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In this paper, we explore the current state and the
future prospects for assessing regional versus global
function by combining volumetric data from tomographic structural imaging techniques such as CT/
MR imaging and quantitative metabolic information provided by functional modalities such as
PET. The principle for calculating global metabolic
activity is based on multiplying partial volume-corrected average standardized uptake value to the volume of the organ of interest generated from the CT/
MR image. With the introduction of fusion imaging
into the daily practice of medicine, we believe that
a quantitative approach using data from both structural and functional modalities will be the way
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forward for accurate assessment of various pathophysiological states. Medical image segmentation
is an integral part of this promising approach.
This involves the identification of specific tissues
of interest in a given structural image, which allows
measuring regional functional parameters of an individual component within an organ. The future
impact of this approach is discussed along with
a brief overview of the concepts that allow for segmentation of different organs. The major direct
impact of these novel quantitative techniques will
include monitoring therapeutic efficacy in various
malignancies. Incorporation or substitution of such
quantitative 18F-Fluorodeoxyglucose (FDG)-PET
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data into the different tumor response schemes
used in clinical oncology trials like the World
Health Organization (WHO) criteria, the Southwest Oncology Group (SWOG) criteria, or the Response Evaluation Criteria in Solid Tumors
(RECIST) may substantially improve our ability to
evaluate the efficacy of therapies. While the major
utility of such measurements will be more accurate
assessment of disease activity in cancer, measurement of global metabolic activity in various neuropsychiatric disorders and quantification of the
extent of atherosclerosis may influence the management of patients with these disorders.
This paper is intended to discuss ways in which
global and regional organ function may be assessed
using advanced imaging technologies. In addition,
we discuss using FDG-PET to monitor treatment response in various tumors as well as quantification
of tumor burden in the entire body. Special emphasis is put on FDG as a model that can also be adopted for other PET radiotracers. The merits of
advanced quantitative measures for disease activity
assessment in cancer and other disorders will also
be addressed.

volumetric product (MVP) for the organ of interest
or the diseased site. In situations with multiple disease sites such as metastatic cancer, by combining
these measurements in the entire body, it is feasible
to calculate the global metabolic activity of the underlying process.
The power of this concept stems from its ability
to use both structural and functional alterations
that take place as a consequence of disease states
such as cancer or of a normal process such as aging.
By now, it is well documented that the results from
existing uni-dimensional measurement (RECIST)
criteria, a standard region of interest (ROI)-based
SUV estimate, or other semiquantitative measurements are often prone to inaccuracy and high variability [2]. The concept of global metabolic activity
has significant implications for the assessment of
cancer and evaluating cancer treatment. It is important in testing new therapeutic agents, and can be
effectively employed in the management of other
conditions such as atherosclerosis, cardiac disorders, and central nervous system diseases. We provide examples of some of the practical uses of this
concept and data generated from preliminary experiments in our own laboratory.

Concept of global metabolic activity
The idea of measuring global metabolic activity was
first introduced by Alavi and colleagues [1] in studies of glucose metabolism of the brain in patients
with Alzheimer’s disease (AD) and in age-matched
controls. The measured mean cerebral metabolic
rates for glucose were multiplied by segmented
brain volumes as seen on MR images. By employing
this approach, these investigators were able to demonstrate significant differences between these two
populations compared with conventional techniques. The same investigators have proposed
adopting a similar approach for assessing global
normal organ function and overall disease activity
in other settings.
This concept requires calculating tissue volume
by using modern computer-based algorithms and
accurate (partial volume corrected) measurement
of regional metabolic activity (or other functional
process) of the organ or disease site of interest. Partial volume effect (PVE) is an important limiting
factor for accurate quantitation of radiotracer concentration with PET. However, with recent advances, it is possible to correct for PVEs of the
relatively low spatial resolution functional imaging
techniques (see the article by Rousset and colleagues elsewhere in this issue). By multiplying partial volume-corrected metabolic measures (such as
standardized uptake value [SUV], rates of metabolism, and so forth) by volumetric measures from
structural images, one can calculate the metabolic

Applications of global metabolic activity
in neurology
In AD, Alavi and colleagues [1] hypothesized that
the absolute amount of glucose used by the entire
brain would prove to be a more reliable indicator
of the reduced cognitive function than metabolic
rates calculated for a unit of brain volume alone.
They investigated 20 patients with the probable diagnosis of AD and 17 age-matched controls who
underwent FDG-PET and MR imaging within a short
time interval. The uncorrected cerebral metabolic
rate for glucose (CMRGlc) values were atrophy corrected using the following equation:
Atrophy corrected average CMRGlc 5
Mean CMRGlc
percentage of brain tissue in the intracranial volume
ð1Þ

Absolute whole brain metabolism was calculated
by using the formula:
Absolute whole brain metabolism 5
Atrophy corrected mean CMRGlc  brain volume
ð2Þ

Average metabolic rates, when corrected for atrophy, were 3.91 1.02 and 4.43  0.87 (mg of glucose
per 100 cm3 brain tissue per minute) for AD patients
and controls, respectively, and the difference was not
statistically significant (Table 1). Atrophy-weighted
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Table 1:

Whole brain PET data for Alzheimer’s disease and controls

AD patients
Controls

CMRGlc
(uncorrected),
mean ± SD

CMRGlc
(corrected),
mean ± SD

Atrophy-weighted
total-brain metabolism,
mean ± SD

Absolute whole-brain
metabolism, mean ± SD

3.15  0.83a
3.83  0.70

3.91  1.02b
4.43  0.87

29.96  7.90c
39.09  7.02

37.24  9.65d
45.09  8.52

CMRGlc in mg glucose/100 cc/brain tissue/min; Atrophy-weighted total-brain metabolism in mg glucose/brain/min;
Absolute whole-brain metabolism; Absolute whole-brain metabolism in mg glucose/brain/min.
Abbreviations: AD, Alzheimer’s disease; CMRGlc, cerebral metabolic rate for glucose.
a
Significantly different from controls P 5 .01.
b
Not Significantly different from controls P 5 .11.
c
Significantly different from controls P 5 .0008.
d
Significantly different from controls P 5 .014.
(Adapted from Alavi A, Newberg AB, Souder E, et al. Quantitative analysis of PET and MRI data in normal aging and Alzheimer’s disease: atrophy weighted total brain metabolism and absolute whole brain metabolism as reliable discriminators. J Nucl Med 1993;34:1684; with permission.)

total brain metabolism (calculated by multiplying
the brain volume, as measured by MR image analysis, by the average metabolic rate) and absolute
whole brain metabolism (calculated by multiplying
the brain volume by the average metabolic rate
corrected for atrophy) were also assessed. Atrophyweighted total brain metabolism was significantly
different between the two groups (29.96  7.90
for AD patients compared with 39.1  7.0 for
controls, P < .001), and it also correlated with
Mini-Mental State Examination (MMSE) scores
(r 5 0.59, P < .01). Absolute whole brain metabolism was also found to be significantly different
between AD and control groups and correlated
well with MMSE scores. These data demonstrated
that although the metabolic rate per unit weight
of the remaining brain is unchanged in AD compared with controls, atrophy-weighted total brain
metabolism and absolute whole brain metabolism are significantly affected. They concluded
that both indices could prove to be sensitive

Table 2:

correlates for cognitive dysfunction in AD (see
Tables 1 and 2).

Assessment of global metabolic activity
of atherosclerosis (Athero-Burden) by
combined FDG-PET and CT imaging
This method was employed to quantify the extent
of atherosclerosis in the aorta by multiplying
SUVs measured at different segments in the aortic
wall with aortic wall volumetric data provided by
CT to yield MVPs. Bural and colleagues [3] used
this approach in 18 patients who had both FDGPET and contrast-enhanced CT of the chest and abdomen. All had homogeneous diffuse FDG uptake
in all segments of the aortic wall. The patients
were divided into three groups according to their
age. FDG uptake was measured in different segments of the aorta by calculating the mean SUV
for each segment. On each axial CT image, ROI tracings along the inner and outer wall contours of the

Recovered whole brain PET data for AD and controls

AD patients
Controls

Recovered
CMRGlc
(uncorrected),
mean ± SD

CMRGlc
(corrected),
mean ± SD

Atrophy-weighted
total-brain
metabolism,
mean ± SD

Absolute
whole-brain
metabolism,
mean ± SD

4.89  1.22a
5.38  0.88

6.06  1.48b
6.22  1.07

46.61  12.24c
55.23  9.82

57.86  14.89d
63.73  10.07

CMRGlc in mg glucose/100 cc/brain tissue/min; Atrophy-weighted total-brain metabolism in mg glucose/brain/min; Absolute whole-brain metabolism; Absolute whole-brain metabolism in mg glucose/brain/min.
Abbreviations: AD, Alzheimer’s disease; CMRGlc, cerebral metabolic rate for glucose.
a
Not Significantly different from controls P 5 .17.
b
Not Significantly different from controls P 5 .72.
c
Significantly different from controls P 5 .026.
d
Significantly different from controls P 5 .18.
(Adapted from Alavi A, Newberg AB, Souder E, et al. Quantitative analysis of PET and MRI data in normal aging and Alzheimer’s disease: atrophy weighted total brain metabolism and absolute whole brain metabolism as reliable discriminators. J Nucl Med 1993;34:1685; with permission.)
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aorta were generated. The inner surface area was
subtracted from the outer surface area, and net
area values for each segment were subsequently
multiplied by slice thickness to calculate aortic
wall volume. The atherosclerotic burden (AB) was
calculated for each segment of the aorta by multiplying SUV by the wall volume. When the aortic
wall volumes, SUVs, and AB values in each aortic
segment for each age group were compared, they
were found to increase with age (P < .05) (Table 3
and Fig. 1).

Application of global metabolic activity
to diffuse hepatic steatosis
Bural and colleagues employed combined FDG-PET
and MR imaging to calculate hepatic MVPs in both
healthy subjects and subjects with diffuse hepatic
steatosis. They investigated 24 subjects in this study
(11 men, 13 women, age range 21 to 75 years). All
subjects had FDG-PET and MR scans within
a time interval of 52  60 days. Twelve of the 24
subjects had diffuse hepatic steatosis based on MR
imaging criteria. The remaining 12 were selected
as age-matched controls, as they had normalappearing livers on MR images and on FDG-PET
scans. They calculated the mean and maximum hepatic SUVs for every subject from the FDG-PET images. They also calculated the volume of the liver for
each subject from MR images by summing the surface area values and multiplying by the slice thickness. Subsequently, the hepatic MVP was
calculated by multiplying liver volume by the
mean hepatic SUV in each subject. The mean and
maximum hepatic SUVs and the hepatic MVPs
were compared for two groups. Mean and maximum hepatic SUVs for the group with diffuse
hepatic steatosis were 2.2  0.1 and 3.2  0.4,
respectively, compared with 1.8  0.2 and 2.4 
0.3 for the control group, respectively, and all
were statistically significantly different (P < .05).
Hepatic MVP was 3.7  0.2 (SUV - L) for the group
with diffuse hepatic steatosis, and 2.3  0.9 (SUV - L)
for the control group (P < .05).

Table 3:

Application of global metabolic activity
in oncology
The concept of whole-body metabolic burden
(WBMB) was examined by investigators from the
University of Pennsylvania in lymphoma patients.
Individual lesion metabolic burden (MB) was calculated by measuring the volume on CT (VCT),
the mean SUV measured on PET of the CT volume
(SUVmeanCT), and the Recovery Coefficient (RC):
MB 5 SUVmeanCT ðVCT Þ=RC

ð3Þ

where RC recovers counts that extend beyond the
CT volume as a result of partial volume effects,
and was obtained from a calibration plot study of
hot sphere activity within a warm background
phantom for the PET scanner used. For lesions
larger than 3 cm, RC was 1. The preliminary results
showed that MB is a promising measure when corrected for partial volume effects and operator error
in drawing ROIs. The WBMB was defined as the
sum of the individual MB of all lesions identified.
This index appeared promising to monitor changes
in total body tumor burden in patients undergoing
treatment.
Pn
WBMB 5
i51 MBi where n is the number of
individual tumors outlined. Akin to single-lesion
MB, the WBMB had units of SUV  volume. Examples of this have been depicted in Table 4.
More recently, Larson and colleagues [4] reported
the concept of ‘‘Total Lesion Glycolysis’’ (TLG),
which was defined as TLG 5 SUVmean  volume of
PET lesion. They further defined the response index
(also known as Larson-Ginsberg Index  LGI) as:
DTLG ðLGIÞ 5


ðSUVmean Þ1  ðVolÞ1  ðSUVmean Þ2  ðVolÞ2
ðSUVmean Þ1  ðVolÞ1


 100

ð4Þ

where ‘‘1’’ and ‘‘2’’ denote the pre- and posttreatment
FDG-PET scans, respectively. They investigated 41
patients with locally advanced lung (n 5 2), rectal
(n 5 17), esophageal (n 5 16), and gastric

SUVs (mean ± SD) for each aortic segment and for the total aorta

Age, y

Ascending
aorta

Arch of the
aorta

Descending
thoracic aorta

Abdominal
aorta

Total SUV

21–40 (n 5 5)
41–60 (n 5 7)
61–80 (n 5 6)
P

1.7  0.3
2.0  0.4
2.3  0.3
.04

1.8  0.3
1.9  0.5
2.3  0.1
.07

1.7  0.3
2.1  0.5
2.4  0.3
.03

1.6  0.3
1.8  0.2
2.2  0.4
.04

1.7  0.3
2.0  0.4
2.3  0.3
.001

Abbreviation: SUV, standardized uptake value.
(Adapted from Bural GG, Torigian DA, Chamroonrat W, et al. Quantitative assessment of the atherosclerotic burden of
the aorta by combined FDG-PET and CT image analysis: a new concept. Nucl Med Biol 2006;33:1037–43; with
permission.)
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(Reprinted 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. Semin Nucl Med 2007;37:223–39; with permission.)

100
77
29
0
78
600
199
333
850
0
0.77
12

100
67
29

11.25
6.29
23

0
1.96
17.5

100
69
24

58
152
50

5
34
50

91
78
0
3.4
2.33
17
1
2
3

Post Rx
SUVmean

%
change

Pre Rx
SUVmax

Post Rx
SUVmax

%
change

Pre Rx
SUVmax

Post Rx
SUVmax

%
change
Pre Rx
SUVmean

Image segmentation has been employed in several
clinical and research applications of quantitative
PET imaging [5]. These include estimation of organ
and tumor volumes as well as delineation of target
treatment volumes in external radiotherapy, extraction of parameters of clinical relevance such as the
left ventricular region in nuclear cardiology [6], automated ROI delineation of structures of interest in
dynamic functional imaging [7], generation of functional images to highlight regions of similar temporal behavior (components) [8], determination of
the attenuation map in emission tomography [9],
anatomically guided image reconstruction and
partial volume segmentation [10], and construction
of voxel-based anthropomorphic phantoms based
on high-resolution anatomical images [11].
One important application of this approach has
been in the calculation of tissue metabolism of different brain components and MRI-guided partial
volume correction in PET. Fig. 2 shows a representative slice of a T2-weighted MR image through the
brain and the corresponding segmentation results
separately showing each tissue type including
gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). MR images were first corrected for inhomogeneity and were subsequently
standardized with regard to intensity before application of the segmentation algorithm. The mean
intensity and standard deviation for each of GM,

Case

Advances in medical image segmentation
within the context of quantitative PET
imaging

Pre- and posttreatment assessment of Global Metabolic Burden (Volume 3 SUV) in patients with lymphoma

(n 5 6) cancer. They concluded that the visual response score and DTLG are substantially correlated
with other response parameters and are highly
reproducible.

Table 4:

Fig. 1. Assessment of changes in global metabolic
activity of aortic atherosclerosis (atheroburden) with
increasing age. (Adapted from Bural GG, Torigian
DA, Chamroonrat W, et al. Quantitative assessment
of the atherosclerotic burden of the aorta by combined FDG-PET and CT image analysis: a new concept.
Nucl Med Biol 2006;33:1037–43; with permission.)

Pre Rx
SUVmax

Post Rx
SUVmax

%
change
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Fig. 2. Segmentation technique used to calculate SUV in GM, WM, and CSF. (A) Axial slice of intensity inhomogeneity corrected and intensity standardized T2-weighted image. (B–D) Color overlays on same axial T2weighted image corresponding to segmented WM, GM, and CSF, respectively. (Reprinted 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. Semin Nucl Med
2007;37(3):223–39; with permission.)

WM, and CSF regions were subsequently determined from the training data set and are then
fixed. A fuzzy connectedness framework was used
for creating a brain intracranial mask, and the
fuzzy membership value of each voxel in each
brain tissue was estimated, and final segmentation
of the brain tissues was simply performed via
a maximum likelihood criterion as described by
Zhuge and colleagues [12].
The same segmentation technique has also been
employed in the lung parenchyma. Historically,
segmentation of the lungs on CT scans has been
a popular research area because of its usefulness
in computer-based analysis of thoracic CT images
and computer-aided diagnosis. A number of image
segmentation approaches have been proposed and
many of them have found applications in clinical
settings. For example, the software system 3DVIEWNIX [13] was used to segment the CT image of the
lungs to obtain the left and the right lung. The steps
were as follows: (1) The Threshold operation was
used to segment the lung tissue from the rest of
the CT image. (2) Subsequently, Interactive2D was
used to manually remove the areas that were not
a part of the lungs or were a part of the airway
tree. (3) The mask that was produced covered
only the lung area. Using Interactive2D once again,
the left lung was removed and hence the mask for
the right lung was obtained. (4) Algebra was used
to obtain the left lung by subtracting the right
lung mask from the entire lung mask. Fig. 3 displays the segmentation results on a chest CT in
one subject.
In PET imaging of cancer patients, image segmentation has a variety of important applications for tumor quantitation in staging, assessment of tumor
response to therapy, and definition of target volumes for radiation therapy planning [14,15]. One
such novel automated system was recently

proposed for the segmentation of oncological PET
data aiming at providing an accurate quantitative
analysis tool [16]. The initial step involves Expectation Maximization (EM)-based mixture modeling
using a k-means clustering procedure, which varies
voxel order for initialization. A multiscale Markov
model is then used to refine this segmentation by
modeling spatial correlations between neighboring
image voxels. Anthropomorphic phantom experiments were conducted for quantitative evaluation
of the performance of the proposed segmentation
algorithm. The comparison of actual tumor
volumes to the volumes calculated using different
segmentation methodologies including standard
k-means, spatial-domain Markov Random Field
Model (MRFM), and the new multiscale MRFM
showed that the latter dramatically reduces the relative error to less than 8% for small lesions (7-mm
radii) and less than 3.5% for larger lesions (9-mm
radii). The analysis of the resulting segmentations
of clinical oncologic PET data confirms that this
method can successfully segment patient lesions.
For problematic PET images (Fig. 4), this technique
permits the identification of tumors situated very
close to areas of nearby high normal physiological
uptake.
To enhance lesion detectability, using similarity
measures for analysis of dynamic oncological imaging to increase the contrast between normal tissues
and lesions is a promising approach [17]. One such
method, proposed originally for cardiac imaging is
now being investigated for oncology PET studies.
This uses the cross-yB-energy operator, a nonlinear
similarity measure that quantifies the interaction
between two time-signals including their first and
second derivatives [8]. Similarity measure between
the time activity curve (TAC) of each pixel and the
mean value of the TACs of a reference region of
the dynamic image series is calculated, thereby
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Fig. 3. Illustration of lung CT segmentation results. From left to right: original axial CT image, right lung segmentation, and left lung segmentation. (Reprinted 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. Semin Nucl Med 2007;37(3):223–39; with permission.)

generating images that demonstrate temporal
changes in radioactive tracer distribution.

Principle of partial volume correction
of standardized uptake value for the
purpose of calculating global metabolic
activity
The partial volume effect is one of the important
technical constraints for accurate quantitation
with PET, mostly related to the scanner resolution (see the article by Rousset and colleagues
elsewhere in this issue). There is growing concern
with regard to partial volume effect correction on
the quantification procedure in FDG-PET studies
in small lesions [18]. This effect is also a problem
in other imaging techniques including singlephoton emission computed tomography and
structural
imaging,
when
small
objects

(compared with the imaging system’s spatial resolution) are examined. Many investigators have
addressed this effect in brain PET studies
[10,19–25], where the major concern is to measure the exact concentration of the tracers such
as FDG in the brain. In practice, the actual spatial resolution of the reconstructed PET images
is substantially less than that specified by phantom studies that are typically at best 4 mm using
state of the art clinical PET scanners. This limited
spatial resolution leads to an inaccurate measurement of the true concentration of the radiotracer
in lesions less than 2 to 3 times the spatial
resolution of the PET scanner as defined by the
full-width at half-maximum (FWHM) of
a point-spread function. One method to correct
for the PVE is to use the lesion size as determined by anatomic imaging modalities as the basis for the calculation of the correct SUV [26,27].

Fig. 4. Illustration of the automated segmentation procedure for PET. From left to right: original clinical image,
resultant segmentation (eight segments) using traditional MRFM, and resultant segmentation using multiscale
MRFM. (Adapted from Montgomery D, Amira A, Zaidi H. Fully automated segmentation of oncological PET volumes using a combined multiscale and statistical model. Med Phys 2007;34:722–36; with permission.)
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This represents an essential step in calculating the
global metabolic activity.

Summary
In the near future, it is likely that highly sophisticated methodologies and software for accurate
quantitative analysis will become widely available
in clinical settings and no longer restricted to large
research groups where highly skilled technical staff
is available. The motivation of vendors to develop
and incorporate advanced software for quantitative
analysis is triggered by interest and demand from
the clinicians as end users. It is expected that this
will happen shortly so that the estimation of global
metabolic activity and other quantitative parameters will become routine in the practice of clinical
PET imaging.
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