
Quantitation of Cancer Treatment Response by 18F-FDG
PET/CT: Multicenter Assessment of Measurement Variability

Joo Hyun O1,2, Heather Jacene3, Brandon Luber4, HaoWang4, Minh-Huy Huynh4, Jeffrey P. Leal1, and Richard L.Wahl1,5

1Division of Nuclear Medicine, The Russell H. Morgan Department of Radiology and Radiological Science, Johns Hopkins University
School of Medicine, Baltimore, Maryland; 2Department of Radiology, Seoul St. Mary’s Hospital, College of Medicine, The Catholic
University of Korea, Seoul, Korea; 3Department of Radiology, Harvard Medical School, Dana-Farber Cancer Institute, Boston,
Massachusetts; 4Division of Biostatistics and Bioinformatics, Department of Oncology, Johns Hopkins University School of Medicine,
Baltimore, Maryland; and 5Mallinckrodt Institute of Radiology, Washington University, St. Louis, Missouri

The aim of this study was to assess the interobserver variability of

quantitative 18F-FDG PET/CT parameters used in assessments of

treatment response across multiple sites and readers. Methods:
Paired pre- and posttreatment 18F-FDG PET/CT images of 30 on-
cologic patients were distributed to 22 readers across 15 U.S. and

international sites. One reader was aware of the full medical history

(readreference) of the patients, whereas the 21 other readers were
unaware. The readers selected the single hottest tumor from each

study, and made SUV measurements from this target lesion and the

liver. Descriptive statistics, percentage changes in the measure-

ments, and their agreements were obtained. Results: The intraclass
correlation coefficient for the percentage change in SUVmax (%D

SUVmax) of the hottest tumor was 0.894 (95% confidence interval

[CI], 0.813–0.941), and the individual equivalence coefficient was

1.931 (95% CI, 0.568–6.449) when all reads were included (n 5
638). When only the measurements that selected the same target

tumor as the readreference (n 5 486) were included, the intraclass

correlation coefficient for the %DSUVmax was 0.944 (95% CI,
0.841–0.989), and the individual equivalence coefficient was 20.688

(95% CI, 21.810 to 20.092). The absolute change in SUVmean of liver

corrected for lean body mass showed upper and lower limits of agree-

ment (average bias 6 2 SDs) of 0.13 and 20.13 g/mL. Conclusion:
The quantitative tumor SUV changes measured across multiple sites

and readers show a high correlation. Selection of the same tumor

target among readers further increased the degree of correlation.
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PET/CTwith 18F-FDG is widely used for assessing response to
therapy in clinical trials and clinical practice for patients with
cancer. However, data are limited on the concordance of readers
using varying software systems in quantitatively determining the
treatment response using 18F-FDG PET/CT.
The ability of multiple readers to assign the same treatment

response is to some extent dependent on the repeatability of the

quantitative data obtained from the images. Despite the numerous
factors known to result in variability of SUV measured from 18F-
FDG PET/CT, the interobserver reproducibility of SUV and per-
centage change in SUV were higher than for measurements of CT
size in a single-institution study (1).
Our aim was to study the consistency of the major quantitative

PET parameters collected across sites and readers, to determine
what component of variability there is in target lesion selection
and reading software elements. When all readers have identical
sets of representative human 18F-FDG PET/CT digital data avail-
able, low to no variability would be expected in the SUV mea-
surements, except for reader selection of targets and software
configurations (2,3). Low variability among sites would support
quantitative 18F-FDG PET/CT studies being deployed in a more
general manner for treatment response assessment whereas any
variability suggests further opportunities for process improvement
to minimize variance.

MATERIALS AND METHODS

Determining Number of Cases and Readers

Preliminary data from a single-institution/workstation study estimated
an intraclass correlation coefficient (ICC) of 0.94 among 4 readers for

determination of percentage change in SUVmax (%DSUVmax) (1). We
expected to observe an ICC of 0.90 resulting from greater variation

across sites, given multiple readers and workstations. Assuming 2 read-
ers at each site evaluating 30 cases, 15 sites lead to a 95% confidence

interval (95% CI) of 0.852–0.948. This estimate will ensure the ICC is
in excess of 0.85, indicating strong reproducibility across sites. Thus, a

protocol of 15 sites with 2 readers per site each evaluating 30 cases was
planned on the basis of desired precision of ICC estimate.

Case and Site Selection

Images of 31 patients who underwent 18F-FDG PET/CT obtained

before and either during or after chemotherapy or combination chemo-
biologic therapy from a central site were selected from a group of

tumor types having representative patterns of 18F-FDG avidity. All
PET/CT images were acquired using a 3-dimensional PET scanner

(Discovery RX; GE Healthcare) with lutetium-yttrium-oxyorthosili-
cate crystals and iterative 3-dimensional image acquisition/processing.

Cases were chosen by consensus of 2 nuclear medicine physicians to
purposely include a mix of single and multiple tumors on the pre-

treatment scan (1 tumor, n 5 6; .1 but ,10 tumors, n 5 19; $10
tumors, n 5 6) and a mix of the 4 major response categories using

PERCIST 1.0 (complete metabolic response, n 5 4; partial metabolic
response, n 5 11; stable metabolic disease, n 5 4; and progressive

metabolic disease, n 5 12).
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An initial survey was sent to readers at 31 prospective sites, both

National Cancer Institute Quantitative Imaging Network–affiliated
and not affiliated, by e-mail. The survey requested information about

the reader’s experience with PET and technical workstation status to
ensure feasibility of quantitative assessment. Twenty-three sites that

responded all had adequate analysis software and were invited to par-
ticipate. Ideally, 2 experienced nuclear medicine physicians or nuclear

radiologists at each site were asked to independently assess the cases.

Patient Population and Image Distribution

As a test case, the central study site provided the same digital data from
1 patient to all participating sites. Liver measurements were requested to

verify the integrity of image transfer and to ensure that the values were
within the expected 20% range of the reference site; all of the 17 sites that

responded satisfied these 2 criteria. The mean liver SUV corrected for
lean body mass was 1.12 6 0.12 before treatment and 1.37 6 0.17 after

treatment.
The remaining 30 anonymized cases of pre- and posttreatment 18F-

FDG PET/CT studies (total 60 studies) were distributed with directions
for measurement methods and formatted reading forms. Approval from

the institutional review board was obtained, and patient consent was
waived for this study of anonymized image data.

Measurement

Individual measurements from coupled pre- and posttreatment 18F-
FDG PET/CT images from 1 patient were counted as a read. The coupled

pre- and posttreatment measurements for all 30 cases from a single reader
were counted as a set of reads. One reader from the central site (reader 1)

had full knowledge of the primary tumors, treatment histories, and sub-
sequent follow-up results, but all other readers had no knowledge of the

patients’ medical histories because the reader is frequently masked in the
setting of multicenter trials. For statistical purpose, the measurements by

reader 1 were considered as the readreference (the reference standard for
comparison).

Each reader determined which tumor to measure. First, readers were

asked to measure the SUVmax of the hottest tumor in the pretreatment
image and follow the same lesion in the posttreatment image, which is a

common clinical practice (baseline lesion followed). Second, readers
were asked to measure the SUVmax of the hottest tumor in each of

the pre- and posttreatment images, in which the selected lesion in the
posttreatment image may or may not be the same as the lesion selected

in the pretreatment image (hottest lesion to hottest lesion). The rationale

was that the hottest lesion on follow-up may be the most resistant to

therapy, and thus more representative of the actual response in the pa-
tient (4). Third, readers were asked to measure the SUVpeak corrected

for lean body mass (SULpeak) from the hottest tumor in each of the pre-
and posttreatment images (hottest lesion to hottest lesion). The SULpeak

was predefined as the highest SUVmean corrected for lean body mass
computed from a 1-cm3 spheric volume of interest (VOI). Finally, readers

were asked to measure the mean value in the liver from a 3-cm-diameter
spheric VOI centered in the right side of the liver (liver SULmean). The

tumor SULpeak and liver SULmean were requested to test the variables
suggested by PERCIST 1.0 (4). SULmax was not requested because the

percentage change computation would cancel out the lean body mass
correction factor and the resulting percentage change of SULpeak would

essentially be the same as with %DSUVmax, assuming there was no
drastic change in body weight. When a complete metabolic response

was achieved and no tumor lesion was visually perceptible, measure-
ment was requested from the site of the original tumor.

For each measurement, the readers recorded the anatomic site and
screen-saved the PET/CT image from their workstation. There was no

separate training session for the participating readers.

Various workstations and software were used: GE Healthcare AW;
Hermes Hybrid Viewer; MedImage MedView; MiMVista Maestro;

Mirada Medical XD; and Siemens E-Soft, True-D, and Syngo; and in-
house developed software. The readreference used Mirada Medical XD.

Statistical Analysis

The primary metric was the %DSUVmax from before to after treatment.
Percentage change was defined as [(posttreatment measurement –

pretreatment measurement)/(pretreatment measurement)] · 100. Re-
stricted maximum likelihood estimation of variance components in a

random-effects model was used to estimate the intra- and intersubject
variance components for each measure, including case and reader as

random effects. The variance component estimates were used to com-
pute the ICC, defined as the intersubject variance divided by the total

variance (intersubject variance 1 intrasubject variance 1 error vari-

ance). The CI was constructed using the bias-corrected and accelera-
ted bootstrap with 1,000 replicates, where the sampling unit was a

read to adjust for both bias and skewness in the bootstrap distribution.
As another approach to assess agreement, assessment of interchange-

ability was performed (5). The interreader variability from the reference
site was assessed using the individual equivalence coefficient (IEC),

setting the level of measurement error within a site. Then the effect

FIGURE 1. Bland–Altman plots of percentage change of tumor 18F-FDG uptake from before to after treatment. The plots are for percentage

changes of SUVmax (hottest lesion to hottest lesion) (A), SUVmax (baseline lesion followed) (B), and SULpeak (hottest lesion to hottest lesion) (C). Each

dot represents a case (total, 29 cases). x-axis represents average mean percentage change measurement by all readers. y-axis represents average

difference between 21 readers, the readreference. Solid line represents average bias, and the dashed lines represent corresponding bias ± 2 SDs.
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arising when readers from different sites are involved, instead of 2
readers from the same site, was quantified. To claim satisfactory agree-

ment, the Food and Drug Administration recommended boundary below
2.4948 for good individual agreement (6). The CI for IEC was con-

structed using the bootstrap percentile interval with 1,000 replicates,
where the sampling unit was a case.

RESULTS

Twenty-two sets of reads were received from 16 sites from
August to February 2014. Of the 22 sets of reads, a single nuclear
medicine physician/radiologist measured all cases in 15 sets. For 2
sets, 2 readers divided the cases, and each reader measured 15 cases.
For 5 sets, 2 readers worked together to reach consensus. For
statistical analysis, when 2 people were involved to produce a single
set of reads, they were considered as a single reader. One case was
subsequently excluded from analysis due to error with the dis-
tribution server.

All Reads

Twenty-nine cases with 22 separate sets of reads yielded a total of
638 reads. The Bland–Altman plots of the percentage change (%D)
in the tumor measurements are shown in Figure 1. The plots for the
other PET parameters are shown in Supplemental Figure 1–3 (sup-
plemental materials are available at http://jnm.snmjournals.org).
The overall ICC for the %DSUVmax (hottest lesion to hottest lesion)
was 0.894 (95% CI, 0.813–0.941), and the IEC was 1.931 (95% CI,
0.568–6.449). The ICC and IEC for other measurements are shown
in Table 1. When control for the number of readers—single reader
versus 2 readers—was performed, no statistical difference was
noted (ICC, 0.894; 95% CI, 0.796–0.937).

Reads with Same Target Tumor

Among the 638 reads, the readers selected a different site as the
target from the readreference in either the pre- or posttreatment im-
ages in 152 reads. Of a total of 29 cases, a different target was

chosen from the readreference for an average of 2.9 6 1.62 cases
(range, 0–6) for the pretreatment images and 5.1 6 1.53 cases
(range, 2–10) for the posttreatment images. Only 1 reader chose

TABLE 1
Overall ICC and IEC for Tumor Measurements

ICC

Measurement Pretreatment Posttreatment

Percentage

change

IEC (percentage

change)

Including all reads (n 5 638)

SUVmax (hottest lesion to

hottest lesion)

0.910 (0.825–0.951) 0.920 (0.869–0.950) 0.894 (0.813–0.941) 1.931 (0.568–6.449)

SUVmax (baseline lesion

followed)

0.911 (0.814–0.954) 0.803 (0.727–0.858) 0.752 (0.606–0.851) 6.674 (1.869–10.364)

SULpeak (hottest lesion to

hottest lesion)

0.608 (0.538–0.652) 0.547 (0.472–0.600) 0.700 (0.544–0.795) 14.140 (4.615–25.695)

Including only reads with same

target tumor selected as

readreference (n 5 486)

SUVmax (hottest lesion to

hottest lesion)

0.997 (0.995–0.998) 0.988 (0.979–0.992) 0.944 (0.841–0.989) −0.688 (–1.810 to −0.092)

SUVmax (baseline lesion followed) 0.997 (0.995–0.998) 0.932 (0.859–0.960) 0.898 (0.732–0.984) 0.409 (–1.625–1.355)

SULpeak (hottest lesion to hottest

lesion)

0.623 (0.555–0.669) 0.567 (0.481–0.620) 0.758 (0.565–0.880) 9.075 (0.840–19.676)

Data in parentheses are 95% CIs.

FIGURE 2. Physiologic 18F-FDG uptake in bowel was a source of

confusion for readers who were completely unaware of primary tumor

and clinical history. PET maximum-intensity projection (A) and axial

fused PET/CT image (B) of example case. 18F-FDG uptake in bowel

(arrows) was chosen by some readers as hottest tumor. (C) Maximum-

intensity-projection image of same patient is rotated to better demon-

strate sarcoma mass (arrowhead). (D) Axial fused PET/CT image at more

inferior level shows mass involving right iliac bone and gluteus muscle

(arrowhead). This sarcoma lesion was true target lesion when considering

patient’s medical history.
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the same hottest tumor in all cases as the readreference in the pre-
treatment images. The cases that resulted most often in discordant
target selections had extensive metastases involving multiple bones
or nodal stations (results per case and reader in Supplemental Figs.
4 and 5). The readers, being unaware of the medical history, some-
times selected benign condition as the hottest tumor (Fig. 2).
For only the reads agreeing on target selection with the

readreference, the distribution of the %D data is shown in Figure 3
and the Bland–Altman plots in Figure 4. For the reads agreeing on
target selection with the readreference, the ICC for %DSUVmax

(hottest lesion to hottest lesion) was 0.944 (95% CI, 0.841–0.989),
and the IEC was20.688 (95% CI,21.810 to20.092). The ICC and
IEC of other PET parameters are in Table 1. The plots for the other
PET measurements are in Supplemental Figures 6–9.
The correlation coefficient (r2) for agreement between the readreference

and the other 21 readers was high—the r2 was 0.997 for %DSUV-

max (hottest lesion to hottest lesion). The r2 values for other PET
parameters are in Table 2 and graphical displays in Supplemental
Figures 10 and 11.

Liver

The ICC for the percentage change in the liver SULmean was
0.751 (95% CI, 0.656–0.810), and the IEC was 7.799 (95% CI,
3.417–18.493). The Bland–Altman limits of agreement for abso-
lute and percentage differences in liver SULmean measurements
were small, as seen in Figure 5. Even the outlier absolute SULmean

differences are within 0.25 SUL units from the average bias and
the outlier percentage SULmean differences within 10% from the
average bias. Agreement between the readreference and the other 21
readers showed an r2 of 0.95.

DISCUSSION

Quantitation of treatment response is of growing importance,
especially as we look to detect early treatment–induced alterations in
adaptive treatment designs. A high degree of test–retest reproduc-
ibility was demonstrated for 18F-FDG PET/CT in various studies (7–
9). However, these previous studies did not examine the performance
of quantitative representation of response to treatment in the clinical
setting for various tumor types, across multiple sites. In the present
study, we observed that multiple readers from multiple sites gave
similar, but not uncommonly, somewhat different measurements for
an identical set of 18F-FDG PET/CT images due to selection of dif-
ferent targets and differing workstation software configurations. Al-
though generally reliable, reader selection of target lesion appeared
to contribute to the variability of quantitative change.
The ICC was higher and the IEC lower for all of the PET

parameters when only the reads agreeing on target selection with the
readreference were analyzed. The selection of the hottest tumor was
sometimes problematic, especially because the patient’s diagnosis
and medical history were withheld from the readers. Determining
which tumor to measure may depend on subjective judgment when
there are multiple lesions or prominent and discrete 18F-FDG uptake
from a benign cause. Target selection was shown to be a cause of
variability in anatomic response assessments with RECIST, and
baseline selection of the lesion was pointed out as one of the pitfalls
(10,11). Individual determination of target lesion would be required
by the physician even when artificial intelligence enters the reading
rooms of the PET/CT clinics and automatic measurement tools such
as Auto-PERCIST become widely available (12,13). The issue aris-
ing from discrepancies of target selection needs to be addressed

FIGURE 3. Data are plotted for only cases with same target lesion se-

lected as readreference (n 5 486). Percentage change in tumor 18F-FDG

uptake from before to after treatment was measured by SUVmax (hottest

lesion to hottest lesion). Plots for SUVmax (baseline lesion followed) and

SULpeak (hottest lesion to hottest lesion) are in supplemental materials.

FIGURE 4. Bland–Altman plots of percentage change of tumor 18F-FDG uptake with only cases that selected same target lesion as readreference

included. Plots are for SUVmax (hottest lesion to hottest lesion) (A), SUVmax (baseline lesion followed) (B), and SULpeak (hottest lesion to hottest lesion)

(C). x-axis represents average mean percentage change measurement by all readers. y-axis represents average difference between 21 readers and

reference read. Solid line represents average bias, and dashed lines represent corresponding bias ± 2 SDs.
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through comprehensive training. Being able to interpret the multi-
tude of physiologic conditions that can be glucose-avid and being
meticulous in the presence of multiple lesions are important steps to
achieve the desired level of interreader agreement. In the presence
of multiple lesions, sometimes the discrepancies in target selection
could have been avoided simply with additional measurements. For
example, in case 25, there were 2 axillary lymph nodes with intense
18F-FDG uptake, and some readers chose the node with a lower 18F-
FDG uptake. In the cases with numerous tumors displaying a sim-
ilar degree of 18F-FDG uptake, brief visual inspection would be
insufficient for accurate selection of the target lesion.
How to quantitate a complete metabolic response is difficult to

answer. Even when the same target was chosen, the readers
selected subtly different foci in the posttreatment images and thus
recorded slightly different values. Consensus on how to best
determine the site of the original tumor and what to measure for
tumors showing complete resolution would further enhance the
repeatability of the quantitative 18F-FDG PET/CT response. The
site corresponding to the hottest uptake from baseline could be

identified by automatic image coregistration across different time
points, a feature of many reading software, and careful visual
consideration of the anatomic structures in the CT portion.
Inclusion of target lesions below the limit of measurability at

baseline as suggested in PERCIST could have contributed to
lowering the overall ICC. The absolute upper and lower limits of
agreement for SUVmax (hottest lesion to hottest lesion) were, in fact,
very tight in the Bland–Altman plots: 0.279 and 20.102 for pre-
treatment and 0.697 and 20.377 for posttreatment measurements.
However, in the equation for computing the %D, the measurement
from the pretreatment image becomes the denominator, and the cases
with relatively low 18F-FDG uptake would be susceptible to greater
fluctuations in the computed %D. Among the 29 cases, 7 cases had
target tumor SUVmax below 5.0 in the pretreatment images (range,
2.65–4.60). These lesions with relatively low SUV produced wide
ranges of %D, especially when the lesion progressed. A responding
tumor can yield at most a near 100% drop in SUV, whereas pro-
gressing tumors can produce increases by several hundred or even
thousand percent. Human error in drawing the VOI around the target
is suspected as a cause of variation—either too big a VOI that in-
cluded sites such as the kidneys and heart, or too small a VOI that
excluded the pixels with the highest 18F-FDG uptake. Recording the
measurements on the reading forms is another conceivable step for
error. One site demonstrated SUVmax consistently lower than the
readreference (difference mean, 0.93; 95% CI, 0.61–1.25), possibly
from incorrect configuration inherent in the software, such as con-
version of the imaging time or injected dose.
The difference in the liver SULmean measurements can be as-

sumed to be partly from the characteristic heterogeneity of hepatic
18F-FDG uptake and from the variations in the setting of the
workstation software, such as the method of drawing a spheric
VOI (14,15). Both the absolute difference and the percentage
difference in liver measurements demonstrated narrow limits of
agreement in the Bland–Altman plots. SULpeak is reported to pro-
duce lower bias in assessment of PET/CT data (16,17). However,
the variations in pixel segmentation and computation methods
used by the different software resulted in lower interreader agree-
ment than for the 2 SUVmax measurements in this study. As re-
cently reviewed, consensus on the SULpeak computation method
should be made before multicenter studies to use this PET param-
eter as an alternative to SUVmax, particularly in noisy studies (18).
The fact that the cases were not chosen at random from a

clinical trial with uniform imaging conditions may limit the
broader applicability of the results. The 30 cases evaluated in this
study were specifically selected with the intention of mimicking
the clinical reading room conditions, and varying types of tumors,
therapeutic regimens, and imaging conditions are represented.
Furthermore, the reproducibility of the percentage change in the

TABLE 2
Correlation Coefficient Between readreference and Other Readers

Correlation coefficient (r2)

Mean percentage change of All reads (n 5 638)

Only reads agreeing on target

selection with readreference (n 5 486)

Tumor SUVmax (hottest lesion to hottest lesion) 0.996 0.997

Tumor SUVmax (baseline lesion followed) 0.988 0.994

Tumor SULpeak (hottest lesion to hottest lesion) 0.974 0.977

Liver SULmean 0.950

FIGURE 5. Bland–Altman plots for liver SULmean measurements from

pretreatment image (A), posttreatment image (B), their absolute change

(C), and percentage change (D). x-axis represents average mean mea-

surement by all readers. y-axis represents average difference between

21 readers and reference read. Solid line represents average bias, and

dashed lines represent corresponding bias ± 2 SDs.
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SUV is only the initial step, and studies examining the reproduc-
ibility of the response classification among cases with uniform
therapeutic and imaging protocols should follow.

CONCLUSION

Our study indicates that tumor selection by the reader is a major
contributor to variability in quantitative 18F-FDG PET/CT assess-
ment of treatment response. A thorough knowledge of the patient’s
medical history and being meticulous during the reading process are
required to reduce the inconsistency in target selection, though un-
derstanding the patient’s full medical history may not be an option
in many clinical trials in which the readers are deliberately masked
to the history to prevent bias. Despite the use of multiple types of
workstation software, and the lack of clinical data to guide lesion
selection, results from the readers from multiple U.S. and interna-
tional sites showed strong reproducibility, supporting 18F-FDG
PET/CT as a robust global tool for quantitative analysis of treatment
response.
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