % CBF,, decreased in the immedi-
ate postoperative period compared to pre-CAS levels and
then returned to the pre-CAS level by 3—4 months (Fig.
4). Relative to the preoperative state, the CBV was slight-
ly higher immediately after CAS and slightly lower at
3—4 months postoperatively (Fig. 5). The CPP increased
rapidly during the acute stage and was found to have de-
creased on both sides at 3—4 months (Fig. 6); statistical
analysis revealed significant differences between the val-
ues measured before and just after CAS on both sides.

Oxygen Extraction Fraction and CMRO,

The OEF on the ipsilateral side decreased slightly
during the acute stage and then normalized by the 3- to
4-month assessment. Contralateral OEF increased in the
acute stage after CAS and remained elevated in the long
term, although the changes were minimal (Fig. 7). The ip-

ipsilateral contralateral

mll00 g ml100 g
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4.50 4.50

4.00 4.00

3.50 &
3.50 .
3.41 130

3.00 3.00

2.50 2.50
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Fia. 5. Graphs showing sequential changes in CBV. Ipsilateral mean values were slightly higher in the acute stage than

preoperatively, but decreased in the chronic stage.
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min ipsilateral min contralateral
18.00 18.00
16.00 16.00
14.00 4.25 14.00
4
12.36
12.00 1182 | 1200
1.2 1.33
10.00 10.00
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6.00 6.00
4.00 4.00
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' H J 1 bl j
P< 00001 ns, P=00018 ns.

Fic. 6. Graphs showing sequential changes in CPP. Both the ipsilateral and contralateral mean CPP increased significantly in
the acute stage but increased only modestly in the chronic stage.

silateral CMRO, increased slightly immediately after CAS
and remained elevated at the 3- to 4-month visit, although
this increase was not statistically significant (Fig. 8).

The ratio of ipsilateral to contralateral values (asym-
metry index) for CBF,, % CBF,,, CBV, OEF, and CMRO,
tended to approach 1.0 over time (Fig. 9). We noted that
% CBF,, displayed gradual improvement, whereas CBF,
increased rapidly in the postoperative acute stage before
returning to normal levels by 3—4 months postoperatively.
In contrast, the OEF temporarily decreased in the acute
stage before normalizing over the long term. Ipsilateral
values of CBF,,,, and CMRO, exceeded contralateral val-
ues in the acute stage.

Discussion
Improvements in Cerebral Circulation

The CBF,,, was slightly higher at 3—-4 months after

ipsilateral

CAS than it had been preoperatively. In particular, a sig-
nificant increase in CBF,, of ~ 30% was observed during
the acute stage, demonstrating that CAS improves cere-
bral circulation. This rapid increase in blood flow dur-
ing the acute stage diminished over time due to arteriolar
self-regulation to maintain constant cerebral perfusion
and resistance. The CBF at 3-4 months postoperatively
was stable and slightly higher than preoperative values.
The same trend was seen on the contralateral side, where
an increase of 18.8% was seen in the acute stage com-
pared to preoperative values. This increase is thought to
reflect blood flow from the collateral circulation via the
anterior communicating artery or leptomeningeal anasto-
mosis. Contralaterally, increased CBF immediately after
surgery has previously been confirmed by SPECT studies
after CEA.1

Vascular Reserve

In terms of % CBF,,, no significant difference existed

OEF

0.50
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0.30

025

0.20
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Fie. 7. Graphs showing sequential changes in OEF. The mean OEF did not significantly change at each stage.
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Fia. 8. Graphs showing sequential changes in CMRO,. A tendency toward small increases in ipsilateral CMRO, was seen in
both acute and chronic stages, although no significance differences were noted.

because of marked variations, but some improvements
were seen ipsilaterally. Ours is the first study to use PET
to demonstrate that stenting improves vascular reactions.
On the ipsilateral site, the % CBF,, varied preoperatively
(399 = 21.5%) but increased with concomitant reduc-
tions in variation to 42.8 = 17.4% in the acute, and 53.6 +
13.0% at 3—4 months postoperatively. This improvement
was marked, showing the greatest degree of improvement
compared to the other parameters. In the present study,
preoperative cerebrovascular reactivity to acetazolomide
in many patients was relatively well maintained at an av-
erage of 39.9%; this suggests that marked improvement
can be expected in patients with misery perfusion.

Cerebral Blood Volume

Cerebral blood volume is closely related to arte-
riolar dilation, and increases if vascular stenosis causes
decreases in perfusion pressure. Recently Martin et al.??
performed perfusion MR imaging before and immedi-
ately after CAS to assess changes in cerebral circulation;
they reported that although there was a small bilateral in-
crease in regional CBV (6%) after stent placement, this
was much smaller than the variability observed between
2 different measurements (20%). Wilkinson and asso-
ciates® also documented no significant differences or
changes in regional CBV evaluated on perfusion MR im-
aging between hemispheres before and within 3 hours of

Asymmetry index

1.2
1.1
1
0.9 | ——CBF at rest
—B— 9%CBFa
0.8 —-A--CBV
|— —o— - OEF
0.7 -~ M- --CMRO2
0.6
0.5
0.4

pre-op 2-71D

3-4M

Fic. 9. Graph of asymmetry index. Indices for all parameters approached 1.0 over time. Note that the index for % CBF,, in-
creased with time, while the index for CBF ., temporarily exceeded 1.0 in the postoperative acute stage.
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CAS. In the present study, CBV increased slightly imme-
diately after surgery and was slightly lower at 3—4 months
than it had been preoperatively; this finding did not reach
statistical significance. During the acute stage the CBV
did not decrease even though the perfusion pressure in-
creased; this finding might be attributable to the arteri-
oles not contracting immediately after surgery. Although
Hosoda et al.’ did not measure CBV, based on SPECT
data obtained before and after CEA, these authors noted
that abrupt restoration of CPP immediately after surgical
correction of a tight ICA stenosis cannot be compensated
for by vasoconstriction. However the arterioles presum-
ably contracted to normal size over the long term, thus
lowering the CBV.

Cerebral Metabolism

On the ipsilateral side, CMRO, increased after CAS,
albeit insignificantly. This tendency was especially pro-
nounced in the acute stage. Hence, rapid reperfusion to
a cerebrum that has been in a state of chronic ischemia
may act via some mechanism to increase oxygen metabo-
lism. Marchal and colleagues?? used PET scanning to
analyze the hyperperfused regions in 10 patients with ce-
rebral infarctions. Compared to the healthy side, CBF and
CBV increased, OEF decreased, and CMRO, increased
moderately. This postischemic oxygen hypermetabolism
could involve the following mechanisms: 1) overexcita-
tion of cellular metabolism (such as specific protein syn-
thesis, oxidative phosphorylation, adenosine triphophate
formation, synthesis of transcription factors, or growth
factors) in cells destined to survive; or 2) excessive firing
of neurons undergoing irreversible damage from a mas-
sive release of excitatory amino acids during the period
of ischemia or early noxious inflammatory processes.*®*2
Consistent with this hypothesis, Heiss et al.!! used PET
in 5 patients with acute stroke, reported an increased nc.
aminoacid (L-methionine) uptake in penumbral tissue
surrounding the infarction and experiencing reversible
ischemia. In the patients in the present study, stenting was
performed for various degrees of cerebral ischemia to re-
store CBF; hyperemia (hyperperfusion) existed to vary-
ing degrees in the acute stage. The changes we observed
in the 4 parameters (CBF, CBV, OEF, and CMRO,) be-
fore and immediately after CAS matched Marchal and
colleagues’ findings. Based on our PET results, the state
immediately after CAS could resemble hyperperfusion.
However Marchal et al. described a hypermetabolic state
in the ischemic region of the brain while we identified
a hyperperfusion-like phenomenon in a nonischemic re-
gion of a brain with asymptomatic CA stenosis, so the
parallel may not be exact. We assume, however, that pa-
tients with restlessness or headaches after CAS may not
only have an increased CBF, but a significantly increased
CMRO,. Accumulated data are needed to investigate this
issue further.

We saw no significant changes in OFF in our pa-
tients, but different results might be obtained in patients
with misery perfusion. Unlike in ICA occlusion, the
number of misery perfusion cases in which the OEF is =
0.53 should be low in ICA stenosis. Cerebral circulation
is assessed on SPECT in patients with misery perfusion
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because CAS is generally performed soon after onset. As
mentioned above, if hyperperfusion occurs immediately
after surgery, the OEF should theoretically decrease in
response to increased blood flow.

Cerebral Perfusion Pressure

Cerebral perfusion pressure (CBF/CBV) rapidly in-
creased during the acute stage. This rapid increase proba-
bly indicated that the vasoparalyzed cerebral vessels were
unable to react quickly to reperfusion and thus took in
much more blood at a low vascular resistance. Over time,
self-regulation works to increase vascular resistance and
lower CPP; however, vascular reconstruction after sur-
gery increases CPP. The same phenomenon was seen on
the healthy side.* Recent perfusion MR imaging studies
have also found a decrease in transit time in the treated
hemisphere after stent placement. Because an inverse re-
lationship exists between transit time and perfusion pres-
sure, our results support these earlier results.?*33

Cerebral perfusion pressure is generally considered
to reflect cerebral vascular reserve, but our results dem-
onstrate that this is not necessarily the case. The mean %
CBF,, increased progressively on the ipsilateral side (Fig.
4), but was slightly higher 3—4 months postoperatively
than before CAS. The mean % CBF,, showed a transient
increase in the acute stage (Fig. 6). The reason for un-
matched changes in CPP and % CBF,, is that although the
CPP improved rapidly soon after CAS and then settled
afterwards, vascular reserve improved more gradually. In
other words, within 1 week of CAS, arterioles that were
dilated preoperatively began to contract. Positron emis-
sion tomography captured this imbalance at a stage when
more CBF was present than necessary—the preparatory
stage for hyperperfusion. In hyperperfusion, the close re-
lationship between perfusion pressure and vasodilation
reserve breaks down. Over the long-term, however, these
parameters are dependent on each other and are higher
than in the preoperative period. Changes in CPP and
vascular reserve over time after vascular reconstruction
therefore differ.

Hyperperfusion syndrome has been reported af-
ter CEA and CAS. Patients with hyperperfusion syn-
drome can experience headaches or convulsions 2-7
days after surgery and sometimes suffer cerebral hem-
orrhage.l710252931 Decreased vascular reserve on preop-
erative SPECT images has been reported as a predictor
of this syndrome.’>7?” We found that CPP significantly
increased within 1 week of surgery, and that cerebral ar-
terioles could not maintain normal perfusion because of
this rapid increase in perfusion pressure. If the vascular
walls of arterioles are damaged and permeability is in-
creased, cerebral edema and convulsions can occur. Post-
operative infarction or anticoagulant administration also
risks cerebral hemorrhage.’? These findings suggest that
the acute stage after CAS is the most dangerous because
CPP is abnormally high and vasodilation persists at the
arteriolar level. Analysis of preoperative CBV measure-
ments assessed with perfusion MR imaging may help to
identify patients at risk for cerebral hyperperfusion after
CEAS

In the present study, no patient met the criteria for
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postoperative hyperperfusion defined as a CBF increase
of = 100%; no laterality of preoperative CPP was present.
We believe, however, that a marked decrease in preopera-
tive CPP is a potential risk factor for cerebral hyperperfu-
sion because the value of CPP is strongly associated with
the value of CBV.

Study Limitations

Carotid artery stenting is indicated for ICA steno-
sis > 70%. Because CAS is mainly performed to prevent
artery-to-artery embolism, the number of patients with
severely decreased CBF was low in the present study.
Only 1 patient with misery perfusion displayed an OEF =
0.52, while the rate of CBF,, was = 10% in only 2 patients
(reduced vascular reserve). From the perspective of cere-
bral circulation and metabolism, little change was seen
in OEF or CMRO, because there were few patients with
severely decreased CBF and metabolism preoperatively.
Furthermore, there were only 16 patients included in the
study, and 3- to 4-month follow-up data were obtained in
only 8 patients.

Conclusions

Repeated PET studies confirmed improvements in
CBF, CPP, and oxygen metabolism after CAS. In partic-
ular, vascular reserve tended to improve gradually over
time, whereas CBF, CPP, and CMRO, increased rapidly
and peaked in the acute stage. Our PET study results sup-
port the hypothesis that a large discrepancy between rap-
idly increased CBF, CPP, and small increases in vascular
reserve in the acute stage could cause hyperperfusion
syndrome after CAS.
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Abstract

Objective To reduce variance of the total volume of dis-
tribution (V) image, we improved likelihood estimation
m graphical analysis (LEGA) for dynamic positron
emission tomography (PET) images using maximum a
posteriori (MAP).

Methods In our proposed MAP estimation in graphical
analysis (MEGA), a set of time-activity curves (TACs)
was formed with V5 varying in physiological range as a
template, and then the most similar TAC was sought out
for a given measured TAC in a feature space. In simula-
tion, MEGA was compared with other three methods,
Logan graphical analysis (GA), multilinear analysis
(MA1), and LEGA using 500 noisy TACs, under each
of seven physiological conditions (from 9.9 to 61.5 of
V). PET studies of [''C]SA4503 were performed in three
healthy volunteers. In clinical studies, the ¥} images esti-
mated from MEGA were compared with region of inter-
est (ROI) estimates from a nonlinear least square (NLS)
fitting over four brain regions.

Results In the simulation study, the estimated Vi by GA
had a large underestimation (y = 0.27x + 8.72, ¥ = 0.87).
Applying the other methods (MA1, LEGA, and MEGA),
these noise-induced biases were improved (v = 0.80x +
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4.04, ¥ = 0.98; y = 0.85x + 3.05, ¥ = 0.99; y = 0.96x +
1.21, r* = 0.99, respectively). MA1 and LEGA produced
increased variance of the estimated V7 in clinical studies.
However, MEGA improved signal-to-noise ratio (SNR)
in V; images with linear correlations between ROI esti-
mates with NLS (v = 0.87x + 5.1, 7 = 0.96).
Conclusions MEGA was validated as an alternative
strategy of LEGA to improve estimates of ¥ in clinical
PET imaging.

Keywords Positron emission tomography - MAP-based
estimation algorithm in graphical analysis - Logan
graphical analysis - Kinetic analysis

Introduction

Logan graphical analysis (GA) was originally proposed
to quantify the total volume of distribution (¥5) (ml/cm?)
for reversibly binding neuroreceptor tracers [1]. V5 is
equivalent to the slope in GA and is a linear relationship
between two ratios: the integrated time-activity curve
(TAC) in arterial plasma (pTAC) and the TAC in tissue
(tTAC). The advantages of using GA are the rapid deter-
mination of V; and its low variance. However, it suffers
from noise-induced bias. Because tTAC is included in
the independent variable of GA, the slope is underesti-
mated in any line estimation [2, 3]. Slifstein et al. [3]
reported that such underestimation depends on the mag-
nitude of both the noise and the true V5. Therefore, the
underestimation is severe, especially in voxel-based para-
metric imaging or in calculation of parameters in regions
with high V7.

Recently, several approaches to overcome this
problem have been proposed. These methods include
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pre- or post-smoothing of images [4-6], GA together
with principal component analysis [7], multilinear analy-
sis (MAI1) [8], and likelihood estimation in graphical
analysis (LEGA) [9]. Although the approaches using
smoothing are effective, they are not direct improve-
ments to GA. GA together principal component analysis
was proposed to improve linear estimation. However, it
still suffered from bias in the estimates [7]. On the other
hand, MAT1 [8] and LEGA [9] succeeded in reducing the
bias. MA1 is the same linear estimation method as GA.
To suppress noise-induced bias, the term for tTAC is
replaced with its integral so that the noise in tTAC
affects the estimates less than does GA [8]. On the other
hand. the number of independent variables is larger than
with GA. Thus, the variance in the estimates of MA1 is
greater than with GA. In LEGA, the relationship
between pTAC and tTAC was introduced based on GA
that contained V; as a parameter. V' was then estimated
using a nonlinear optimization algorithm [9]. Even
though LEGA overcomes noise-induced bias, both
computing time and variance in the estimates are
increased. If the noise level is increased, variances in
both MA1 and LEGA remain. Therefore, if variance can
be suppressed, the signal-to-noise ratio (SNR) of V;
images is improved and clinically acceptable 1 images
can be generated.

To reduce both estimation variance and the noise-
induced bias in the estimated V7, we introduced a
maximum a posteriori (MAP) approach into the estima-
tion process in LEGA. This MAP-based parametric
imaging improved robustness for noise interference and
shortened the calculation time for parametric imaging
using [®F]-fluorodeoxyglucose ([*F]JFDG) [10]. We
carried out simulation studies to determine the details of
the proposed MAP-based estimation algorithm in
graphical analysis (MEGA), and to evaluate its reliabil-
ity compared with GA, MAI1, and LEGA. Here we
discuss MEGA-based V; images using dynamic PET
data for ['"CJ-labeled 1-(3,4-dimethoxymethyl)-4-(3-
phenylpropyl) piperazine hydrochloride ([''C]SA4503)
[11-13], which is a selective ligand for the sigma, recep-
tor in the brain.

Materials and methods

Kinetic analysis

Logan graphical analysis (GA)

GA provides V; using pTAC and tTAC information

only after reaching equilibrium [1]. ¥ is estimated from
the following equation:
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where C, is the radioactivity concentration in the metab-
olite corrected plasma and C is the radioactivity concen-
tration in the tissue. Because V5 and b become constants
only after equilibration time *, V;, and b are estimated
as a slope and an intercept, respectively, using the frames
of t = t*.

MAIl method

Equation 1 can be rearranged to give Eq. 2 and reduce
noise-induced bias [8] thus:

C(t):Blep(u)dLHszC(u)du t21r*, (2)

By =-Vi/b and B, = 1/b are estimated by linear regression
analysis for 1 > r*, and V7 is calculated from —f3,/B,.

LEGA

According to Ogden et al. [9], Eq. (1) can be rearranged
using the trapezoidal approximation to produce the
recursive relationship as follows:

vl 1 4
J 2 C*(u)du+—C*(t<_l)At.—VTJ' C (u)du
C*(t)=" g ' o’

b2,
8

L2,
(3)

where C* indicates the estimated TAC, and ¢, is the mid-
scan time, Af, is the scan duration of ith frame. GA is
available after the time at f,, where k is the frame number.
1, has the same meaning as ¢* in Eq. 1. The maximum
likelihood estimate is obtained by minimizing a sum of
squared residuals between C*(¢;) and a measured tTAC
of C(#) with respect to V; and b. The estimated result of
GA was set to the initial value for LEGA.

MEGA

In general, MAP estimation calculates a parameter s
while maximization of P(D|s)P(s), where P(D)s) and P(s)
are likelihood of datasets D and prior probability of s,
respectively. In MEGA, the Mahalanobis distance in a
feature space was utilized for the likelihood term in
LEGA. and a uniform distribution between given lower
and upper bounds was applied for the prior.
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Practically, a set of noise-free tTACs is formed before
parameter estimation as a template with a priori knowl-
edge of the kinetics of the administered radiopharma-
ceutical, and then the most similar tTAC is sought out
for a given measured tTAC. The corresponding kinetic
parameter for the tTAC in the template is adopted for
an estimation [10]. We extended these ideas to LEGA
and the following procedures were included in MEGA.

1. A set of (V5, b) was defined discretely within a physi-
ologically feasible range.

2. Sets of C(f,,) and J.;HC (£)dt were specified by mea-

sured tTACs.
3. Applying Eq. 3, a set of corresponding noise-free

tTACs was computed using (V4. b), C(¢,_,), J’;H C(t)dt

and a measured arterial input function Cy(¥).

4. The covariance at a noise-free tTAC in step 3 was
calculated using noisy tTACs.

5. The most similar tTAC to the given measured tTAC
was searched for among the prepared noise-free
tTACs in step 3 using the covariance in step 4. Finally
the corresponding ¥ for the tTAC was adopted for
an estimation of V.

Estimation in this approach is performed in a feature
surface, which is a mathematical representation of a set
of shapes of the generated tTACs. To define a feature
surface, a single tTAC is considered as a vector in L-
dimensional space where L is the number of frames used
for GA and L=N -k + 1 (Fig. 1a). N is the total number
of frames.

a Transformed TACs

Frame N-1

Frame k

Fig. 1 lllustration of a feature surface in MEGA. a First. noise-
free tTAC, C(t) (i = k.. ... N), is plotted (open circle) along the
axes of frames. The number of its dimensions is L (=N -k + 1).
b Applying principal component analysis, the L-dimensional
space is decomposed into two components. To estimate V. the

357

C=[C(),....Cl )" @)

Then, all the generated tTACs are composed as a matrix
C,:

C,=[C,....C] %)
where /is the number of tTACs. After applying principal
component analysis to C,, the dimensionality of the data
was reduced from L to 2. We defined the projected C,
into two-dimensional space as a feature surface (Fig.
1b). Note that a priori tTACs were derived from varying
V.. values ranging between 0 and 80 with a step size of 1,
and from b values between —200 and 0 with a step of —10
for values smaller than —40, otherwise with a step of —1
in the present study and the feature surface is defined by

() and j;k‘lC(t)dt as well as V' and b (Eq. 3) at step

2. C(t,y) and J.:'IC (¢)dt are given as a measured tTAC.
To simplify MEGA, the feature surfaces were composed
for a set of C(t,_,) and _f;k_lC(t)dt, which was specified
considering a given tTAC. In the estimation, the feature
surface having the nearest C(¢,_,) and J‘(:k‘lC(t)dt of a
given tTAC was selected. Then the most similar tTAC
in the template to a given tTAC was searched for.

The noise in a measured tTAC is taken into consider-
ation as described below. Assume that the noise-free
tTAC with a combination of (¥4, b) is projected onto the

point P(V7, b) in a feature surface. The noise changes the
shape of tTAC, and causes fluctuation of the projection

b Feature Surface
Vi
Ve . OV

Ve o N
fo )
o ° . Q
b, input o]
o |3
b o ° I
2 O S
b, © ©O o) o g

1st component

Mahalanobis distance between the point corresponding to the
measured data (filled triangle) and each noise-free point with
known V;(open circle) is calculated, and then the nearest point is
selected as estimate V.
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around P. To obtain the statistical properties of the
fluctuation under the assumption of Gaussianity in the
noise propagation, the covariance Z(¥7, b) at each noise-
free point P(¥7, b) was calculated using noisy tTACs [10]
at step 4. Gaussian noise was added to simulate a real-
istic measurement situation using the following equation

8l:

~ (A4)

Cune (1) =Cl0) Ry, = AT ©
where Cye (1) is noise-added tTAC, C(t) is the noise-
free tTAC, R is a normal distribution random number
(its mean and variance are 0 and 1, respectively), 4 is the
scale factor that controls the level of noise, A is the radio-
isotope decay constant, and Ay is the scan duration.
Noisy tTACs for the covariance X(¥7, b) were generated
where 4 in Eq. 6 was set at 40 to simulate voxel-based
tTACs.

Finally, to determine estimates of b and V7, the Maha-
lanobis distance between the point of measured data P,
and each noise-free point P(V;, b) was calculated with
covariance X(V;, b), and then, the nearest point was
selected achieving the smallest Mahalanobis distances
and the corresponding ¥ and b values were adopted as
the estimates as follows

(Vy,b)= argminVT,b [(I)obs - P(VT,b))T Z(Vrab)Al (P —
P(Vy,b))]-
(N

Simulation study

A simulation study was performed to validate MEGA
using each 500 realizations of noisy tTACs in six condi-

Fig. 2a Metabolite-corrected

plasma TAC used as an input 100 |

tions in which ¥ was set to 20.5 ml/em®, 21.4 mlemy’,
29.6 ml/em’, 41.5 mlfem?®, 42.9 ml/em’, and 61.5 mi/em’.
These covered normal physiological changes in the
["'C]SA4503 values as measured in clinical studies (11,
13]. The noise levels of these simulations mimicked both
noises in the region of interest (ROI) (4 =5 in Eq. 6)
and in each voxel (4 = 40). Plasma input function for
the simulation and an example of a simulated TAC are
shown in Fig. 2. At first, sampling interval for simulated
TAC was a second and then averaged by each frame. An
integral of simulated tTAC was implemented with the
sum of (C(z,) x At,). Kinetic parameters were estimated
based on the two-tissue three-compartment model using
nonlinear least square (NLS) fitting of ROIs in the
frontal cortex, caudate, and cerebellum at baseline [the
number of subjects (1) = 13] and under fluvoxamine-
loading (n = 3) conditions [11]. Furthermore, the case of
k; equal to 0.110 was prepended to investigate the per-
formance of MEGA in the case of a small V. value (9.9).
Detailed conditions of these NLS fittings were described
by Sakata et al. [13] and details of kinetic parameters are
listed in Table 1. The true ¥, (F3*) was computed as
(Kl + Kofky).

Estimations of ¥/ for these conditions with GA (F§*),
with MAL (YY), with LEGA (V9% and with the
proposed MEGA (V") were compared against (/).
The time interval for all analyses was fixed from 30 min
to 90 min [13].

In this simulation, we handled 3500 TACs (500 x 7)
in a group. For MEGA, the histograms of C{(s,_,) and

J‘(:H C(t)dt for the feature surfaces were each divided into
seven bins and then the combinations of divided C(¢,_,)
and J‘Otk_’C (t)dt were generated.

Furthermore, estimated V; by MEGA with three
combinations of parameters (number of point for

(o)

function for the simulation.
b Example of simulated time- -
activity curve (10s x 6 5 so -
frames. 30 s x 3 frames, 60 s %
x 5 frames, 150 s x 5 frames e 60
and 300 s x 14 frames) =
providing a ¥ =20.5 for 'g' W0
['CISA4503 £
< i
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4] T
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Table 1 Kinetic parameters for the simulation study of [''C]SA4503

Regions Vy (mlfem’) K, [ml/(cm’/min)) k, (min™) ky (min™) k, (min™")
- 9.9 0.550 0.158 0.110 0.0597
Caudate (L) 20.5 0.550 0.158 0.292 0.0597
Frontal cortex (L) 214 0.522 0.178 0.288 0.0457
Cerebellum (L) 29.6 0.590 0.204 0.332 0.0360
Caudate (B) 41.5 0.562 0.207 0.401 0.0281
Frontal cortex (B) 43.0 0.516 0.195 0414 0.0272
Cerebellum (B) 61.5 0.530 0.200 0.490 0.0221

L and B indicate loading and baseline conditions

covariance and maximum value of V; and minimum
value of b) were compared under voxel-level noise.

Clinical study

Carbon-11-labeled SA4503 is the radioligand for sigma,
receptors, which are related to neurological and psychi-
atric neurophysiologies [14]; its kinetic model follows a
two-tissue three-compartment [13]. The binding poten-
tial of [''C]SA4503 in ROIs has been used for occupancy
study with selective serotonin reuptake inhibitor (SSRI)
because some SSRIs possess high to moderate affinities
for sigma, receptors [11, 15]. Instead of no reference
regions, it is reported that ¥ can be an alternative to
the binding potential for [''C]SA4503 [16]. Therefore, the
quantification of ¥V} imaging in [''C]SA4503 study is
important.

PET studies were performed in three normal male
volunteers (age 41 years—42 years) at baseline and under
fluvoxamine-loading conditions using SET-2400 PET
scanner (Shimadzu, Kyoto, Japan) at the Positron
Medical Center, Tokyo Metropolitan Institute of Ger-
ontology. First, a 90-min dynamic PET scan in 2D mode
(10 s x 6 frames, 30 s x 3 frames, 60 s X 5 frames, 150 s
% 5 frames, and 300 s x 14 frames) was performed, then
a second scan was conducted 4.0 h or 4.5 h after the oral
administration of 200 mg fluvoxamine (Luvox: Astellas,
Tokyo, Japan), which is an SSRI but has a moderate
affinity for sigma, receptors. A transmission scan was
performed with a rotating *Ga/*Ge rod source for 5 min
for attenuation correction before the administration of
the tracer. After the bolus injection, total 26 blood
samples were manually taken and their plasma concen-
tration of radioactivity was measured ten times during
the initial 2 min, twice during the next 30 s, and then 12
times until the end of the scan. Five samples collected at
3 min, 10 min, 20 min, 30 min and 40 min were further
processed by high performance liquid chromatography
for metabolite analysis. The dynamic image (128 x 128
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x 50 pixels with 2 mm x 2 mm x 3.125 mm) was recon-
structed with a filtered back-projection algorithm using
a Butterworth filter (1.25 cycles/cm, order 2). The Ethics
Committee of the Tokyo Metropolitan Institute of Ger-
ontology approved the study protocols, and informed
consent was given by all subjects.

Parametric images of V. for three volunteers at the
baseline and loading conditions were formed using
voxel-based GA, MAI, LEGA, and MEGA analyses.
These results were compared with ordinary ROI aver-
aged estimates. ROls were defined over four regions; the
frontal cortex, parietal cortex, caudate and cerebellum
[11, 13].

To execute MEGA, the combinations of divided

C(t,) and _[:“C(r)dt for the feature surfaces were
divided into 20 and 10 bins of histograms, respectively.

Results
Simulation study

We first studied the dependency of the number of noisy
tTAC at a projected point in a feature surface for covari-
ance and the range of V. and b. By varying these condi-
tions, we were able to obtain similar estimation results
as shown in Fig. 3. Therefore, to speed up the computing
time, we selected the present conditions (five tTACs
for covariance, maximum of V; = 80 and minimum of
b =-200).

Figure 4 shows the comparison of estimated ¥V, at
ROI-noise level (@) and voxel-noise level (b) by the four
methods against true V5. For a small noise level, there
were no differences among the four methods (Fig. 4a).
V$* gave us the most stable ¥ estimates, but they were
largely underestimated against the true values, especially
at a voxel noise level (y = 0.27x + 8.72, 1 = 0.87). The
tendency of this underestimation was not varied even
though ¢* was later than 30 min (e.g., 40 min or 50 min)
for GA (data not shown). All advanced algorithms of

@ Springer



168

Ann Nucl Med (2009) 23:163-171

MA1, LEGA, and MEGA produced better estimates
(v = 0.80x + 4.04; * = 0.98, y = 0.85x + 3.05, /* = 0.99,
y=0.96x+1.21,r7=0.99, respectively; Fig. 4b). However,
the variance in estimation of MEGA was the smallest of

80
B Number of {TAC = 5, Max. of V; = 80, Min. of b = -200 {current condition)
B Number of {TAG = 20, Max. of V; = 80, Min. of b =-200 i
i i
B Number of tTAC = 5, Max_ of ¥; = 100, Min_ of b= -250 P
. [
< &0
O
Ll
=
>
a
N0
2
T
£
k]
w20
0 . : }
9.9 2051 2141 2056 4146 4299 6149
True V4

Fig. 3 Comparison of estimated V; by MEGA with three combi-
nations of parameters (number of tTAC for covariance and
maximum value of ¥, and minimum value of b) in simulation
study (voxel-level noise). The estimates are plotted with respect to
the true values. The lower, middle, and upper edges denote the 25th,
50", and 75th percentiles

the three algorithms. At V; = 61.5 in Fig. 4b, the upper
quartile ranges of F}'"* and V1" were 2.2 and 3.4 times
larger than that of VY**, respectively.

Clinical studies

Figure 5 demonstrates a comparison of Fy images
of ["CJSA4503 at baseline and fluvoxamine-loading
conditions for the four methods. Because Fluvoxamine
possesses high to moderate affinities for sigma, receptors
[11], V7 images at fluvoxamine-loading were decreased
compared with those at baseline. The V§* values
estimated by GA were severely underestimated com-
pared with the other three methods. MAl and LEGA
improved these underestimations, but there were many
unsuccessful estimates in V24" and FL*9* at both base-
line and loading conditions. On the other hand, an
improvement in the SNR for V}®9* was observed
visually.

Figure 6 shows a comparison of the Fy*%* in ROIs
with the estimated V; using ROl-averaged tTAC and
NLS. The median of V9% in ROIs was linearly corre-
lated with the ROI-based estimates of V1 with NLS (y =
0.87x + 5.08, #* = 0.96). The similar linearity (v = 0.85x
—26.91. ¥ = 0.94) was observed in intercept b by compar-
ing the median of A* in ROIs and the ROI-based f
HN'S, calculated by estimated k parameters [3].

a GA MA1 b GA MA1
o L 0 (2]
y=0.91x+1.48 y=0.99x+0.21 y=0.27%+8.72 y=0.80x+4.04
R2=0.99 L R?=1.00 . R2=0.87 N R2=0.98
> > ¢ > >
° ° R} °
2 2 3 2
[ [} [} o
£° £° £° £°
0 -1 0n 0
w w < w w
x / = w0 /B/M/ E) /{
vD 2 90 0 2] oo 2 4) £ w0 00 20 4 @ 0 00 F 40 ©0 0
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© w ® =2
>5- @0 >>- @ >r- 0 >v- 73
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Fig. 4 Comparison of the total volume of distribution (V) esti-
mated by GA, MAI, LEGA and MEGA from noisy TACs (1 =
500) corresponding to a noise level in the region of interest (ROI)
(a) and in a voxel (b). The estimates are plotted as box plots with
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respect to the true values. The lower, middle, and upper edges
denote the 25th, 50th and 75th percentiles, respectively. Regression
lines between the true and the median of the estimates are
superimposed
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Fig. 5 Comparison of the total volume of distribution images of
['C]SA4503-PET estimated by GA, MA1, MEGA and LEGA.
Top baseline condition, bottom fluvoxamine-loading condition
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Fig. 6 Comparison of ROI-based estimates of total volume of
distribution (¥;) based on a two-tissue three-compartment model
using nonlinear least square and median of ¥, images generated
by MEGA. The /ower and upper edges denote the 25th and 75th
percentiles, respectively. The regression line between ROI esti-
mates of ¥, with NLS and the medians of estimates with MEGA
is superimposed

Discussion

In the present study, we have proposed this MAP-based
estimation algorithm in GA, which compares the shape
of measured and prepared tTACs in a feature surface
and estimates V7 using Mahalanobis distance. MEGA
was applied to simulation and clinical data sets for its
evaluation.

361

In the simulation study, ¥$* was underestimated as
the noise increased (Fig. 4). The three other methods,
MAT1, LEGA, and MEGA, suppressed the noise-induced
bias of V; compared with GA. The differences among
MAI, LEGA and MEGA were fluctuations in the esti-
mates of V5. MAI and LEGA provided large quartile
ranges of estimates at high V; values, but that produced
by MEGA was smaller (Fig. 4b). In MEGA, a priori
knowledge of the investigated ligand was incorporated
into the estimation process, such as the range of physio-
logically feasible V; values, and this gave reliable results.
Thus, the median of V}Y*°* was equivalent to 61.5 of
V1 (Fig. 4b). In the clinical studies, an improvement in
the SNR for Vy*9* was observed visually compared
with those in V3" and V1*9* images (Fig. 5). This
observation was consistent with the simulation study.
The median of VY*9* values in ROIs were correlated
linearly with the ROI-based estimates of V. with NLS
(Fig. 6).

Considering both the simulated and clinical results,
MEGA was effective for improving the image quality of
estimated parametric images, especially in ligands with
high V; values. Therefore, V}'*** imaging of [''C]SA4503
will have an important role in clinical investigations.

In the simulation, good coincidence of V}"** with the
true V; was achieved over a wide range of V7 values. For
such ligands that have a reference region, V7 is distrib-
uted widely because the V7 is small in a given reference
region. A preferable outcome in neuroreceptor imaging
is BPyp, defined as the ratio of k; and k,, and this can be
derived as the ratio of two V7 values in a target tissue
and a reference region [17]. Therefore, MEGA is appli-
cable to receptor imaging with a reference region.

Two practical issues of computational time and
appropriate statistic are considered.

Originally, the MAP-based estimation approach pro-
posed by Kimura et al. [10] was based on only one feature
surface with assumed various kinetic parameters. In
other words, once one builds a feature surface with these
assumed kinetic parameters, fast computing is feasible
for parametric imaging, similar to a lookup table tech-
nique. On the other hand, our algorithm requires hun-
dreds of feature surfaces dependent on combinations

of measured and clustered C(¢,_;) and J;k‘lC(t)dt of
TACs. To avoid reducing accuracy because of wide
clusteringintervals, we havedivided C(¢,_;) and J'(:H C(t)dt

of whole individual brain into 200 combinations (20 and
10 bins, respectively). Therefore, our present algorithm
needs much more computing time than a previous
approach [10]. Additionally, detail optimization (e.g.,

for combinations of clustered C(7,_,) and L'HC (H)dt or
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upper/lower limit for V7) will be necessary. So further
investigations will be required. However, current com-
puting time is not a problem for practical use (about 1 h
for a whole brain calculation using 3.2 GHz CPU and
4 GB memory on Linux machine). As shown in Figs. 4
and 6, a median of V; was used because the two dis-
tances from the median to the 25th and 75th percentiles
were not equal in MEGA. In other words, MEGA’s
estimates have a non-Gaussian property. This may be
caused by the characteristics of the feature surface, which
was heavily distorted as shown in a previous study [10].
Thus, the amount of variance in estimates may tend to
be asymmetric, giving a non-Gaussian property.

A priori information is important for the accuracy in
MEGA. The range of ¥, values for [""C]SA4503 in the
major cortex is 20 ml/em™60 ml/cm’ [11, 13]. Therefore,
we defined a sampling interval for V7 as 1. If the target
ligand provides a small ¥ (~10 ml/cm’), the sampling
interval should be smaller than 1. As with 75, in the case
of an intercept b close to zero, the sampling interval of
b for MEGA should be smaller. Therefore, we set sepa-
rate intervals of b for b > —40 and b < -40. Without such
adjustment, MEGA produces poor estimates (data not
shown). Using an averaged V7 with a weighted Mahala-
nobis distance might produce estimations that are more
accurate and suppress the error caused by rough inter-
vals; this will be investigated further. Concerning about
the feature surface, the same tTACs (¢ 2 ;) with different
¥, will be projected into the same point in that space. In
such a case, MEGA might provide poor estimates of V3
values. The one redeeming feature is that a prepared

TAC requires C(¢,_,) and “c (¢)dt of measured input
0

data, because these conditions reduce the probability of
overlapping several projected points in the feature
surface.

For noise suppression in MEGA, three factors are
mainly involved: (1) definition of upper and lower limits
in ¥, (2) noise-model for estimation process, and (3)
decimation of the dimension in the feature spaces. As
shown in Fig. 3, these upper and lower limit values did
not affect estimated V; by MEGA, so we think that this
factor (1) is not major. MEGA without any noise models
increases bias compared with proposed MEGA (data
not shown). This indicates that the effect of decimated
feature space seems not for reduction of bias in V7 esti-
mates, even though decimated feature space has been
expected to make the estimation process more robust
than conventional TAC estimation, and still noise model
is necessary. The combination of decimation of feature
space and noise modeling seems important for MEGA.

In our proposed method, PCA is a key processing step
for decimation of the dimension in the feature space.

@ Springer

Recently, Joshi et al. [18] proposed temporal denoising
technique using PCA as a pre-processing of reference
Logan Plot. A measured TAC is denoised using a sum
of a few principal components defined by all TACs over
brain regions. They used PCA for denoising purposes,
differing from MEGA, which used PCA as reduction of
estimation dimension. PCA could be an important algo-
rithm for parametric imaging.

Conclusions

The new alternative method to likelihood estimation in
GA, MEGA, has been proposed and evaluated as a valid
strategy to improve Vi estimates. Especially, MEGA
may be useful for high V;imaging.
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