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Biases Affecting the Measurements of
Tumor-to-Background Activity
Ratio in PET

M. Soret, C. Riddell, S. Hapdey, and |. Buvat

Abstract—The influence of various factors on the biases

affecting tumor-to-background activity ratio (TBR) estimates in variable
positron emission tomography (PET) was studied using analytical 1850 kBg/ml
simulations of an anthropomorphic phantom. The impact of

attenuation correction (AC) on TBR as a function of tumor 370 kBg/ml
location and tumor-to-background density ratio was studied. The

TBR changes that would be observed when a tumor with uniform 296 kBq/ml
uptake turns to a tumor with nonuniform uptake due a necrotic

process were characterized. Major parameters affecting the bias 0.196 e !
in TBR estimates were the tumor diameter, the TBR, whether AC '

had been performed and the spatial resolution of the PET scanner. 0.098 cm-!
Our results suggest that a necrotic process gets detectable if the

necrotic volume is at least 50% of the total tumor volume for a 0.097 cm!
necrosis-to-tumor activity ratio of 0.5. We discuss how our results 0,004 e

regarding TBR biases translate into standardized uptake values
biases.

Fig.1. Examples of axial slices through: (a) the simulated activity distribution;

Index Terms—Attenuation, measurement, partial volume effect, (b) the attenuation distribution.

positron emmissiontomography (PET), standardized uptake value,
tumor.

Il. MATERIAL AND METHODS

. INTRODUCTION Three-dimensional (3-D) numerical phantom Various

CCURATE estimates of tumor uptakeinflouro-deoxyglufaCtOfS potentially affecting tumor uptake measurements in
A cose (FDG) positron emission tomography (PET) wouldET were stud_ied by performin_g analytical simulations usi_ng
be useful for lesion characterization and patient follow-ufhe 3-D numerical Zubal thoracic phantom [10] sampled with
However, tumor uptake measurements are challenging giveMx 1 mm>x 1 mm voxels. Activity and attenuation distri-
the small size of many tumors and the limited spatial resolutiéitions were defined to respect anatomical and physiological
in PET. A common index used to differentiate benign frorRroperties (Fig. 1). Realistic FDG activity concentrations were
malignant tumors is the tumor-to-background activity ratiget in the heart (1850 kBg/ml), lungs (296 kBg/ml) and soft
(TBR) [1]-[3]. The effect of limited spatial resolution ontissues (370 kBg/ml). Two spheres representing tumors were
activity estimates in small spheres surrounded by unifori¢ided in the lungs and soft tissues to investigate the impact of
background has already been studied in PET using simB#nor location. Attenuation coeﬁicients at 511 keV were set to
geometric models [4], [5]. A controversial question in FD@-099, 0.024, 0.098 and 0.097 cinin tumors, lungs, muscle,
PET is the clinical usefulness of attenuation correction (AGNd heart, respectively.

[6]-[9]. Another relevant question concerns the ability of Analytical noise-free simulationdoise-free emission pro-
detecting small changes in tumor metabolism using FDG PH§CtIons with or without attenuation medium were smulated.
as occur at the beginning of a necrotic process yielding nonuki@ch simulation resulted in 40 sinograms corresponding to 40
form tumor uptake. To investigate these issues, we determirfEgnsaxial slices, each sinogram including 300 angular samples
the effect of tumor diametefD), TBR, attenuation, spatial and 512 projection bins. PrOJeguon bin spacing and axial sam-
resolution, tumor location and nonuniform tumor uptake on tHing were 1 mm each. The point spread function (PSF) of the

biases affecting TBR estimates in PET using simulations of & T System was modeled by convolving the simulated data with
anthropomorphic phantom. a 2D Gaussian function (along the projection bins and in the
axial direction) of full width at half maximum (FWHM) equal

. . . _ to 4 mm. Transmission data were blurred using the same PSF.
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[11], yielding ten slices 12& 128 with 4 mmx 4 mmx 4 mm g vooYTTY T
voxels. Spatial resolution in the reconstructed images we 0 ' ' ' ' '
around 6.5 mm. 3 > '7 9 11 13
Effect of tumor diameter and TBRo study the effect of u simulated TBR
tumor diamete( D) upon the bias in TBR measurements, sim- —=== NAC  b) soft tissues =
ulations involving tumors with diametef8 of 0.5, 1, 1.5, 2, 3, 129 ac =7
and 4 cm were performed. Tumor-to-surrounding tissue (bacl 10
ground) uptake ratios were varied from 3 to 13. ]
Effect of attenuationThree data sets were obtained to in-"¢@sured

vestigate the effect of attenuation: data without simulating an IBR 6
attenuating medium as if the photons propagated in air (NA

4
data with simulation of the attenuating media and without AC 2
(NAC), and data with simulation of the attenuating media an 0
AC (having AC) (Fig. 2). These three data sets were used -

3 5 7 9 11 13
investigate the efficiency of AC by comparing NA with those simulated TBR
having AC, and to study the impact of AC, by comparing NAC
with those having AC. Fig. 3. Measured TBR in (a) lung tumor; (b) soft-tissue tumor with or without

Effect of spatial resolutianThe influence of the PET systemACasa function of simulated TBR for lesion diameters of 4(@), 2 cm(e),
spatial resolution was studied by repeating the simulations witl§™ (4) ad 0.5 cm(4).
a system resolution ofFWHM = 8 mm instead of 4 mm.
An 8-mm resolution is more representative of a gamma-camemasition mirroring the tumor location. TBR was estimated as the
based PET scanner than of a dedicated PET scanner [7]. Thes® of the mean value in the tumor ROI over the mean value
simulations were used to assess the impact of the PET sysiarthe background ROI. Percent errors affecting TBR estimates
spatial resolution on quantitative performances. Influence ofaere defined as
PSF in transmission measureme(ff8&VHM7r) different from
the PSF in emission measuremeff&VHMg = 4 mm) was 100*
also studied in two cases: “smoothed” transmission data corre-
sponding toFWHMy = 8 mm and CT transmission data cor-
responding t&"WHM7 = 1 mm. 1. RESULTS AND DISCUSSION

Effect of nonuniform uptake in the tumotung tumors i
with nonuniform uptake were simulated using two concentrfe: Effect of Tumor Diameter
spheres: the inner sphere representing necrosis had a voluntéig. 3 shows that the smaller the tumor diameter, the greater
Vi varying from 0.25 to 0.75 times the tumor volurileand the underestimation (expressed as a percentage of the true TBR)
had an activityA 5 varying from 0 to 1 times the tumor activity of TBR, irrespective of AC. When the true TBR changed from
A. Tumor volume was varied from 0.5 énfD = 1 cm) to 10 to 5 (50% decrease), the observed TBR reduction was 49%
113.1 cnt (D = 6 cm). The background activityds and for a 4-cm—diameter tumor but was only 25% for a 0.5-cm-
the tumor activity were also varied. These simulations weddameter tumor. When both tumor and background activities
used to assess the quantitative changes that would be obsewveittd but TBR remained unchanged, observed TBR remained
when a tumor with a uniform uptake turns to a tumor with almost constant. For instance, fiBR. = 6.5 with 592 kBg/ml
nonuniform uptake due to a necrotic process. in the background and = 4 cm, observed TBR was 5.25,

Quantitative indexTumor uptake and associated TBR werhile for TBR = 6.5 with 148 kBg/ml in the background, ob-
estimated as follows. The reconstructed volume (ten slices withrved TBR was 5.31. Curves shown in Fig. 3 are, therefore,
a 4 mmx 4 mmx 4 mm voxels) was resampled using trilineawalid for a wide range of background activities.
interpolation to a 1 mnx 1 mmx 1 mm voxel size identical These results demonstrate that partial volume effect (PVE)
to the sampling of the original activity distribution. For eaclmakes the bias affecting TBR estimates strongly dependent on
resampled image, the tumor uptake was measured in a regiotusfior size. A well-known rule of thumb is that PVE correc-
interest (ROI) corresponding to the anatomical region usedtion is needed for tumor diameter less than 2 or 3 times the
define the original activity distribution (1 mm 1 mmx 1 mm FWHM characterizing the spatial resolution [5], i.e., for tumors
voxel size). The background uptake was measured in an ROleds than 2 cm in diameter for the 6.5-mm spatial resolution ob-
the same shape and size located in the contralateral region s¢ved in our reconstructed images. Our results show that even

estimated TBR- true TBR
true TBR
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for a 4-cm diameter tumor, PVE introduces a bias of 10% t 25 ~
15% depending on the true TBR. This is because tumor uptak lung
were measured by averaging pixel values in ROIs correspondii 20 soft tissues
to the anatomical size of the tumor, while the rule of thumb i 15
valid when one considers only the maximum pixel value withirycasured
a given ROI. TBR |0
In FDG-PET, a TBR value of five, has been found to pro-
vide optimal sensitivity and specificity to differentiate betweer 5 —
benign and malignant lesions in patients with solitary lung le e
sion [12]. These results were obtained for for pulmonary lesior 0 , T . T T , . T
greater than 1 cm in diameter, and for a spatial resolution in tf o 1 2 3 4 5 6 7 8
reconstructed images was 6.5 mn6.5 mmx 8 mm. Given our tumor-to-background density ratio

results, this threshold of 5 corresponds, for a spatial resolution
of 6.5 mm in the reconstructed images, to a true TBR of 10f- 4 Mef‘sured R WlithOUt g%i” a 4-cm tumor with "R = 13 as
fora 1-cm-diameter tumor, of 6.5 for 2-cm-diameter and of S%Enctlon of tumor-to-background density ratio in lufl) and in soft tissues
for a 4-cm diameter.
Correction of TBR underestimation introduced by PVE can
be performed using recovery coefficients [1], [4], [5], [13], [14]Ments. Thus, the partial volume effect affecting transmission
As the PVE bias strongly depends on tumor diameter, the appfeeasurements in PET does not introduce any bias during the
priate recovery coefficients have to be determined for a givéHbsequent AC, when the spatial resolution affecting the emis-
tumor diameter. sion measurements is identical to that used for the transmission
When the data are not corrected for attenuation, the rafeasurements. The case of a different spatial resolution in emis-
with which TBR underestimation varies with tumor diamete$ion and in transmission is studied in Section IlI-D.
strongly depends on whether the tumor is located in the lungsThe excellent performance of AC reported in this study was
or soft tissues. This is because PVE interferes with attenuati@®tained using noise-free emission and transmission measure-

as will be explained in Section 11I-C. ments. The precise impact of the noise affecting both emission
and transmission measurements on TBR estimates will be the
B. Effect of TBR subject of future studies.

Effect of ACThe change in TBR estimates introduced by AC

I;ig. 3 shows that the g(rjeater the TBR, theflr;rger the TBR ried depending on the tumor location. For lung tumors, TBR
underestimation expressed as a percentage of the true TBR g o reater with AC than without, while for soft-tissue tumors,

deed, for TBR close to 1, the spill-out (tumor activity detecteg\q eftect varied with the tumor diameter and with the true TBR
outside the tumor) almost compensates the spill-in (backgro 3

activity detected inside the tumor). Large TBR results in large Withéut AC, TBR estimates are affected by attenuation and

discrepancy between spill-in and spill-out, hence in higher pefz o) /g lume effect. With AC, TBR estimates are mostly bi-
cent error in tumor uptake estimates. The appropriate recover,

. T oo . . Qed by partial volume effect which depends on the tumor di-
coefficients for PVE correction in a specific configuration thu§lmeter and on the true TBR. Without AC. for fixed tumor lo-
depend on the true TBR. . '

cation, the measured TBR depends on the ratio between tumor
) density and surrounding tissue density (Fig. 4). The higher this
C. Effect of Attenuation ratio, the greater the TBR underestimation.

Efficiency of ACThe TBR estimated using the images recon- The impact of attenuation on TBR not only depends on the
structed from the AC projections and from the NA projectiongimor-to-background density ratio but also on the tumor lo-
were almost identical. The difference between TBR values otation (Fig. 4): for identical tumor-to-background density ra-
tained with NA and AC averaged 0.74% (standard deviation whies, a lung tumor and a soft-tissue tumor are not identically
0.62%) over all tumor diameters and soft tissue lung tumors.affected by attenuation as they are not located at the same po-

Yet, partial volume effect affected the transmission measugtion within the attenuating medium. Without AC, the smaller
ments through small tumors located in the lung: the smaller th8R measured for lung tumors compared to soft-tissue tumors
tumor, the greater the underestimation of the attenuation coisfprobably due to the fact that our simulated lung tumors were
ficient. For instance, the tumor attenuation coefficient was udeeper inside the body than the soft-tissue tumors and were sur-
derestimated by 33% for a 2-cm-diameter tumor and by 55% ftaunded by different tissues. Without AC, true TBR are thus
a 1-cm-diameter tumor on the reconstructed transmission sdaot predictable from the estimated TBR even if tumor size and
This bias in attenuation coefficient value was observed only ftirmor-to-background density ratio are known (Fig. 4). Recovery
tumors of density significantly different from the density of surcoefficients calculated for PVE correction are therefore not valid
rounding tissues (lung tumors) because for tumor density sifior images that are not corrected for attenuation since they de-
ilar to background density (soft-tissue tumors), spill-in compegpend on tumors location. After AC, this effect disappears and es-
sated spill-out. The bias affecting the attenuation coefficientsi@iated TBR gets independent of both the tumor-to-background
the lung tumors did not affect AC accuracy however, becaugensity ratio and the tumor location.
the partial volume effect affecting transmission measurementsOur results regarding the impact of AC upon TBR estimates
similarly affected the attenuation factors in emission measumgree well with previously reported results [7] for a chest
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phantom. This group found that the tumor contrast (defined ¢ 12 -
TBR—1) for lung tumors was higher with AC than without. 0 J FWHM=4mm  lung
However, they did not consider soft-tissue tumors. ---- FWHM=8mm

A higher tumor contrast has been reported forimages not cc 8
rected for attenuation compared to images corrected for attermeasured
ation in a phantom study involving a water attenuation mediur TBR
[8]- This configuration was close to the one we studied whe
considering soft-tissue tumors with a tumor-to-background dei
sity ratio of 1. For a true TBR of 13, the measured TBR wa:

SRS

14 without AC, and 11 with AC, consistent with Bengel's find- 0 T , | , 1
ings [8]. In patient studies, this group also found that the TBF 3 5 7 9 11 13
was significantly higher forimages not corrected for attenuatio simulated TBR

compared to corrected images, regardless of lesion localization. _ _ _

These fesultsdisagree with ours egarding lung tumors. An &35, Megsues TSR i AC naunetumor iy it onnor

planation might be that in [8], transmission sinograms for Alm) 2 cm(e), 1 cm(a) and 0.5 cm(¢).

were smoothed using a Gaussian filter, resulting in a better spa-

tial resolution in the emission scan than in the transmission sce™

In Section IlI-D, we demonstrate that for lung tumors, a lowe

spatial resolution in the transmission scan compared to that 10

the emission scan can introduce a larger TBR underestimati g

after AC than that observed for identical emission and transmi

sion spatial resolutions. This could explain why in lung lesionsmeasured g

Bengel found lower TBR with AC than without. TBR
Another clinical study [9] showed a significant difference in

TBR between attenuation-corrected and uncorrected images 2 W

only 6 of 55 lesions (11%), located in mediastinum, lung, lympt 1

nodes, bone, breast and adrenal. The changes in TBR withc 0 3 5 7 9 1 3

and with AC demonstrated that the impact of AC strongly de ) simulated TBR

pended on the tumor. This is consistent with our conclusion th:

the impact of attenuation depends on both tumor-to-backgroul

tissue density ratio and tumor location. 10
The different impact of AC depending on tumor-to-sur-

rounding tissue density ratio and tumor location partially

explains the current controversy regarding the benefit of AC fc

tumor detection [6]. Indeed, when AC decreases TBR (hen

for soft-tissue tumors), lesions can get more difficult to detec

after AC.

12

a) lung

b) soft tissues

measured
TBR

(= S AT

I T T T T 1

D. Effect of Spatial Resolution 3 5 7 9 11 13

Identical emission and transmission spatial resolution simulated TBR
Changing the spatial reS(.)IUtlon Oft.he Qetectorfrom4t98 m ig. 6. Measured TBR with AC in (a) lung tumor; (b) soft-tissue tumor
FWHM decreased the spatial resolution in reconstructed mag% FWHM;, = 1 mm (empty symbols) and 4 mm (filed symbols) and
from 6.5 to 9 mm. Such a change increased the tumor uptdR&HM; = 4 mm as a function of simulated TBR for lesion diameter of
underestimation from 52% to 66% for a 1 cm lung tumor witf cm(M). 2cm(e), 1 cm(4) and 0.5 c(4).
TBR = 13. Whatever the tumor location, with AC, TBR was
1% to 30% lower witht WHM = 8 mm than withtWHM = emission and transmission spatial resolutions are different, the
4 mm (Fig. 5). Indeed, the poorer the spatial resolution, th®/E affecting the attenuation coefficient measurement during
greater the biases introduced by PVE. For accurate quantitative transmission scan does not compensate exactly the PVE af-
measurements, recovery coefficients should also depend on $peting the attenuation factors in the emission scan, as was ob-
tial resolution. served for identical transmission and emission resolutions (see
Different emission and transmission spatial resolutions  Section I1I-C). For lung tumors with a density greater than lung
A difference between emission and transmission spatial rekensity, the better the transmission resolution, the less the trans-
olutions has a substantial effect on measured TBR with AC forission measurements are affected by PVE, hence the smaller
lung tumors only (Figs. 6 and 7): the better the transmissidine biases in TBR. For soft-tissue tumors, as tumor and soft-
resolution, the smaller the biases affecting TBR. The respdissue densities are similar, the transmission spatial resolution
tive spatial resolutions in emission and transmission scans tliegs not change the bias in TBR estimates.
only impact TBR measurements for tumors with a density dif- The type of transmission map (high-resolution CT, seg-
ferent from that of the surrounding tissues. Indeed, when theented image or smoothed transmission scan) will therefore
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Fig. 7. Measured TBR with AC in (a) lung tumor; (b) soft-tissue tumor -80 -
with FWHM,; = 8 mm (empty symbol) and 4 mm (filled symbol) and (b)
FWHME = 4 mm as a function of simulated TBR for lesion diameters of 4
cm (M), 2cm(e), 1cm(A) and 0.5 cm(¢). Fig. 8. Difference between average TBR measured over the whole tumor and

average TBR that would be measured without necrosis with AC in a lung tumor
with FWHM = 4 mm as a function of a) tumor volume; b) necrosis volume

affect TBR estimates for lung tumors but not for soft-tissuler necrosis volume of 0.251" (M), 0.5xV (e) and 0.75x V' (4).
tumors. Indeed, lung tumors have a greater density than sur-

roundlng no_rmal Iung tiSSl:Ie' while SOft-tiS_SUG tumors have ?BR UNDERESTIMATION AVERA;—QE?(L)I\E/EIIQ THE WHOLE TUMOR COMPARED
similar density as surrounding normal soft tissues. These result@/tH TBR UNDERESTIMATION OBSERVED FOR AUNIFORM TUMOR AS A
are consistent with previous results regarding the consequences~UNCTION OF NECROSISTO-TUMOR ACTIVITY AND VOLUME RATIOS

of different emission and transmission resolutions [16] irF

Vn/V=0.25  V\/V=0.5 Vn/V=0.75

cardiac PET.
AN/A=0 from -30% to from -55% to from -74% to
) -24% -44% -67%
E. Effect of Tumor Location AN/A=0.5 from -15% to from -27% to from -38% to
With AC, for a given TBR, biases in tumor uptake estimate 12% 2% -34%

were similar regardless the tumor location.

The comparison between NA and those having AC hasThe decrease in TBR values due to the presence of a necrotic
demonstrated the efficiency of AC (Section 1lI-C). As PVE P

. . . .core only depends on the necrosis-to-tumor volume ratio and
does not depend on location for a given TBR, biases aﬁectlnﬂ . - .
. . on the necrosis-to-tumor activity ratio but does not depend on
TBR after AC are also independent of tumor location. : . . .
. ) the tumor [Fig. 8(a)] and necrotic [Fig. 8(b)] volumes inde-
Recovery coefficients calculated for PVE correction of atten- : A

) . endently, nor on the necrosis and tumor activities indepen-

uation corrected images could therefore be the same for tumgrs :
. . : ently. The difference between the measured TBR and the TBR
located in the lung or in the soft tissues. ) . ;
that would be measured if no necrosis were present is also al-
) ) most independent of background activity;. For example, for
F. Effect of Tumor Nonuniformity a 4.2—cm tumor with Ay = 0.5 x A andA = 1480 kBg/ml,

For a 33.5 cmi lung tumor (D = 4 cm) with A = difference between the measured TBR and homogeneous TBR
2960 kBg/ml including a 8.3 crh inner necrotic region of was —26.2% for Ap = 296 kBg/ml and —24.4% if Ap =
activity half of that of the tumofAy = 1480 kBag/ml), the 148 kBg/ml.
averaged TBR measured over the whole tumor was only 13%For a constant necrosis-to-tumor volume ratio, the more am-
smaller than the averaged TBR that would be measured if thiified the necrotic process (i.e., the smaller the necrosis-to-
tumor had a uniform activity concentration withBR = 10. tumor activity ratio), the greater the difference between the mea-
The TBR averaged over the whole tumor was underestimatagred TBR and the TBR which would be measured without

by 12% with respect to the true TBR. necrosis (Table | and Fig. 8).
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For a constant necrosis-to-tumor activity ratio, the larger tliegions in the future thanks to the new PET/CT scanners, the
ratio of the necrotic volume over the tumor volume, the larg@ctual impact of the ROI used for TBR measurements will have
the difference between the measured TBR and the TBR thatbe investigated, as there is currently no consensus regarding
would be measured if no necrosis were present (Table I).  the ROI to be considered.

Assuming that atleast a 15% TBR difference is needed for de-
tecting a change in tumor metabolism, the percentage of necrotic IV. CONCLUSION
volume that would make the necrosis process detectable deo

. o X . ur study demonstrates that even when accurate AC is
pends on the necrosis-to-tumor activity ratio. For a necrosis-

¢ {ivity ratio of 0.5. th . ld get detectabl ﬁgérformed, tumor-to-background uptake ratios and SUVs are
umor activity ratio ot 0.5, the necrosis would get detectablé | rongly underestimated because of limited spatial resolution.

the necrotic volume were at least 50% of the total tumorvolurm‘aBR and SUV underestimation up to 85% can be observed for
For a necrosis-to-tumor activity ratio of 0, the necrosis woul 5-mm tumor seen using a PET scanner with a 4-mm intrinsic
get detectable for a necrotic volume greater than 25% of t Satial resolution. The impact of AC on TBR estimates depends

tOt‘a tumor V?,';Jme'TBR . inal tomical ROI b i both on tumor-to-surrounding tissues density and on tumor lo-
_Averaging'two N asingie anatomica vy consi ‘cation, but the main trend is that TBR is systematically greater
ering an ROI encompassing nonuniform uptakes in the tu

. e ) ) [th AC than without for lung tumors, but not for soft-tissue
makes it more difficult to detect necrosis. Our results give SOM¢mors. When considering tumors with nonuniform uptakes

insights into the volume of necrotic tissues needed to detecttﬁg difference between measured TBR averaged over the whole

overall change in TBR as a function of the amplitude of thr";fonuniform tumor and the TBR that would be measured if

hecrotic process. the tumor was uniform only depends on the necrosis-to-tumor
lationshi volume and activity ratios, but not on the respective tumor and

G. Relationship Between SUV and TBR necrosis volumes and activities. When measuring the average

When assessing FDG PET images quantitatively, standanaimor uptake over the whole tumor region (including the
ized uptake values (SUV) are often used to distinguish benigacrotic part), a TBR change greater than 15% was observed if
from malignant tumors. The SUV is a measure of local cotthe necrotic volume was at least 50% of the total tumor volume
centration of tracer divided by the injected dose normalized lhyr a necrosis-to-tumor activity ratio of 0.5. The provided
the body weight [15]. For images corrected for attenuation, tliata regarding the impact of attenuation, lesion size, TBR,
percent biases in TBR presented in this paper are actually idepatial resolution, and nonuniform uptake of the tumor upon
tical to the percent biases that would have been obtained HeBR estimates should assist the quantitative interpretation of
one considered SUV percent biases instead of TBR percenttoimor-to-background uptake ratios and SUV in FDG PET.
ases. Indeed, if one assumes that the denominator of the SUV
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