Understanding the Standardized Uptake Value,
Its Methods, and Implications for Usage

The ancients relied on just their vi-
sual interpretations of bright objectsin
the heavens. But advancing technol ogy
led to quantifications that properly nor-
malized stellar distances to obtain ab-
solute magnitudes. Somewhat analo-
gously, in PET the standardized uptake
value (SUV) came to be used as a tool
to supplement visual interpretation.
Uptake normalization as a fraction of
the injected dose/unit weight has been
in use as far back as 1941 (1). It was
designated as the differential absorp-
tion ratio (DAR) and in the 1980s was
being used in PET (2). Aliases such as
the differential (or dose) uptake ratio
(DUR) and standardized uptake ratio
(SUR) occasionally appear in the liter-
ature.

The SUV is a specia member of a
class of dimensionless Q (= average
activity per unit volume) ratios in use:
tissue Q + anormalizing Q. The latter
can be contralateral, a background, an
organ (e.g., liver, brain, and so forth),
and, in particular, the whole body as
SUV = tissue Q +~ whole-body Q in-
cluding tracer excretions = tissue Q +
injected dose per unit body volume,
weight, or area. For the (time invari-
ant) denominator—rather than aregion
of interest (ROI) around the whole
body or using units of volume—there
are traditional and convenient uses of
weight or body surface area, allowing
one to obtain adimensioned (in mg/mL
or m?4mL) result. The SUV (in mg/mL
units), when averaged over the entire
body, would equal the body density.

Commonly referred to as semiquan-
titative analysis, SUVs owe their pop-
ularity to a simplicity of method com-
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pared with others. In particular, it is of
interest to compare the SUV with the
more fully quantitative influx constant
Ki = kiks(k, + k3), which requires
more effort. Fortunately for diagnostic
purposes, the end-of-scan SUV can be
diagnostically essentially as discrimi-
nating as K;. This is because when K;
exists (i.e, ks # 0), the 2 are quite
proportional, with a population-aver-
age proportionality constant depending
only on the time of SUV evaluation
and the type of tracer (3,4)—and, in
particular, being virtually independent
of the tissue type.

A reliable reproducible measure of
uptake is sought. An underlying reason
for this stems from wanting to make
comparisons. Intrapatient comparisons
occur during therapy monitoring. In-
terpatient relative uptakes in the diag-
nostic process can be related to degrees
of pathology. Moreover, as knowledge
bases form for a particular disease,
contributions arise from several insti-
tutions. To facilitate comparisonsin all
of these settings, one hopes to address
any unwanted dispersion in a marker
such as the SUV. These would be about
its true physiologic vaue for a speci-
fic disease condition when there are
differing methodology preferences—
the main issue in this perspective.

In seeking reproducible uptake mea-
sures, the diagnostician has a large ar-
mamentarium from which to choose
according to Hoekstra et al. (5). The
authors discuss 9 classes of analytic
methods suitable for PET image anal-
ysis. These, including the SUV class,
have subclasses. For the SUV, these
subclasses have historically arisen out
of a motivation to seek refinements in
determinations that can reduce vari-
ability from method variations.

METHOD-INFLUENCING FACTORS

The SUV issubject to errorsthat can
arise in various quantitative methods
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(6,7). A criticism of being casual about
SUV methodology has been made (8),
citing several factors to consider.
However, as part of addressing PET
procedures in a broader sense, several
consensus groups (9—13)—in discuss-
ing some of these factors—have made
protocol suggestions. SUV-related top-
ics, along with other factors, are orga-
nized in Table 1, which distinguishes
confounding factors (i.e., potentially
addressable by adjusting SUV results)
and defined factors (i.e., biologic states
conventionally considered as distinct
entities). A possible application of Ta-
ble 1 would be an aid while writing a
M ethods section when SUV's are being
reported—that is, indicate fully, not just
partialy, how SUV is being measured.

An aspect of facilitating compari-
sons is using variability-reducing cor-
rections for the factorsin Table 1. Sta-
tistical error in an average or reference
result can be reduced to the extent that
significant changes in confounding
variables (e.g., in tumor size, SUV’s
time after injection, and so forth) are
either used in corrections or kept min-
imal. It is desirous to have some refer-
ence conditions for the purpose of in-
creasing the number of patients that
can be grouped together in a study to
gain statistical power. Also, diagnostic
advantages accrue when variabilities
from extraneous factors are reduced.
That some SUV methods excel over
others is seen in an example in which
receiver-operating-characteristic (ROC)
areas in 8F-FDG PET breast cancer
diagnosis can vary from 0.81 to 0.91
among the methods (20).

In this issue of The Journal of Nu-
clear Medicine, on pages 1519-1527,
Boellaard et al. (21) use simulation to
systematically investigate several of
the influences in Table 1. Rather than
attempting to isolate each influencing
effect while al others remain constant,
their approach was a practical one: vary-
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TABLE 1

Compilation by Category of Confounding Factors Influencing SUV Determination of Defined Tissue Type

and State for Defined Population of Patients

Factor*

Comment

ROI shape within which to
average

Partial-volume and spillover
effects

Attenuation correction
Reconstruction method and

parameters for scanner

type
Counts’ noise bias effect

Time of SUV evaluation

Competing transport
effects

Tissue activity factors

Either pixels or voxels can be used. Specific criteria for shape of outer boundary have precedents that
include visual judgment, noise-affected maximum pixel, fixed size, contour defined by some fraction
of maximum pixel, and others. Considerations also involve the character of heterogeneity
encountered.

Factors obtained in small phantom data allow observed ROI activity to be corrected to that truly
present (74). There is dependency on reconstructed resolution, size and geometry, and the ratio of
activities in ROI's region and surrounding region. Interrelated is motion blurring (e.g., from
diaphragm) that undesirably averages pixel intensities.

Always required, methodology (e.g., y-energy used, counts obtained, CT contrast agent usage,
algorithm approximations) affects both absolute accuracy and noise.

Techniques used in reconstruction—including spatial filter values, total number of pixels, and other
parameters (e.g., number of iterations in some algorithms)—influence noise and resolution.

Total number of noise equivalent counts from acquisition and analysis system, for a decayed dose,
affects pixel randomness. ROIs based on maximum pixel value have pixel averages affected.

Tissue statet factors amenable for corrections

Injection-to-midacquisition time for SUV determination is a characterizing parameter (75). Traditionally,
this time interval is chosen so that (dSUV/dt)/SUV is typically not excessive during acquisition.
Corrections for time are possible (16,17).

In facilitated transport of amino acids or glucose, there is competition between variable serum
concentrations of these and their tracer analogs. Where justified by data, correction for this effect

can sometimes be appropriate.

Body size

Normalization factor

In the (injected dose)/size denominator of SUV calculation, precedents for size are body weight, lean

body mass, and body surface area. For '8F-FDG, evidence shows the latter 2 generally reduce
variability by more consistently describing a body volume into which tracer distributes (78).

*Factors can be interrelated. Thus, some aspect of one (e.g., induce more noise or influence resolution) may be listed elsewhere in table

as a factor directly affecting SUV.

tMany biologic factors determine a particular tissue’s uptake (79), such as kind and extent of disease, vascularity, organ usage, urine
management policy, population characteristic, and so forth. Among such conditions at scan time, only 2 are singled out here as candidates

for SUV corrections.

ing severd readily controlled and clini-
caly meaningful parameters (sometimes
withindividua effects therefore combin-
ing) in their smulation model. Their ex-
tensive data show how these affect R =
the observed-to-actualy-present counts
ratio for an ROI = the observed =+ the
actua numerator of an SUV calculation.
The scope of this research is not in-
tended to address the last 3 factors in
Table 1—that is, biologic factors and
those influencing the denominator of an
SUV cdculation. The parameters varied
are the type of ROI, the presence or
absence of a spatid filter for one partic-
ular recongtruction agorithm, the noise
equivalent counts collected, the number
of pixels in the recongtruction matrix,
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uniform spheric lesion size, and the le-
sion-to-background ratio. The results
show R ranging quite remarkably from
as low as 0.4 to as high as 2.9 due to the
synergism of having severd parameters at
once & their extremes. A much smdler,
but more meaningful, measure of variabil-
ity would be something like the SD of R
expected due to random occurrences of
various parameters having vaues typicaly
encountered dinically.

Their simulation approach was to
extract a part of the reconstruction
code for their scanner and add features
required for the investigation. Its re-
sults validate quite well against scan
data from varieties of chest phantom
conditions. Hence, the simulation

could be used with confidence as in-
fluencing parameters are varied. It
would appear that a subsequent use for
this particular algorithm could possibly
be using calculated R values to correct
future SUVs for their off-norma pa-
rameters compared with some refer-
ence set of parameters. Strict validity
of such corrections, however, would
apply only to the chest region of this
particular scanner and reconstruction
for which the study was intended. With
this approach, notwithstanding param-
eter differences, possible interinstitu-
tional comparisons of corrected SUVs
might be envisioned in which the PET
hardware and software are a common-
ality. Otherwise, as Boellaard et al.
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(21) caution, SUV comparisons among
institutions cannot be made casu-
ally—in contrast to acceptable com-
parisons they show possible for same-
patient intrainstitutional studies.

This work is significant in several
respects. It quantifies, for their partic-
ular chest phantom, the SUV variabil-
ity encountered due to a variety of
factorsin combination. In particular, it
explores a little-publicized upward bi-
asing effect of higher pixel noises in
ROIs based on the maximum single
pixel value. The variabilities associ-
ated with all parameters studied are
useful to observe, both by those mea-
suring SUVsand by others using these.
The work also demonstrates how sim-
ulation can be useful in addressing these
influences. Possibly, some day, interin-
dtitutional SUV comparisons may be
more confidently made with research of
this type used in combination with some
standardization of methods.

SUV USAGE

Visual interpretation, as the bulwark
of radiology, is typically combined

with other information in diagnoses.
Of the latter, the SUV is closely allied
to the image reading process. Among
the reader’s mental processes are qual-
itative comparisons of activities: with-
in the image or with prior experience.
Hence, unless comparisons are limited to
images acquired by a frozen set of meth-
ods within an inditution, the reeder must
be aware of the effects listed in Table 1.
Having corrected SUVs available, along
with knowledge of other factors influ-
encing them, can be an aid.

If, after competing with or supple-
menting other analytic methods, the
SUV has been chosen, Table 1 implies
various choices to be made involving
measurement parameters. The specific
use of an SUV determination can have
a bearing on the methods used. For
example, correcting the 8F-FDG SUV
for serum glucose (i.e., traditionaly
SUV X [gdlucose concentration = a
standard 100 mg/dL], though data for
applicability to each unique tissue type
should support this) can be appropriate
when monitoring the same patient dur-
ing therapy. On the other hand, many

TABLE 2

reports in the literature show no statis-
tically proven advantage in applying
thisin studies composed of varieties of
tissues. As another example, determin-
ing whether an intrinsically appropri-
ate partial-volume correction isin fact
beneficial can depend on prior experi-
ence—that is, whether an expected di-
agnostic advantage has been shown to
be dtatistically significant in similar
circumstances.

A popular usage of SUVs is their
capability in helping to distinguish be-
tween benign and malignant lesions.
For example, a study might find an
SUV of 2.5 as appropriate for separat-
ing certain benign and malignant le-
sions. Caution, however, must be ex-
ercised using such a cutoff outside of
the institution and the application for
which it was determined. This is be-
cause there are ingtitutional differences
in the degree of diagnostic conserva-
tism (i.e., choice of operating point on
the ROC), the patient population, the
specific pathology studied, and the
specific methodology involved in de-
termining the SUV. Interinstitutional

Variability of Average SUVs Among Institutions for Particular Categories of '8F-FDG PET Studies

Category n Average SUV Average log1(SUV = SD
Non-Hodgkin’s lymphoma 21 8.0 0.81 = 0.29
22 9.2 0.89 = 0.29
22 12.5 1.02 £ 0.27
Breast cancer a1 3.5 0.49 = 0.20
24 4.5 0.57 = 0.27
36 5.1 0.63 + 0.23
26 12.8 1.02 = 0.29
Pancreatic cancer 42 3.2 0.45 + 0.24
34 4.4 0.60 = 0.18
23 6.5 0.77 £ 0.18
Head and neck squamous cell cancer 48 3.2 0.49 = 0.11
22 6.3 0.74 + 0.24
37 9.4 0.94 + 0.19
Normal liver 82 1.7 0.22 = 0.13
24 2.5 0.40 = 0.07
37 2.7 0.43 = 0.09

In meta-analysis (22) within each category, using individual patient log1,SUV values in Kruskal-Wallis ANOVA, the P value for at least 2
institutions differing in means is always found to be <0.0001. Reasons can be a combination of factors in Table 1 along with variations in
populations and pathologies chosen for study. The higher SD values of the logarithms (which are approximately [1/In 10] X coefficients of
variation of SUVs here) for cancers compared with those of normal liver presumably show variability stemming from extents of disease.
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variahility stemming from the latter 3
categoriesis evident from Table 2, ex-
tracted from a meta-analysis of 8F-
FDG PET studies, each having =20
patients with SUV's (22). But, if popu-
lation character and pathology factors
existing within the disease categories
in Table 2 could be eliminated, a much
better picture might emerge. This is
suggested somewhat from a subset of
20- to 40-y olds within a meta-analysis
(23) of institutions studying the coef-
ficients of variation (CVs) of normal
whole brains' metabolic rates: The av-
erage of the CVs of individual studies
within 26 ingtitutions = 0.15; the CV
contribution due solely to interinstitu-
tional differences = 0.14; and the total
(i.e., combined patient and institutional
variahilities) CV of metabolic rates
among 26 inditutions = 0.20. These met-
abalic rate CVs contragt with the much
larger SUV interindtitutiona  variabilities
goparent within categories of Table 2.

Finally, it might be tempting to sug-
gest that, to avoid uncertainties or in-
accuracies in an SUV approach, one
should turn to fully quantitative meth-
ods such as K; determinations. These
determinations offer the benefit of
avoiding issues of evaluation time and
body size normalization, though typi-
caly they exhibit dlightly higher in-
trainstitutional interpatient variability
(24) than that found in SUVs. But the
other factorsin Table 1 still remain to
be addressed. With the proportionality
constant between SUV and K; being
only physiologically (and not method-
ology) based (3,4), there is a sugges-
tion that if Table 2 were for K; deter-
minations, the conclusion could be the
same: substantial variability among in-
stitutions within each particular cate-
gory of studies.

CONCLUSION

Messges to carry away from the work
of Bodlaard et d. (21), supplemented by
Table 1 presented here, are the desirability
of standardization of protocols and anal-
yses and that both measurer and user of
SUVs have an awareness of al influ-
encing factors. Many, though not all,
of the latter also apply to influx and
rate constant determinations and, to
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some extent, qualitative visual inter-
pretations. Fortunately, within an inditu-
tion there can be its preferred de facto
standardized gpproach to SUV's. However,
there might be changes over time or
lack of acceptance by al, and specia
caution must be obviously be exercised
in interinstitutional SUV usage, which
presently is difficult. Helpful for the time
being would be a better-documented spec-
ification of methods in publications than
may be customary, consdering Table 1 for
guidance. To meke the most of this diag-
nogtic tool, as wel as benfit from fully
quantitative andytic methods, chalenges
for the future might include;

e Further efforts by organizationsto
reach consensus on standardized
approaches in scanner data acqui-
sition and analysis, building on
past accomplishments (9-13).

e Highly automated user-friendly
software that corrects and reports,
perhaps by a simulation ago-
rithm, SUVs aong with values of
their influencing parameters.

e Along with patient data, possible
reporting of scanned standard
phantoms—recommended by a
PET Data Analysis Working Group
(9) and also suggested by Boel-
lard et a. (21)—and possibly in-
cluding SUVs, as known activity
ratios of local to whole phantom,
for the actual geometries and ac-
tivities being encountered.

e More research of the type re-
ported in this issue.

Joseph A. Thie, PhD
University of Tennessee
Knoxville, Tennessee
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