F

ELS
SAUNDERS

e

POSITRON
EMISSION
TOMOGRAPHY

Clinical and Research Applications
of Quantitative PET Imaging

Sandip Basu, Mp?, Habib Zaidi, php, PD°, Abass Alavi, MD?*

Advantages of quantitative FDG-PET
compared with qualitative visual
assessment

Quantitative methods for absolute
assessment of glucose metabolic rate

Nonlinear regression analysis

Patlak-Gjedde graphical analysis

Simplified kinetic method

Standardized uptake value method:
potentials and pitfalls and the recent
concepts

m Advantages and shortcomings of simple

standardized uptake value
measurement and variables affecting
standardized uptake value

m Factors affecting the reliability of

standardized uptake value

m Standardized uptake value dependence

on body habitus

m Standardized uptake value dependence
on blood glucose level

m Standardized uptake value changes over
time, implications of dual-time point,
and delayed imaging in differentiating
cancer from benign diseases

m Future implications

m Correction of standardized uptake value
for the partial volume effect

m Applications of partial volume effect
correction in neurology

m Concept of global metabolic activity based
on combined structure-function
assessment in healthy and diseased
states

m Summary

Acknowledgments

m References

Positron emission tomography (PET) with '8F-
Fluorodeoxyglucose (FDG) was introduced as
a research tool and a quantitative method for cal-
culation of absolute glucose metabolic rate in an
area of interest [1,2]|. These initial quantitative
approaches, although reliable, were technically
demanding and required arterial blood sampling
at multiple time points and complex mathematical
operations. However, with the recent rapid increase
in the number of clinical applications of FDG-PET,
the quantitative kinetic modeling approach was
found to be impractical for routine clinical use.

Efforts were made to develop quantitative methods
that would be simple yet reasonably accurate and
that could complement visual image interpretation
and minimize the interobserver variability that is
commonly encountered [3]|. Some of the recent
developments in quantitative PET imaging will be
reviewed in this article, which will emphasize
certain technical issues related to this powerful
methodology.

The various methods of PET data analysis can
be primarily classified into three major groups:
(1) qualitative analysis or visual assessment,
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(2) semi-quantitative analysis, which includes
standardized uptake value (SUV) and lesion-to-back-
ground ratio (L:Bratio), and (3) absolute quantitative
analysis, including (a) nonlinear regression (NLR),
(b) Patlak graphical analysis and derived methods,
and (c) simplified quantitative methods. Among
these, the approaches in the first two categories (ie,
the visual assessment, SUVand L:B ratio) and the sim-
plified quantitative methods of the last category are
relatively easy to employ in clinical settings, while
the absolute quantitative measurements generated
by dynamic imaging and blood sampling have been
generally reserved for research applications.

Advantages of quantitative FDG-PET
compared with qualitative visual
assessment

Visual assessment of the PET images forms the basis
of the interpretation of any PET study in the daily
practice of this modality. An abnormal focus of
FDG uptake in a pathological lesion is the result of
“metabolic contrast” in the abnormal sites compared
with the surrounding background. This contrast is
a function of three principal factors: (1) the concen-
tration of glucose transporter expression in the cell
surface, (2) hexokinase activity, and (3) the level of
glucose-6-phosphatase in the cell. The major con-
cern with regard to visual assessment has been the
subjective nature of the assessment of contrast and
thus the significant inter- and intraobserver variabil-
ity of PET image interpretation. This has important
implications for clinical trials where objective assess-
ments are essential. No clear-cut widely accepted cri-
teria have been established to reduce this subjectivity
among PET readers. This has led to endeavors to de-
fine an objective quantitative technique that would
be practical and at the same time reasonably accurate.

Quantitative methods for absolute
assessment of glucose metabolic rate

Quantitative metabolic rate assessment by kinetic
modeling can measure FDG metabolism and also
yield individual rate constants and thereby provide
insight into the various components of glucose me-
tabolism such as transport and phosphorylation.
Compartmental modeling describes the behavior
of FDG in cells mathematically and was developed
to describe the kinetics of the glucose analogs
['*C]-deoxyglucose and FDG in the pioneering
work on tracer kinetic modeling | 1,2,4-6|. The tracer
kinetic modeling of FDG is based on a standard
three-compartment kinetic model (Fig. 1), with
two tissue compartments and a single arterial input
function. Compartment 1 (C, ) represents the arterial
concentration of free FDG in plasma. The first tissue
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Fig. 1. Three-compartment kinetic model of FDG
behavior. C; is concentration of unmetabolized
activity in arterial plasma, G, is concentration of free
tracer in tissue, and Cs is concentration of tracer after
phosphorylation.

compartment (C,) represents an extravascular pool
of tracer in the tissue, which is available for phos-
phorylation, and the final compartment (Cs) is the
concentration of FDG that has undergone phosphor-
ylation by hexokinase. Dynamic scanning data cou-
pled with rapid arterial blood sampling provide
time-activity curves for the specific tumor, organ, or
tissue under study. Using nonlinear least squares ap-
proximations, these curves can be fit to obtain the
various rate constants. Dephosphorylation of FDG-
6-phosphate is generally ignored, although more ac-
curate kinetic modeling, which includes this reverse
process, can lead to accurate results.

The glucose metabolic rate (MRglu) is calculated
by the following equation:

K1° k3 _ Cp

_G
MRglu=— x = ic X

LC  k,+k;

K (1)

where C, = plasma glucose concentration, K;, k, =
rate constants for forward and reverse transport of
FDG, respectively, k3 = rate of phosphorylation of
FDG, K; = net rate of influx of FDG, and LC =
lumped constant relating FDG kinetics to that of
glucose. Errors in accurately assessing MRglu, or
K;, include the variance and covariance of the rate
constants extracted from the fitting procedure (de-
pendent on the noise in the imaging data), partial
volume effects, inaccurate assumptions underlying
the model (such as a zero value for k), and the con-
tribution from blood pool activity in the imaging
data. Initially described in brain imaging [ 7,8], these
were extrapolated into tumor imaging as well. The
methods described are nonlinear regression, Patlak
graphical analysis, and Patlak-derived methods
[9]. These methods (except for the simplified quan-
titative techniques) all involve dynamic scanning.
The general advantages of dynamic quantitative
approaches include the availability of dynamic
data and a low dependency on imaging time; how-
ever, there are certain disadvantages of dynamic
quantitative approaches. They are complex, tech-
nically demanding and time-consuming proce-
dures; they require a dynamic scanning protocol;
and there is a need for arterial blood sampling
(unless heart is in the field of view of the scanner)
or dynamic imaging of a blood-pool structure to
obtain a precise input function [9]. In addition,



dynamic scanning is a disadvantage in cancer pa-
tients with multiple lesions scattered throughout
the body. The field of view of the study in dynamic
imaging methods like NLR or Patlak-Gjedde analy-
sis is limited to one bed position. Hence, lesions
in the specific bed position can be assessed but addi-
tional scans are required to assess the other lesions.

Nonlinear regression analysis

In this method, the net rate of FDG influx (K;) is
estimated from dynamic PET data and from a stan-
dard two-tissue compartment model, arterial input
function, and NLR analysis |[6]. The advantages of
this technique are that it is quantitative, indepen-
dent of uptake period, and provides insight into
various rate constants. The usual disadvantages of
a dynamic study make its implementation complex.

Patlak-Gjedde graphical analysis

In this technique, originally described by Patlak and
colleagues [8], the regional concentration at time t
after injection can be obtained by the following
equation:

c(t) = Aecy(t) + K; /OTc,,(t) dt (2)

where ¢(t) = activity in the tissue as measured by
the PET scanner at time t, ¢,(t) = concentration of
FDG in the plasma, A> = partition coefficient of
FDG, K; = net rate of FDG influx into the tissue,
and T = duration of the PET scan.

This technique has the following advantages: it is
more robust compared with NLR method; com-
pared with NLR analysis it uses a simplified scan-
ning protocol, lacks noise amplification, and can
generate parametric images. However it has the dis-
advantages of dynamic scanning, and compared
with NLR analysis, individual rate constants like
K; and K; cannot be obtained.

Simplified kinetic method

Originally described by Hunter and colleagues ,
this method requires only a static scan and a few
(venous) blood samples during the scan. These
samples are then used to scale a population-derived
average plasma curve. This method is able to esti-
mate glucose metabolism without the need for a dy-
namic scan and with a substantially reduced blood
sampling protocol. Compared to the SUV method,
it takes into account changes in plasma clearance. A
potential drawback of this method is that the cor-
rection for differences in plasma clearance is only
a first-order correction (the peak is assumed to be
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constant). This method needs to be validated in
a large patient population.

Standardized uptake value method:
potentials and pitfalls and the recent
concepts

SUV (synonyms used in literature: differential ab-
sorption ratio [DAR], differential uptake ratio
[DUR], or standardized uptake ratio [SUR]) is the
most popular semiquantitative index in the clinical
PET centers across the world. It provides a semiquan-
titative measure of FDG metabolism and is defined
as the tissue concentration of tracer, as measured
by PET, divided by the injected dose normalized to
patient weight multiplied by a decay factor

It is calculated by dividing the activity concentra-
tion in the region of interest (ROI) drawn around
the lesion (MBgq/mL) by the injected dose (MBq)
divided by the body weight (g):

_ Mean ROI concentration (MBgq/ml)
" Injected dose (MBq) /Body weight(g)
1

X
decay factor of '8F

suav

(€)

Advantages and shortcomings of simple
standardized uptake value measurement
and variables affecting standardized uptake
value

SUV estimation is usually an automated procedure
and can be readily calculated with current software
supplied with commercial PET scanners. There exists
a linear relationship between the SUV and the rate
of glucose metabolism as measured by kinetic model-
ing. Two studies have documented this and
registered correlation coefficients of 0.91 and 0.84, re-
spectively. The correlation improves further when
body surface area or lean body mass is used for nor-
malization rather than body weight .The SUV method
is technically less demanding and computationally
simple (with no requirement for blood sampling)
and requires considerably less scanner time than the
dynamic acquisition protocols. As a result, this
method has replaced the more cumbersome dynamic
procedures in routine clinical practice for assessing
metabolism in the tumors and other diseases.

Factors affecting the reliability
of standardized uptake value

Several factors can affect the reliability of SUV

( ). Important among these are (1) time
interval between injection and imaging, (2) degree
of infiltration of administered FDG dose at the site
of injection, (3) residual activity in the syringe,
(4) correction for the decay of the injected dose,
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Table 1:

Factor

Body size and habitus

Serum glucose levels

Duration of uptake period

Partial-volume effects

Size of the ROl and non

Effects

A. Patient-rRelated factors
Overestimation of SUV in
heavier subjects with higher
fat content
Reduced FDG uptake in target
tissues with increasing blood
glucose levels

B. Technical factors
Increase in SUV with increasing
time in malignant lesions
after injection
Underestimation of SUV in
lesions with diameters that are
smaller than 2 to 3 times the
spatial resolution of the scanner
Low SUV ean for large ROIs

Factors influencing SUV determination for FDG at intended regions of interest, their
undesirable effects, and associated required corrective measures

Corrective measures

Use of lean body mass (SUV gn)
or body surface area (SUVgs,) as
normalization factor

Control of blood glucose before
administering FDG and
applying correction factor for
glucose level

Standardize initiation of image
acquisition following
administration of FDG

Adopt an optimal partial
volume correction factor

Standard size ROIs placed

uniformity of tracer
distribution in the lesion smaller ROIs
Attenuation correction and
reconstruction methods (spatial
filter kernel, image resolution,
number of iterations)

and high random errors in

Underestimation of SUV with
highly smooth reconstruction

reproducibly in the same
location, SUV .y preferable
to SUVean-

Standardize acquisition and
reconstruction algorithms for
optimal comparison among
serial imaging sessions.

Abbreviations: FDG, '8F-Fluorodeoxyglucose; ROI, region of interest; SUV, standardized uptake value.
From Basu S, Zaidi H, Houseni M, et al. Novel quantitative techniques for assessing regional and global function and
structure based on modern imaging modalities: implications for normal variation, aging and diseased states. Sem

Nucl Med 2007;37:223-39.

and (5) partial volume effects because of limited
spatial resolution of the PET instrument.

Standardized uptake value dependence
on body habitus

In most current generation PET scanners, the SUV
is normalized to patient body weight (designated
as SUVgw). However, body habitus may also be
important, since adipose tissue typically demon-
strates lower FDG uptake compared with other tis-
sues owing to much less metabolic activity.
Consequently, in heavier patients with a high frac-
tion of total body fat, SUV is overestimated in non-
adipose tissues. Studies have investigated the
feasibility of correcting SUV with regard to other
parameters such as lean body mass (SUVigy)
and body surface area (SUVgss) and found them
to be superior compared with SUVgw.
The latter corrective methods reduce the variation
of SUV related to the patient body composition
and habitus.

Kim and colleagues examined the value
of normalization of SUV with body surface area
(SUVgsa) in 44 patients with cancer with body

weights ranging from of 45 to 115 kg. They observed
a strong positive correlation between SUVgy and
body weight but only a weak correlation between
SUVgsa and body weight with a near flat regression
line. These authors concluded that SUVgy over-
estimates FDG uptake in large patients and that
SUVgs, is preferable to SUVgy. Subsequently two
studies have confirmed this observation, and
have concluded that SUVgg, was superior to both
SUVgw and SUVigy. Zasadny and Wahl ad-
dressed the same concern by studying the relation-
ship between SUVs in normal tissues and body
weight in 28 nondiabetic women with newly diag-
nosed untreated primary breast cancer with body
weights ranging from 45 to 107 kg, and observed
a positive correlation between SUV and body
weight for liver and spleen metabolic activity. In
heavy patients, SUVs for these tissues were up to
two times higher than those of the lighter patients.
They concluded that correction of SUV for lean
body mass (SUVpy) eliminated the weight depen-
dence of the SUV. Nevertheless, some authors feel
that these differences between the normalization
methods are small except in very obese patients



Standardized uptake value dependence
on blood glucose level

Several studies have demonstrated that SUVs of ma-
lignant lesions depend substantially upon glycemic
status. Also, hyperinsulinemia leads to enhanced
glycolysis in adipose tissue and in muscles, and
thereby results in low SUV values in other tissues.
Most PET centers usually require a maximum
plasma glucose level ranging from 150 to 200 mg/dL
in patients undergoing FDG-PET studies. Interest-
ingly, Zhuang and colleagues [20| noted that the
effects of glucose concentration differ between
malignant disorders and inflammatory processes.
They observed that elevated blood glucose levels
up to 250 mg/dL do not appear to affect the SUV
in the inflammatory or other benign lesions.

Standardized uptake value changes over
time, implications of dual-time point, and
delayed imaging in differentiating cancer
from benign diseases

Currently most centers employ SUV measurement
at a single time point by assigning a standard
ROL. It is clear that variations in the time interval
between tracer injection and image acquisition
(ie, FDG uptake period) substantially influence
SUV. Hamberg and colleagues [21| demonstrated
that the equilibrium time (no change in concentra-
tion of this compound) in bronchial carcinoma var-
ied from 256 to 340 minutes postinjection, and
decreased after therapy to 123 to 185 minutes post-
injection. These authors concluded that the time
interval of 45 to 60 minutes leads to a significant
underestimation of true SUV because, in most
tumors, FDG uptake continues to rise beyond this
period, and typically does not reach a plateau for
several hours. Lodge and colleagues [22] also noted
that in high-grade sarcomas, maximal FDG uptake
was at 4 hours whereas such equilibrium was
achieved within 30 minutes in benign lesions.
Investigators at the University of Pennsylvania, in
their study of FDG uptake over extended time
periods (over 8 hours) in patients with non-
small-cell lung cancer showed that while tumor
sites revealed increased uptake of FDG over 3 to 4
hours, surrounding normal tissues showed declin-
ing values with time. These data indicate that SUV
in normal and abnormal tissues change substan-
tially over time and therefore the time interval be-
tween the administration and imaging should be
taken into consideration in such measurements.
Also, there exists considerable overlap between
active inflammatory processes and malignant le-
sions when SUV is employed for this distinction.
Therefore, a threshold value for SUV alone cannot
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be used to differentiate between the two. Several ap-
proaches have been explored to enhance the speci-
ficity of FDG-PET for assessing potential malignant
lesions. For example, dual-time point FDG-PET
imaging has been used in assessing various malig-
nancies including those of the head and neck [23],
lung [24], breast [25-27]| gallbladder [28], cervix
[29], and central nervous system [30]. The theoreti-
cal basis for the role of this approach in this setting
lies in the fact that dephosphorylation in tumor cells
is either absent or very slow compared with that in
normal cells because of their low glucose-6-phos-
phatase content. This results in a build up of con-
trast between malignant lesions and the normal
tissues with time, which further increases lesion de-
tectability on delayed images. This approach has
been tested by several investigators as a potential
way to distinguish malignant from benign lesions.
Hustinx and colleagues |23]| examined the utility
of dual-time point scanning in 21 patients with
head and neck cancer who were scanned serially at
two time points, the first at 70 minutes (range 47
to 112) and the second at 98 minutes (range 77 to
142) after the intravenous injection of FDG. The
mean interval between emission scans was 28 min-
utes (range 13 to 49). SUVs were generated for the
cerebellum, tongue, larynx, malignant lesion, and
a matched contralateral site. Tumor SUVs were
4.0 £ 1.6 (mean + SD) for the first scan and 4.5 +
2.2 for the second scan. Corresponding SUVs for
the contralateral sites were 1.2 £ 0.5 and 1.1 £ 0.5
for the two scans, respectively. Tumor SUVs in-
creased by 12% =+ 12% as compared with a 5% =+
17% decrease for contralateral sites (P < .05). SUVs
for inflammatory lesions (2.0 £ 0.7 and 2.0 +
0.9), cerebellum (4.2 + 1.3 and 4.3 £ 1.4), tongue
(1.8 £ 0.4 and 1.9 £ 0.5), and larynx (1.5 £+ 0.6
and 1.5 + 0.6) remained constant over time
(+0.6%, +2.8%, +1.4%, and —2.4%; P < .05
when compared with tumor SUV changes). The ratio
of tumor SUV to contralateral SUV increased by
23% + 29% over time whereas this ratio for inflam-
matory sites increased by only 5% =+ 15% (P =.07).
They proposed this approach as a useful means for
differentiating malignant lesions from inflamma-
tion and nonspecific uptake in normal tissues.
Matthies and colleagues [24] investigated this
method for the assessment of pulmonary nodules.
Thirty-six patients with 38 known or suspected ma-
lignant pulmonary nodules underwent PET scan-
ning of the thorax at two time points: the first was
at 70 minutes (range, 56 to 110) and the second
was at 123 minutes (range, 100 to 163) after the in-
travenous administration of FDG. Tumor SUVs at
the first and second time points were 3.66 + 1.95
and 4.43 + 2.43, respectively (ie, 20.5% + 8.1% in-
crease between the two measurements; P < .01).
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Four of 20 malignant tumors had SUVs of less than
2.5 on the first scan (range, 1.12 to 1.69). Benign le-
sions at the first and second time points had SUVs
of 1.14 + 0.64 and 1.11 + 0.70, respectively
(P value not significant). In this study, single-time
point PET scanning with a threshold SUV of 2.5
(attime point 1) had a sensitivity of 80% and a spec-
ificity of 94%, while dual-time point scanning with
a threshold value of a 10% increase in SUV between
the first and second time points provided a sensitiv-
ity of 100% and a specificity of 89%.

Recent studies by Kumar and colleagues [26]| and
Mavi and colleagues [27] reported high sensitivity,
specificity, and accuracy in breast carcinoma with
a dual-time point approach. Kumar and colleagues
studied 54 breast cancer patients with 57 breast
lesions who underwent two sequential FDG-PET
scans. The average percent change in the SUVs be-
tween time point 1 and time point 2 was calculated.
All PET study results were correlated with follow-up
surgical pathology results. Of the 57 breast lesions,
39 were invasive carcinoma and 18 were postbiopsy
inflammation. Among the invasive carcinomas, 33
(85%) showed an increase and 6 (15%) showed ei-
ther no change or a decrease in SUVover time. The per-
cent change in SUVs in these tumors from time point
1 to time point 2 (mean £ SD) was +12.6% =+ 11.4%
(P =.003). Of the 18 inflammatory lesions, 3
(17%) showed an increase and 15 (83%) showed
either no change or a decrease in SUVs. The percent
change in SUVs from the time point 1 to the time
point 2 (mean + SD) was —10.2% + 16.5% (P =
.03). Of the 57 normal contralateral breasts, 2
(3-5%) showed an increase and 55 (96.5%) showed
either no change or a decrease in SUVs. The percent
change in SUVs from time point 1 to time point 2
(mean £ SD) was —15.8% £+ 17% (P = .005). In
the study by Mavi and colleagues [27], 152 patients
with newly diagnosed breast cancer underwent two
sequential PET scans for preoperative staging, and
SUVax Was measured at both time points. The per-
cent change in SUV ,,x (ASUV,;,,,%) between time
points 1 (SUV ax1) and 2 (SUVy,ax0) was calculated.
Patients were divided into two groups according to
histopathology as invasive and noninvasive. Inva-
sive tumors were also divided into two groups
(>10 mm and 4 to 10 mm). The tumor-to-contralat-
eral normal breast (background) ratios of SUV ., at
both time points for these two groups were mea-
sured and A%SUV,,., values were calculated. The
mean + SD of the SUV .1, the SUV 440, and the
A%SUV, .« were 3.9 + 3.7, 4.3 + 4.0, and 8.3% +
11.5% for invasive; 2.0 £+ 0.6, 2.1 £+ 0.6, and 3.4%
4 13.0% for noninvasive; and 1.2 0.3, 1.1 £0.2,
and —10.0% =+ 10.8% for the contralateral normal
breast groups, respectively. When SUVjax1,
A%SUV ., and the tumor-to-background ratios

were compared among groups, all results were found
tobesignificant (P <.001). They concluded that dual-
time point imaging is a simple and noninvasive
method that may improve the sensitivity and accu-
racy of FDG-PET in assessing patients with primary
breast cancer. Lesion detectability increased from
83% at 1.5-hour images to 93% at 3-hour images
in a study by Boerner and colleagues [25] in breast
carcinoma.

Ma and colleagues [29]| examined the usefulness
of this technique in detecting para-aortic lymph
node (PALN) metastases from cervical cancer. These
data revealed that an additional scan at 3 hours is
helpful for detecting PALN, especially for lower
PALN metastases. Nishiyama and colleagues [28] in-
vestigated this approach in gallbladder carcinoma
and concluded that delayed FDG-PET is more
helpful than early FDG-PET for evaluating this can-
cer. Spence and colleagues 30| applied this method
in supratentorial gliomas coupled with kinetic mod-
eling. The estimated k, values for tumors were not
significantly different from those of cerebral gray
matter (GM) in early imaging but were lower at the
delayed times. A report by Zhuang and colleagues
[31] revealed an increase in SUV on delayed scans
in known malignant lesions, whereas the SUVs of be-
nign lung nodules decreased slightly over time. In
contrast, the SUVs of the inflammatory lesions
caused by radiation therapy and those of the lesions
of painful lower limb prostheses remained stable
over time. The application of this approach to predict
the nature of the bone marrow FDG uptake was stud-
ied by Houseni and colleagues [32]. They noted that
malignant lesions in the bone marrow result in sig-
nificantly higher levels of FDG uptake over time
than those affected by chemotherapeutic agents.

In many of these studies, the dual-time point
approach improved both the sensitivity and the
specificity of PET for various malignancies, includ-
ing breast, lung, and head and neck cancers. This
can be explained as follows: increasing FDG uptake
over time in the malignant lesions allows differenti-
ating them from benign etiologies with higher
specificity, whereas increased lesion-to-background
ratio (resulting from a combination of FDG wash-
out from the surrounding normal tissues and en-
hanced FDG uptake in cancer) leads to higher
sensitivity for detecting cancer. This is a noteworthy
observation, as there is usually a trade-off between
sensitivity and specificity for most other diagnostic
tests when a new approach is adopted.

Future implications

In summary, several studies have demonstrated
that absolute SUV measurement does not always
allow for optimal separation of malignant from



benign lesions. Change in SUV over time may
prove to be useful for improving the accuracy of
FDG-PET imaging for this purpose. Delaying
FDG-PET imaging beyond the traditional 1-hour
time should also be considered since most lesions
show increasing FDG uptake over the time up to
several hours. When comparing lesions and in
the same lesions noted on images, the SUV should
be measured at the same time point to enhance its
reliability.

Correction of standardized uptake value
for the partial volume effect

The partial volume effect (PVE) is an important factor
for measuring the radiotracer concentration with ac-
curacy. This is mostly related to the scanner resolution
and is applicable to objects with sizes less than 2 to 3
times the spatial resolution of the PET scanner. In ad-
dition, physiological and patient motions during
data acquisition are also major factors in degrading
spatial resolution, thereby also contributing to the
PVE. The phenomenon is akin to what is observed
with other imaging techniques including SPECT
and structural imaging. Although extensively ad-
dressed in brain PET studies [33-39], this is a major
source of concern in optimal assessment of malignant
lesions [40]. Typically, the best resolution (as mea-
sured by laboratory experiments) achieved by the
modern generation of clinical whole-body PET scan-
ners is at best 4 mm (see the article by Zaidi and Alavi
elsewhere in this issue). However, in clinical practice
the actual spatial resolution of the reconstructed im-
ages is substantially less than that specified by phan-
tom experiments owing to the limited statistics in the
acquired data sets and the limitations of the recon-
struction algorithms. This limited spatial resolution
does not allow for an accurate measurement of the
true SUV in structures and lesions less than 2 to 3
times the spatial resolution of the PET scanner as de-
fined by the full-width at half-maximum (FWHM) of
apoint spread function. It is well known that the con-
trast between the lesion and the surrounding back-
ground decreases as the size of the lesion becomes
smaller, and may disappear completely beyond a cer-
tain point [41]. Several approaches to minimize PVE
have been described. Broadly, they can be catego-
rized into three groups based on the following un-
derlying principles (as seen in the article by Rousset
and colleagues elsewhere in this issue): (1) methods
that correct for resolution losses after reconstruction
of images using various models, (2) methods that in-
corporate PVE modeling within the reconstruction
process, and (3) methods that use the size of the le-
sion as determined by anatomic imaging data (eg,
CI/MR imaging) to correct for PVE. We shall
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describe the latter approach in more detail since it
is relevant and practical in the clinical settings.

With partial volume correction, Hickeson and col-
leagues |42 | investigated this effect in the assessment
of pulmonarylesions, and noted that thereis a signif-
icant underestimation of SUV in lesions smaller
than 2 cm in size. By correcting the measured value
by using lesion size measured from the CT scan
(which was assumed to represent the true size of
the lesion), improved differentiation between ma-
lignant and benign lesions was achieved.

Hickeson and colleagues [42] reported an in-
crease in accuracy from 58% to 89% in the meta-
bolic activity of lung nodules measuring less than
2 cm when an SUV threshold of 2.5 was adopted
to distinguish between benign and malignant le-
sions (Figs. 2-4). In this study, each lesion’s SUV
was determined by using two different methods.
The maximum voxel SUV was determined in a circu-
lar ROI with a diameter of 0.8 cm (two voxels) at the
plane with maximal FDG uptake in the lesion. In the
second method, the SUV was corrected for underes-
timation of the true metabolic activity of the entire
lesion because of the suboptimal spatial resolution
and the PVE. Two ROIs were drawn around the le-
sion. The smaller of the two included all voxels asso-
ciated with the lesion. In practice, this was drawn at
least 0.8 cm outside the 50% uptake level of the
maximum activity to include all of the counts result-
ing from the solitary pulmonary nodule. The second
larger ROI surrounded the smaller ROI as well as its
surrounding background. Thus, lesion background
could be determined from the average uptake out-
side the smaller ROI and inside the larger ROL.
Note that the halfway point between the maximum
lesion activity and the surrounding background ac-
tivity is frequently used as the true size of the lesion.
The background uptake was then subtracted from
the average uptake in the small ROI. Therefore, the
corrected SUV was calculated by including the in-
jected dose, the patient’s weight, and time after in-
jection by using the following formula:
region’s activity (MBq) — background activity (MBq)

lesion’s size on CT scan (cm3) (4)

Injected dose (MBq)
Body weight (g)

corSUV =

Avril and colleagues [19| examined the role of
a similar approach in breast cancer, and noted
that correction of SUV for the PVE and normal-
ization for blood glucose level yielded the high-
est diagnostic accuracy among several PET
quantitative procedures. Lubberink and col-
leagues [43] compared the results of '"°™In-
DTPA-D-Phe'-octreotide PET images with those
of the ""In-DTPA-D-Phe'-octreotide SPECT scans,
and observed that partial volume correction
greatly improved detection of small tumors and
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Fig. 2. (A) Profile of small lung nodule with uniform FDG uptake using “ideal” PET scanner with perfect spatial
resolution; lung itself shows uniformly low FDG activity. (B) Profile of perceived FDG activity with current PET
scanner through same nodule in same lung is indicated by thick-lined curve. True distribution of FDG (ideal pro-
file) is indicated by broken line. Thin line indicates profile of perceived FDG activity from lung nodule and
thinner line indicates that from uninvolved adjacent lung parenchyma (background). Note that area under pro-
file using “ideal” PET scanner indicated in A is equal to that using current PET scanner indicated in B. (Reprinted
from Hickeson M, Yun M, Matthies A, et al. Use of a corrected standardized uptake value based on the lesion
size on CT permits accurate characterization of lung nodules on FDG-PET. Eur J Nucl Med Mol Imaging 2002;
29:1639-47; with kind permission from Springer Science and Business Media.)

allowed accurate quantitation of tracer concentra-
tion in lesions of various sizes (Fig. 5). From
these studies, it is clear that PVE correction is
crucial in the measurement of tumor FDG up-
take in the small lesions. It is of importance
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Fig. 3. SUVs of benign and malignant lung lesions mea-
suring equal to or less than 2 cm using both methods.
(Reprinted from Hickeson M, Yun M, Matthies A,
et al. Use of a corrected standardized uptake value
based on the lesion size on CT permits accurate charac-
terization of lung nodules on FDG-PET. Eur J Nucl Med
Mol Imaging 2002;29:1639-47; with kind permission
from Springer Science and Business Media.)

when monitoring response to therapeutic inter-
vention, where the reduction in the size of a tu-
mor could result in underestimation of the true
concentration of compounds such as FDG in
the intended sites.
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Fig. 4. SUVs of benign and malignant lung lesions
measuring more than 2 cm using both methods. (Re-
printed from Hickeson M, Yun M, Matthies A, et al.
Use of a corrected standardized uptake value based
on the lesion size on CT permits accurate character-
ization of lung nodules on FDG-PET. Eur J Nucl Med
Mol Imaging 2002;29:1639-47; with kind permission
from Springer Science and Business Media.)



-
N

-
o
"

=
®
L

Recovery coefficient
o
o

0.4 = "In SPECT
—a— 110m|p PET
0.2 1 - 18F PET
0.0 Ll Ll L L]
0 10 20 30 40 50

Sphere diameter (mm)

Fig. 5. Sphere recovery functions for partial volume
correction for '""°Mn-PET, """In-SPECT, and '8F FDG-
PET. (Reprinted from Lubberink M, Tolmachev V,
Widstrom C, et al. 110mIn-DTPA-D-Phe1-octreotide
for imaging of neuroendocrine tumors with PET.
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Applications of partial volume effect
correction in neurology

Correction for partial volume correction was stud-
ied by investigators at the University of Pennsylva-
nia in the 1980s when CT and low-resolution PET
instruments were used to examine patients with Alz-
heimer’s disease (AD) and other central nervous sys-
tem disorders that usually result in cerebral atrophy
[33]. This technique was later investigated by using
modern segmentation methodologies and high-res-
olution MR imaging [44,45]. The latter has allowed
for accurate measurement of GM and white matter
(WM) as well as cerebrospinal fluid (CSF) volumes
in the brain [46,47].

Kohn and colleagues (46| described a new com-
puterized system developed to process standard
spin-echo magnetic resonance imaging data for
estimation of brain parenchyma and cerebrospinal
fluid volumes. In phantom experiments, these
estimated volumes corresponded closely to the
true volumes (r = 0.998), with a mean error less
than 1.0 cm? (for phantom volumes ranging from
5 to 35 cm?), with excellent intra- and interobserver
reliability. In a clinical validation study with actual
brain images of 10 human subjects, the average
coefficient of variation among observers for the
measurement of absolute brain and CSF volumes
was 1.2% and 6.4%, respectively. The intraclass cor-
relation for three expert operators was found to be
greater than 0.99 in the measurement of brain
and ventricular volumes and greater than 0.94 for
total CSF volume. The authors concluded that their
technique to analyze MR images of the brain
performed with acceptable levels of accuracy, and
concluded that it can be used to measure brain
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and CSF volumes for clinical research. This tech-
nique, they believed, could be helpful in the
correlation of neuroanatomic measurements to
behavioral and physiological parameters in neuro-
psychiatric disorders.

Tanna and colleagues [34]| adopted this com-
puterized segmentation technique in a retrospective
analysis of digitized T2-weighted MR images of 16
healthy elderly control subjects and 16 patients with
AD. They quantified ventricular and extraventricular
CSF and studied the effects of aging and AD on brain
function as determined by FDG-PET. In both groups,
the degree of atrophy as measured by these tech-
niques was used to correct for metabolic rates
obtained by PET. Patients with AD had higher total,
extraventricular, total ventricular, and third ventri-
cular CSF volumes (49%, 37%, 99%, and 74%, re-
spectively), and 7% lower brain volumes than the
control group. Patients with AD also showed
a more marked decline in brain volumes and
a greater increase in CSF volumes with advancing
age than the control group. The patient group had
a 25.0% increase in corrected whole-brain meta-
bolic rates compared with the control group that
had only a 15.8% increase by applying the partial
volume correction factors. The use of this technique,
they concluded, could provide a basis for further
studies of aging and dementia, by calculating the
accurate rates of regional metabolism of structural
components in these settings.

Bural and colleagues [48] studied the effects of
a novel quantitative MR imaging segmentation
scheme that allows for actual SUV (instead of met-
abolic rates as reported by Tanna and colleagues
[34] as referenced above) calculation of the regional
GM, WM, and CSF volumes. This approach resulted
in overcoming the difficulties associated with con-
ventional low-resolution imaging techniques for
measuring actual metabolic activity of the GM.
These investigators calculated the volumes of GM,
WM, and CSF by using a special segmentation
technique on the MR images. This was followed
by computation of the mean SUV representing the
whole metabolic activity of the brain from the
FDG-PET images. They also measured the WM
SUV from the upper transaxial slices (centrum
semiovale) of the FDG-PET images. The volumes
of the GM, WM, and CSF were summed to calculate
whole-brain volume to enable calculation of global
cerebral metabolic activity by multiplying the mean
SUV by the total-brain volume. Similarly, the
whole-brain WM metabolic activity was measured
by multiplying the mean SUV for the WM by the
WM volume. CSF metabolic activity was considered
to be 0. Thus, by subtracting the global WM meta-
bolic activity from that of the whole brain, they
were able to measure the global GM metabolic

169



170 Basu et al
|

activity alone. Finally, by dividing GM global meta-
bolic activity by GM volume, an accurate SUV for
GM alone was determined. The brain volumes
ranged between 1100 and 1546 cm?®. The mean
SuV for total brain was 4.8 to 7.0. Global cerebral
metabolic activity of the brain ranged from 5565
to 9566 SUV cm?>. The mean SUV for WM was 2.8
to 4.1. Based on these measurements, they reported
that the GM SUV in the sample examined ranged
from 8.7 to 11.3.

Concept of global metabolic activity based
on combined structure-function assessment
in healthy and diseased states

The concept, methods, and the use of global meta-
bolic activity have been described in the article by
Basu and colleagues elsewhere in this issue. In this
article, we shall briefly outline the principle of this
method and its potentials. This approach was first
used in assessment of the brain in patients with
AD and in age-matched controls [49]. The method
includes calculating tissue volume by using modern
computer-based algorithms and accurate (partial
volume corrected) measurement of metabolic activ-
ities (or other functional process) at each site of in-
terest. The power of this approach is assessment of
global disease activity in the patients, which cer-
tainly has several advantages over measuring
SUV,..«x in one index lesion. This concept is partic-
ularly applicable to cancer both at the initial stage
and following treatment to estimate the metabolic
burden of the disease. This approach may prove
to be essential for testing new therapeutic agents.
Similarly, this approach can be effectively used in
other states such as atherosclerosis [50], cancer,
and cardiac disorders.

Summary

Quantitative PET imaging is superior to other mo-
dalities in many clinical and research applications.
With the increasing role of FDG-PET in the field
of oncology, reliable indices characterizing tumor
activity is of immense importance for monitoring
response to therapy |51 |. Currently employed quan-
titative imaging with PET will undertake constant
refinements for improving its impact in patient
management. Sophisticated quantitative analysis
methodologies are likely to become widely avail-
able in clinical settings and not just limited to
PET research facilities with advanced scientific and
technical support. This will enormously enhance
the potential of FDG-PET to “personalize” treat-
ment by evaluating the effectiveness of therapy
and to recognize ineffective treatments that may
also be costly or risky. Thus further refinements

might prove invaluable for the optimal use of this
powerful imaging technology.
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