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Abstract. The purpose of this study was to determine the
actual standardized uptake value (SUV) by using the le-
sion size from computer tomography (CT) scan to cor-
rect for resolution and partial volume effects in positron
emission tomography (PET) imaging. This retrospective
study included 47 patients with lung lesions seen on CT
scan whose diagnoses were confirmed by biopsy or by
follow up CT scan when the PET result was considered
negative for malignancy. Each lesion’s FDG uptake was
quantified by the SUV using two methods: by measuring
the maximum voxel SUV (maxSUV) and by using the
lesion’s size on CT to calculate the actual SUV (cor-
SUV). Among small lesions (2.0 cm or smaller on CT
scan), ten were benign and 17 were malignant. The aver-
age maxSUV was 1.43±0.77 and 3.02±1.74 for benign
and malignant lesions respectively. When using an SUV
of 2.0 as the cutoff to differentiate benignity and malig-
nancy, the sensitivity, specificity, and accuracy were
65%, 70%, and 67% respectively. When an SUV of 2.5
was used for cutoff, the sensitivity, specificity, and accu-
racy were 47%, 80%, and 59% respectively. The average
corSUV was 1.65±1.09 and 5.28±2.71 for benign and
malignant lesions respectively. Whether an SUV of ei-
ther 2.0 or 2.5 was used for cutoff, the sensitivity, speci-
ficity, and accuracy remained 94%, 70%, and 85% re-
spectively. The only malignant lesion that was falsely
considered benign with both methods was a bronchioal-
veolar carcinoma which did not reveal any elevated up-
take of fluorine-18 fluorodeoxyglucose (FDG). Of the
large lesions (more than 2.0 cm and less than 6.0 cm),
one was benign and 19 were malignant and the corSUV
technique did not significantly change the accuracy. It is
concluded that measuring the SUV by using the CT size

to correct for resolution and partial volume effects offers
potential value in differentiating malignant from benign
lesions in this population. This approach appears to im-
prove the accuracy of FDG-PET for optimal character-
ization of small lung nodules.

Keywords: Lung nodule – Fluorodeoxyglucose – PET –
Diagnosis – Standardized uptake value

Eur J Nucl Med (2002) 29:1639–1647
DOI 10.1007/s00259-002-0924-0

Introduction

Carcinoma of the lung is the leading cause of cancer
death among men and women in the United States and
many other countries. Approximately 130,000 new soli-
tary lung nodules are identified each year in the United
States. More than 40% of noncalcified solitary lung nod-
ules seen on the chest X-ray are benign. Computer to-
mography (CT) scan has played a major role in character-
izing these lesions during the past two decades. However,
the classic criteria for benignity are infrequently seen,
leaving a significant number of indeterminate lesions on
CT. If the nodule is not definitely benign by its character-
istics on CT, then further investigation is required [1].

Fluorine-18 fluorodeoxyglucose (FDG) positron emis-
sion tomography (PET) has been proven to be of value in
characterizing the nature of the lesion by measuring its
metabolic activity. Malignant cells actively metabolize
glucose and, consequently, appear active on FDG images.
The FDG-PET scans can be interpreted qualitatively or
semi-quantitatively and both approaches have been em-
ployed to determine the degree of metabolic activity in the
lesion. Qualitative evaluation of lung lesions on attenua-
tion-corrected images (e.g., visual analysis) is based upon
comparison of the intensity of uptake in the lesion with

Abass Alavi (✉)
Division of Nuclear Medicine, Department of Radiology, 
110 Donner Building, Hospital of the University of Pennsylvania,
3400 Spruce St., Philadelphia, PA 19104, USA
e-mail: alavi@rad.upenn.edu
Tel.: +1-215-6623069, Fax: +1-215-6623049

Original article

Use of a corrected standardized uptake value based 
on the lesion size on CT permits accurate characterization
of lung nodules on FDG-PET
Marc Hickeson, Mijin Yun, Alexander Matthies, Hongming Zhuang, Lars-Eric Adam, Lester Lacorte, Abass Alavi

Division of Nuclear Medicine, Department of Radiology, 110 Donner Building, Hospital of the University of Pennsylvania, 
3400 Spruce St., Philadelphia, PA 19104, USA

Received 28 April and in revised form 25 May 2002 / Published online: 2 October 2002
© Springer-Verlag 2002

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 1200 1200 ] dpi     Papierformat: [ 595 785 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil:      RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2Geräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /sRGB     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 1200 1200 ]>> setpagedevice



normal mediastinal activity; if the intensity of uptake is
higher than that in the mediastinum, malignancy is sus-
pected [2]. Semiquantitative determination of FDG activi-
ty of the lesion is accomplished by calculating the stan-
dardized uptake value (SUV) [2, 3] or the lesion to back-
ground ratio. The SUV, an index of glucose metabolism
on FDG-PET images, represents the amount of uptake in a
given region of interest (ROI) in relation to the average
uptake throughout the body. FDG-PET by visual analysis
has been reported to have slightly higher sensitivity but
lower specificity as compared with SUV measurement
[4]. Qualitative evaluation of the lesion offers a more ob-
jective reporting of the uptake of the lesion [5]. The SUV
threshold used by most investigators to differentiate be-
nignity from malignancy in lung lesions is 2.5 [3, 6, 7, 8],
above which the lesion is considered to be malignant:

(1)

(The above equation is from reference [3].)
The spatial resolution of the PET systems varies sig-

nificantly and is typically between 5 and 10 mm for clin-

ical scans. This is significantly worse than the best possi-
ble spatial resolution, which is measured under ideal
conditions and used by manufacturers. The degradation
of spatial resolution is due to changes in sampling and
filtering, scattered and random events, and respiratory
motion. The contrast between tumor and normal lung de-
creases as the size of the lesion becomes smaller and
may disappear beyond a certain point [9]. This may re-
sult in false negative results using either qualitative or
SUV criteria for small lesions (<1.5 cm) because of the
partial volume averaging effects due to the limited reso-
lution of the system [6]. We have adopted a new method
to correct for the resolution effect in which the real size
on CT scan is used as the basis to calculate the SUV
(Fig. 1). The accuracy of this method was compared with
of the conventional approach for calculating SUV for
small (equal to or less than 2.0 cm in maximal diameter
on CT scan) and for large lung lesions (more than 2.0 cm
and less than 6.0 cm in maximal diameter on CT scan).

Materials and methods

Patient population. This retrospective study included 47 patients
(age range 31–84 years; mean 66.6 years). All patients were re-
ferred for the evaluation of a lung lesion of known size as deter-
mined on CT of the thorax performed within 45 days of the FDG-
PET scan or by serial CT scans done before and after the FDG-
PET scan demonstrating stability of size. All malignant lesions ex-
amined were eventually confirmed by histology. Lung lesions
were subdivided into two categories: small lesions (equal to or
less than 2.0 cm in maximal diameter on CT scan) and large le-
sions (more than 2.0 cm but less than 6.0 cm in maximal diameter
on CT scan). All benign lesions were confirmed either by exci-
sional biopsy or by serial CT scans demonstrating stability of le-
sion size for at least 24 months or a spontaneous decrease in lesion
size. All patients in this category were free of any malignancy on
clinical follow-up during that period of time. None of the patients
received chemotherapy or radiation therapy within 1 month of the
PET study or after the biopsy if performed prior to the PET study.
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Fig. 1. A The profile of a small lung nodule with uniform FDG
uptake using an “ideal” PET scanner with a perfect spatial resolu-
tion; the lung itself shows uniformly low FDG activity. B The pro-
file of perceived FDG activity with our current PET scanners
through the same nodule in the same lung is indicated by the
thick-lined curve. The true distribution of FDG (ideal profile) is
indicated by the broken line. The thin line indicates the profile of
perceived FDG activity from the lung nodule and the dotted line
indicates that from the uninvolved adjacent lung parenchyma
(background). Note that the area under the profile using the “ide-
al” PET scanner indicated in A is equal to that using the current
PET scanner indicated in B



FDG-PET imaging procedure. PET scans were performed using a
whole-body CPET scanner (ADAC/UGM, Philadelphia, Pa.). The
patient fasted for at least 4 h before receiving the injection. The
images were acquired approximately 60 min after the administra-
tion of 2.5 MBq (0.068 mCi) of FDG per kilogram of body
weight. The images were reconstructed using the RAMLA itera-
tion reconstruction algorithm [10, 11] and were attenuation cor-
rected by using an external source of cesium-137. Only the fully
corrected images were used for this investigation. The reconstruct-
ed images had a slice thickness of 4 mm.

CT scan. The lesion size was determined by measuring the diameter
in two perpendicular axes in the transaxial plane in which the lesion
appeared the largest in surface area if the scan was available for
analysis or by accepting the report by the radiologist who interpret-
ed the CT scan if the study was performed in an outside institution.

FDG-PET image interpretation. The lesions were independently
identified from the CT scan and every effort was made to match
the corresponding images of these two modalities for the purposes
of this analysis. Each lesion’s SUV was determined by using two
different methods. The maximum voxel SUV (maxSUV) was de-
termined in a circular ROI with a diameter of 0.8 cm (two voxels)
at the plane with maximal FDG uptake of the lesion. The size of
all ROIs was determined by the sum of the fractions of all voxels
occupied by the ROIs. The maxSUV was calculated by determin-
ing the mean FDG activity of a voxel within this small ROI and
using the formula shown in Eq. 1.

In the second method, the SUV was corrected for underestima-
tion of true metabolic activity of the entire lesion due to the reso-
lution and partial volume effects (corSUV). Two circular or ellip-
soid ROIs were drawn around the lesion. The smaller of them in-
cluded all the voxels associated with the lesion. In practice, the re-
gions were drawn 0.8 cm (two voxels) outside the 50% uptake lev-
el of the lesion (see smaller ROI in Fig. 2D). The second larger
ROI included the smaller ROI as well as its surrounding back-
ground (see larger ROI in Fig. 2D). Thus, the lesion background
could be determined from the average uptake outside the smaller
ROI and inside the larger ROI. Note that the halfway point be-
tween the maximum lesion activity and surrounding background
activity is frequently used as the true size of the lesion. The back-
ground uptake was then subtracted from the average uptake in the
small ROI. Therefore, the corSUV was calculated by including the
injected dose, patient’s weight and time after injection and using
the following formula:

(2)

where background activity = activity/volume in background × (re-
gion’s volume – lesion’s size on CT scan in cm3). Note that the
volumes of the ROIs are obtained by multiplying the surface area
of the ROIs by 0.4 cm, the slice thickness of the FDG-PET imag-
es. This system is calibrated using a 30-cm uniform cylindrical
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Fig. 2A–D. Images of a 72-year-old female (patient no. 4) with a
small cell lung carcinoma. The transverse image (A) and coronal
image (B) of the FDG-PET scan demonstrated a focus of mildly
increased uptake in the right middle lobe. The chest CT image
demonstrates that the nodule measures 1.0×0.8 cm (C). The max-
SUV was 1.39, which is less than the threshold for malignancy. 
D The corSUV was obtained by drawing an ellipsoid or circular
ROI (in black) with a diameter of 0.8 cm (two voxels) larger than
that of the area of perceived increase in activity at the plane of
maximal FDG uptake and drawing another ROI (in gray) with a
diameter of 0.8 cm larger than the first to determine background
activity (activity per volume outside the smaller ROI and inside
the larger ROI). The corSUV was then obtained by determining
the activity in the first smaller ROI corrected background activity,
dividing by the lesion’s size on CT and the ratio of the injected
dose to the body mass and correcting for decay of 18F (see Eq. 2).
The corSUV of this lesion was 3.54, which exceeds the threshold
for malignancy. The horizontal line through the nodule approxi-
mates the profile in Fig. 1B.
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Table 1. Standardized uptake values and characteristics of lung lesions

Patient Site of Lesion size maxSUV corSUV Characteristics of lesion
no. lesion on CT (cm)

1 RUL 1.8×1.2 1.43 1.83 Stable on CT for 24 months
2 LUL 1.0×1.0 0.82a 0.82a Resolved spontaneously
3 RUL 1.4×1.1 2.50 3.93 Stable on CT for 24 months
4 RUL 1.0×0.8 1.39 3.54 Small cell lung cancer
5 RUL 0.8×0.8 2.16 10.22 Non-small cell lung cancer
6 RUL 1.0×1.0 1.08 3.01 Adenocarcinoma
7 R apex 1.2×1.2 1.48 6.91 Moderately differentiated adenocarcinoma
8 RML 0.9×0.9 0.63a 0.63a Stable on CT for 25 months
9 RLL 1.5×1.0 1.84 3.48 Well-differentiated adenocarcinoma

10 LUL 1.5×1.5 6.04 10.82 Moderately differentiated adenocarcinoma
11 LUL 1.5×1.5 0.88a 0.88a Decreased size on CT done 4 mo. later
12 RUL 1.7×1.4 5.20 6.18 Breast cancer metastasis
13 LUL 1.7×1.6 0.74a 0.74a Bronchioalveolar carcinoma
14 RLL 1.8×1.0 1.63 3.76 Moderately differentiated adenocarcinoma
15 RUL 1.8×1.8 4.49 5.95 Breast cancer metastasis
16 LUL 1.9×1.1 2.91 3.96 Squamous cell carcinoma
17 RUL 1.9×1.2 5.24 8.89 Squamous cell carcinoma
18 LUL 2.0×2.0 2.21 2.56 Lymphoma
19 LUL 2.0×2.0 2.74 2.57 Granuloma
20 LUL 2.0×2.0 2.49 2.90 Poorly differentiated squamous carcinoma
21 RUL 2.0×1.8 5.71 6.28 Bronchioalveolar carcinoma
22 RLL 2.0×1.8 2.61 4.11 Malignant
23 LUL 2.0×2.0 4.10 6.41 Poorly differentiated adenocarcinoma
24 RML 2.0×2.0 2.16 2.68 Resolved spontaneously
25 RLL 0.8×0.8 0.83a 0.83a Stable on CT for 24 months
26 LLL 2.2×2.2 1.01a 1.01a Hamartoma
27 RML 2.2×2.0 4.37 4.89 Carcinoid
28 R apex 2.5×2.0 6.99 4.30 Non-small cell lung cancer
29 RUL 2.5×2.5 3.35 5.71 Adenocarcinoma
30 LUL 2.5×1.5 4.45 7.73 Malignant
31 RUL 2.5×2.5 10.49 9.98 Poorly differentiated squamous carcinoma
32 LUL 3.0×2.6 4.24 4.09 Poorly differentiated adenocarcinoma
33 LUL 2.7×1.5 2.69 3.79 Poorly differentiated adenocarcinoma
34 RUL 2.9×2.9 7.26 5.51 Poorly differentiated adenocarcinoma
35 RUL 3.0×3.0 4.59 3.67 Non-small cell lung cancer
36 RUL 3.0×1.6 4.84 4.48 Well-differentiated adenocarcinoma
37 RLL 3.0×1.5 4.37 8.06 Non-small cell lung cancer
38 RUL 3.0×3.0 11.89 8.73 Adenocarcinoma
39 RUL 3.0×2.5 7.26 10.63 Adenocarcinoma
40 LLL 3.4×2.8 5.95 4.39 Adenocarcinoma
41 RUL 3.9×2.3 4.96 4.97 Non-small cell lung cancer
42 LLL 4.0×3.5 16.57 7.96 Non-small cell lung cancer
43 RLL 4.2×4.2 5.62 2.92 Adenocarcinoma
44 RLL 5.0×4.5 7.93 4.85 Non-small cell lung cancer
45 RLL 2.2×2.0 2.21 2.93 Adenocarcinoma
46 LUL 0.9×0.9 0.99a 0.99a Stable on CT for 28 months
47 RUL 0.5×0.5 1.33a 1.33a Stable on CT for 28 months

LUL, left upper lobe; RUL, right upper lobe; LLL, left lower
lobe; RLL, right lower lobe; RML, right middle lobe; R apex,
right apex

a These could not be identified by increased FDG uptake. A back-
ground region of interest in the approximate location on CT was
used instead to determine both the maxSUV and the corSUV



phantom with 9,293 ml of radiolabeled saline containing
74.0 MBq (2.0 mCi) of 18F [12].

For lesions that could not be clearly identified by increased
FDG uptake, an ROI of background in the approximate lesion’s
location on CT was used instead to determine both the maxSUV
and the corSUV.

Results

Of the 47 lung lesions evaluated, 36 were malignant and
11 were benign. The diagnosis of benignity was based on
the stability of the lesion on follow-up CT scans in 10
patients and on the results of excisional biopsy in one.
All malignant lesions were confirmed by biopsy.

Among small lesions, 17 were malignant and 10 were
benign. Using the maximal voxel SUV to characterize
these lesions, the mean SUV was 1.43±0.77 and
3.02±1.74 for benign and malignant lesions respectively
(Fig. 3; Table 1). For the initial analysis of the data, an
SUV below 2.5 was considered to represent a benign
process. Based on this criterion, there were eight true
positives (TP), eight true negatives (TN), nine false neg-
atives (FN) and two false positives (FP), giving an over-
all sensitivity, specificity, and accuracy of 47%, 80%,
and 59% respectively. On this study, the sensitivity is de-
fined as the probability of a malignant lesion having a
correct diagnosis. The specificity is defined as the proba-
bility of a benign lesion being correctly interpreted as
not malignant. The accuracy is the probability of all le-
sions being correctly interpreted as malignant or benign.
When an SUV of 2.0 was used for cutoff, there were 
11 TP, 7 TN, 6 FN, and 3 FP, giving a sensitivity, speci-
ficity, and accuracy of 65%, 70% and 67% respectively.
When all lesions with no increased FDG uptake were ex-
cluded, the sensitivity, specificity, and accuracy were
69%, 25%, and 60%, respectively, for an SUV threshold

of 2.0 and 50%, 50%, and 50%, respectively, for a
threshold of 2.5. Using an SUV corrected for partial vol-
ume effect, the mean SUV was 1.65±1.09 for benign le-
sions and 5.28±2.71 for malignant lesions. There were
16 TP, 7 TN, 1 FN, and 3 FP, giving a sensitivity of 94%,
a specificity of 70%, and an accuracy of 85% when an
SUV of either 2.0 or 2.5 was used as the cutoff. When all
lesions with no increased FDG uptake were excluded,
the sensitivity, specificity, and accuracy were 100%,
25%, and 85%, respectively, for an SUV threshold of 2.0
or 2.5. The sensitivities and specificities for diagnosing
malignant lesions and the accuracy were calculated for
other SUV cutoff values using the maxSUV (Table 2)
and corSUV (Table 3) methods. These values were also
determined for both SUV methods when all lesions with
no increased FDG uptake were excluded (Tables 4 and
5). 

Among large lesions, 19 were malignant and 1 was
benign. Using the maxSUV, the mean SUV was
1.01±1.01 and 6.32±3.50 for benign and malignant le-
sions respectively (Fig. 4; Table 1). There were 19 TP, 1
TN, 0 FN and 0 FP, giving an overall sensitivity and ac-
curacy of 100% when the SUV of 2.0 was used for cut-
off to distinguish benignity from malignancy. When an
SUV cutoff of 2.5 was used, there were 18 TP, 1 TN, 1
FN and 0 FP, which resulted in a sensitivity and accuracy
of 95% for both. Using the SUV corrected for resolution
effect, the mean SUV was 1.01±1.01 for benign lesions
and 5.95±2.57 for malignant lesions. There were 19 TP,
1 TN, 0 FP and 0 FN, giving a sensitivity and accuracy
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Fig. 3. SUVs of benign and malignant lung lesions measuring
equal to or less than 2 cm using both methods

Table 2. Sensitivity, specificity, and accuracy for characterization
of lung lesions measuring up to 2.0 cm in maximal diameter for
different SUV cutoff values using the maxSUV

SUV TP TN FN FP Sens. Spec. Acc. 
(%) (%) (%)

1.0 16 4 1 6 94 40 74
1.5 12 7 5 3 71 70 70
2.0 11 7 6 3 65 70 67
2.5 8 8 9 2 47 80 59
3.0 6 10 11 0 35 100 59

Table 3. Sensitivity, specificity, and accuracy for characterization
of lung lesions measuring up to 2.0 cm in maximal diameter for
different SUVcutoff values using the corSUV

SUV TP TN FN FP Sens. Spec. Acc. 
(%) (%) (%)

1.0 16 3 1 7 94 40 70
1.5 16 6 1 4 94 60 81
2.0 16 7 1 3 94 70 85
2.5 16 7 1 3 94 70 85
3.0 14 9 3 1 82 90 85



both equaling 100% whether the SUV of 2.0 or 2.5 was
used as cutoff.

Discussion

PET imaging with FDG has been proven to be a useful
diagnostic modality in differentiating benign from malig-

nant lung lesions. Sensitivity, specificity, and accuracy in
the ranges of 82%–100%, 60%–100%, and 79%–100%,
respectively, have been reported in the literature [13, 14,
15]. However, FDG is not a tumor-specific tracer. Multi-
ple infectious or inflammatory processes, including tu-
berculosis [16, 17], Mycobacterium avium-intracellulare
infection[18], invasive aspergillosis [19], abscess [14],
and chondrohamartomas [8], can have increased FDG
uptake and potentially cause false positive results. It is
not surprising that in our study, we noted a lung nodule
that was eventually proven to be a granuloma and met
the criteria for malignancy with both SUV measurement
methods.

On the other hand, there are three major settings in
which false negative FDG-PET studies may occur: small
lesion size, low tumor metabolic activity, and hypergly-
cemia [6, 20]. Investigators from different groups have
tried to reduce potential false positive and false negative
interpretations of FDG-PET. First, different value of
SUV have been established to distinguish malignant
from benign lesions [3, 21]. However, it appears that too
many factors can affect the level of SUV and therefore a
diagnosis purely based on SUV level might not be accu-
rate enough. Secondly, based on the observation that in-
flammatory and malignant cells exhibit a differential
FDG uptake pattern over time [22], it has been proposed
that delayed image or dual-time point imaging might be
used to separate malignant from benign lesions [23, 24,
25]. However, not all malignant lesions exhibit increas-
ing FDG uptake and some benign lesions, such as sarcoi-
dosis, may also demonstrate increasing FDG uptake over
time [25]. Therefore, other methods to further improve
the accuracy of FDG-PET are needed in this setting.

The accuracy of characterization of lung nodules as
malignant is well known to be affected by lesion size. A
slightly lower sensitivity has been reported for nodules
measuring less than 1.5 cm in diameter [26]. Our study
demonstrated that PET imaging was accurate in charac-
terizing lung lesions measuring more than 2 cm using the
standard SUV measurement at the voxel with maximal
activity. However, the accuracy for small lesions measur-
ing 2 cm or less was significantly lower. This is very
likely attributable to partial volume effects due to the
limited resolution of PET imaging and patient motion
during examination. This can lead to a considerable un-
derestimation of the true activity concentration within le-
sions with a diameter of less than twice the resolution of
the PET scanner at full-width at half-maximum
(FWHM). The resolution of our scanner is 4.6 mm at
FWHM using phantoms [12]. The actual spatial resolu-
tion is worse considering the respiratory motion, scatter,
and noise. For these reasons, a diameter of 2.0 cm on CT
scan was used as a threshold to subdivide lung lesions
into small or large and to determine whether correction
for partial volume effect using either CT or PET can re-
sult in accurate estimation of SUV for differentiation of
benign from malignant nodules.

1644

European Journal of Nuclear Medicine Vol. 29, No. 12, December 2002

Table 5. Sensitivity, specificity, and accuracy for characterization
of lung lesions with increased FDG uptake and measuring up to
2.0 cm in the maximal diameter for different SUV cutoff values
using the corSUV

SUV TP TN FN FP Sens. Spec. Acc. 
(%) (%) (%)

1.0 16 0 0 4 100 0 80
1.5 16 0 0 4 100 0 80
2.0 16 1 0 3 100 25 85
2.5 16 1 0 3 100 25 85
3.0 14 3 2 1 88 75 85

Fig. 4. SUVs of benign and malignant lung lesions measuring
more than 2 cm using both methods

Table 4. Sensitivity, specificity, and accuracy for characterization
of lung lesions with increased FDG uptake and measuring up to
2.0 cm in the maximal diameter for different SUV cutoff values
using the maxSUV

SUV TP TN FN FP Sens. Spec. Acc. 
(%) (%) (%)

1.0 16 0 0 4 100 0 80
1.5 13 1 3 3 81 25 70
2.0 11 1 5 3 69 25 60
2.5 8 2 8 2 50 50 50
3.0 5 4 11 0 19 100 45



A potentially more accurate method to correct the
SUV for partial volume effect is to determine the volume
of the lesion on CT scan and the number of counts
throughout the entire volume of perceived increased
FDG uptake, and to correct for background. Unfortu-
nately, this method is very cumbersome and time-con-
suming. Imaging of these nodules with thin slices with a
high-resolution CT scanner is needed for accurate vol-
ume determination. The lung nodules are imaged with a
helical CT scan using usually a slice thickness and pitch
of 7 mm. For this reason, an accurate measurement can
be determined only in the transaxial plane and not in the
longitudinal axis.

A reasonable compromise is to utilize the proposed
method in only one plane on the transaxial images of the
PET study demonstrating maximal lesional activity and
on the CT scan with maximal lesional size. This method
is accurate for lesions with a relatively uniform count
density. One potential shortcoming is that the CT slice of
maximal surface area may not match with the image that
contains the maximum count density on FDG-PET. In
small lung nodules, which measure 2 cm or less in great-
est diameter, the number of slices usually spans up to
three or four on CT images using a conventional slice
thickness and pitch both of 7 mm. The vast majority of
these small lesions are relatively spherical or ovoid in
shape. This indicates that the surface area of the periph-
eral slices of the lesion is less than that of the inner one
or two slices in the transaxial planes. In these peripheral
slices, the perceived count density is more decreased due
to the partial volume effect as compared with that of the
inner slices. In addition, this method for the calculation
of the SUV is not expected to be of value for lesions
with central necrosis. This is most often seen in large le-
sions that have outgrown their blood supply and is un-
common in small lesions. For these reasons, the potential
for misregistration of the maximum count density on
FDG-PET with the largest slice on CT scan is low in the
case of small lesions. Another potential shortcoming lies
in the determination of the background activity. We
adopted a perilesional region for background to obtain a
maximally reproducible result. Unfortunately, the back-
ground activity is potentially overestimated in lesions
adjacent to structures with relatively intense FDG activi-
ty such as the heart, mediastinal structures, and the chest
wall. Despite this limitation, we obtained a high accura-
cy with this method for the characterization of small
lung nodules.

By adopting SUV measurements, which are corrected
for resolution effect, the accuracy of characterization of
small lesions was improved significantly as compared
with that achieved using the maximal SUV calculations,
which are based on maximal voxel activity. By adopting
the former, and compared with the latter, the sensitivity,
specificity and accuracy improved from 65%, 70%, and
67% respectively to 94%, 70%, and 85% respectively
when the SUV of 2.0 was used as a cutoff to differentiate

benignity from malignancy. Figure 2 illustrates an exam-
ple of a small lesion with FDG uptake somewhat higher
than that of background, and having a substantial in-
crease in the calculated SUV with the use of the corSUV
method as compared with the value obtained using the
maxSUV method. For large lesions, the proposed tech-
nique for measuring the SUV did not improve the accu-
racy. In fact, the SUV measurements for large malignant
lung lesions using the corSUV method were not signifi-
cantly different from the values generated by the max-
SUV method. Large lung lesions, particularly those with
necrotic centers, often demonstrate heterogeneous FDG
uptake, which explains the relative underestimation of
the corSUV as compared with the maxSUV, observed in
Table 1. Therefore for small lung nodules, by combining
the anatomic data from CT with the metabolic measure-
ments provided by PET, we were able to develop one ac-
curate method of measuring the SUV. This method, how-
ever, did not improve the already very high accuracy
achieved using the maxSUV method in our population
with large lung lesions.

Another method that can be potentially valuable in
distinguishing benign from malignant lung nodules is
dual-time point imaging. Zhuang et al. have demonstrat-
ed that cancerous lesions demonstrate increasing FDG
activity over time [24]. The SUV increased on average
by 19% between the first and second scans taken at ap-
proximately 45 and 90 min respectively. By contrast, the
SUV of benign lung nodules remained relatively stable
over time, with a modest average SUV decrease of 6%
between the first and second scans. One possible reason
for this difference in the pattern of FDG uptake over
time is that cancerous lesions have on average lower glu-
cose-6-phosphatase activity than benign lesions. With
this technique, a second emission scan of a small region
centered at the level of the nodule would be required at
the end of the study. Although applying the dual-time
point will prolong the duration of the FDG-PET exami-
nation by 14–15 min, this technique appears to be useful
to improve the accuracy of the characterization of lung
nodules with an SUV value close to the threshold of 2.5.
Plans are also underway to combine these two tech-
niques to further improve the performance of the FDG-
PET technique in characterizing lung nodules.

Hyperglycemia is also known to result in decreased
FDG uptake in malignant lesions [27, 28, 29]. This is
partially attributed to competitive inhibition of FDG up-
take by high serum glucose concentrations. Research has
shown that the inhibitory effect is most significant in
rapid onset hyperglycemia while chronically elevated
glucose levels only minimally affect FDG uptake by tu-
mors (reducing it by approximately 10%) [30]. Interest-
ingly, Nakamoto et al. reported a slightly more reproduc-
ible value by multiplying the SUV by the plasma glucose
concentration [31].

Our study also revealed a lack of increased FDG up-
take in a bronchioalveolar carcinoma (BAC). Several
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factors may account for the lack of FDG uptake in this
malignancy. It may be partly due to a low metabolic de-
mand for glucose or to the relatively sparse presence of
metabolically active malignant cells in this generally
slow-growing tumor [32]. Glucose metabolism measured
by FDG-PET correlates with tumor growth in lung can-
cer [33, 34]. Fortunately, BAC is associated with an
overall survival that is significantly longer than that of
non-BAC lung carcinomas [35]. It has also been reported
that low tumor FDG uptake is associated with longer
survival than that observed with high tumor metabolic
activity [36].

One limitation of our study is the small number of
confirmed benign lung lesions. Lung nodules that meet
the FDG-PET criteria for malignancy are biopsied and/or
excised shortly after the study. Thus, histological confir-
mation is readily available for these lesions. Broncho-
scopic or transthoracic needle biopsy is associated with
significant morbidity and does not definitively exclude
malignancy owing to the potential inadequacy of sam-
ples [8]. One study reported a 19% FN rate for malig-
nancy and a 25%–56% risk of pneumothorax [37]. Based
on the data published in the literature, benign lung le-
sions that do not meet the criteria for malignancy on
FDG-PET are rarely biopsied and are monitored using a
repeat CT scan several months later. However, the uncer-
tainty of the nature of the lesion and other factors require
an approach that improves the sensitivity of the tech-
nique. Several factors have been associated with an in-
creased pretest probability of malignancy in lung nod-
ules: patient’s age, nodule size, appearance of the nodule
on CT scan and the patient’s smoking habits [15]. Ab-
sence of these risk factors supports conservative man-
agement that includes follow up CT scan at regular inter-
vals and obviates the need for invasive biopsy proce-
dures, particularly in patients who are poor candidates
for surgical intervention [26].

The criteria for benignity that we used were standard,
i.e. excisional biopsy with histological confirmation or
serial CT scans demonstrating stability of the lesion’s
size over a minimum period of 24 months or a spontane-
ous decrease in lesion size. All patients with lung lesions
considered benign on the study were free of malignancy
on follow-up observation. Among the 11 benign lesions
that did not meet our criteria for malignancy, none in-
creased in size on CT scan and none developed clinical
manifestation of malignancy. Amongst the three false
positive results, one was an active granuloma, one re-
mained stable in size for 24 months on CT scan and the
other resolved spontaneously as shown by follow-up CT
scan performed 6 months later. The last-mentioned was a
2-cm lesion demonstrating moderately increased uptake
with a maxSUV of 2.16 and a corSUV of 2.68. This was
our only case in which applying the SUV using the size
determined on CT scan to calculate the SUV resulted in
a false positive result when the SUV of 2.5 was used for
cutoff.

In conclusion, measuring the SUV by using the CT
size to correct for resolution effect offers potential value
in distinguishing malignant from benign lesions in this
population. This semiquantitative approach appears to im-
prove considerably the sensitivity and accuracy in charac-
terizing malignant small lung nodules in this population.
Further studies are suggested to confirm these preliminary
results and to determine the reproducibility of these data
in a large population with solitary pulmonary nodules.
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