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The purpose of this study was to test the hypothesis that the
level of baseline '®F-FDG uptake in the primary tumor adds
value to its relative change in '8F-FDG uptake in serial PET
scans in predicting the histopathologic response to systemic
cytotoxic neoadjuvant treatment of patients with solid extrac-
erebral tumors. Methods: We performed a literature search
from January 1995 through November 2008 using PubMed
and Embase. Two reviewers independently selected eligible
studies for possible inclusion in the meta-analysis by reviewing
titles and abstracts. Inclusion criteria were at least 10 patients,
18F-FDG PET before and after therapy, '8F-FDG PET performed
with the intention of monitoring the response of solid extracere-
bral tumors in humans to cytotoxic neoadjuvant systemic ther-
apy, attenuation-corrected '8F-FDG PET studies, and studies
presenting individual patient data (PET results and histopatho-
logic reference test after treatment). Multilevel logistic regression
was used to assess the effect of relative change of '8F-FDG
uptake ([baseline — end]/baseline) and baseline 18F-FDG uptake
value with type of tumor and type of treatment as level 1 cova-
riates. Results: Nineteen studies (all observational; a total of
438 patients [median, 23 patients per study; range, 10-40])
were included, aiming at the accuracy of PET versus histopa-
thology. To quantify PET, maximum standardized uptake value
(SUV) was used in 6 studies, mean SUV in 7, SUV (subtype
unclear) in 1, tumor-to-background ratio in 3, and dose uptake
ratio in 1. The average overall histopathologic response rate
was 0.47 (median, 0.50), ranging from 0.17 to 0.88. The relative
change in '®F-FDG uptake was the strongest indicator (P <
0.0001) for tumor response. Baseline '8F-FDG was not signifi-
cantly associated as a main factor; however, a significant inter-
action of baseline uptake and relative change after therapy was
observed (P < 0.001). Conclusion: Relative change in '8F-FDG
uptake was the strongest indicator for tumor response, but the
level of baseline '8F-FDG uptake in the primary tumor provided
additional information about prediction of response to therapy.
These data corroborate and extend the need for standardiza-
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tion, quality assurance, and control of PET studies quantifying
18F-FDG in oncologic treatment monitoring.
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During the last decade, !8F-FDG PET has become im-
portant for the diagnosis, staging, prognosis, and evaluation
of treatment response in oncology (/). In the neoadjuvant
setting, '8F-FDG PET examinations before, during, or after
therapy have been investigated to evaluate and monitor
therapy response, predict prognosis, and guide decisions
on postsurgical treatment. The need for quantitative assess-
ment of metabolic response increases, and it is expected
that PET will be incorporated in the response evaluation
criteria of solid tumors.

In the context of response evaluation, most studies focus
on the relative change of '3F-FDG uptake as an index for
metabolic response. Additionally, the level of baseline '3F-
FDG uptake may have prognostic value (2). Relative
change does not account for this potential effect modifier.
The aim of this meta-analysis was to qualitatively test the
hypothesis that the level of baseline '8F-FDG uptake in the
primary tumor has added value to relative change in '8F-
FDG uptake in serial PET scans in evaluating response to
systemic cytotoxic neoadjuvant treatment of patients with
solid extracerebral tumors.

MATERIALS AND METHODS

Literature Search

A formal computer-assisted search was performed in the
medical databases PubMed (Medline included) and Embase from
January 1995 through November 2008. Both text words and
medical subject headings were used. The full-search algorithm can
be obtained in Supplemental Table 1 (supplemental materials are
available online only at http://jnm.snmjournals.org). In addition, a
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TABLE 2. Definition of Response Differs According to Tumor Type

Tumor type Evaluation system

Esophageal carcinomas Mandard system (24)

: Histopathologic Evaluation System

Definition of response
No or only a few scattered residual tumor

Salzer-Kuntschik
system (25)

Bone tumors

Breast cancer (7)
criteria (26,27)

Breast cancer (13) —

Head and neck cancer (77) —
Non-small cell lung cancer —
Locally advanced rectal cancer —
Gynecologic cancer —

Previously described

cells (regression scores 1 and 2)

Salzer-Kuntschik grades I-lIl: less than 10%
residual vital tumor area (grade |, 0%; I,
single vital areas; and Illl, <10%)

Macroscopic (absence of macroscopically
visible tumor) or microscopic (histologic
absence of invasive tumor cells) response

No recognizable invasive tumor cells
(ductal carcinoma in situ may be present)

No viable residual tumor cells in any section

Tissue negative for malignant cells

Complete regression or rare residual cancer cells

No tumor (complete response) or residual
microscopic disease only

manual cross-reference search of eligible and review papers was
performed to identify additional possible articles.

Study Selection

Three reviewers independently selected studies for possible
inclusion in the meta-analysis by reviewing titles and abstracts.
Differences were resolved by consensus. To be eligible for the
meta-analysis, a study had to fulfill the following inclusion
criteria: at least 10 patients, '8F-FDG PET before and after ther-
apy, '8F-FDG PET performed with the intention of monitoring the
response of solid extracerebral tumors in humans to cytotoxic
neoadjuvant systemic therapy, attenuation-corrected 3F-FDG
PET studies, and studies presenting individual patient data (PET
results and histopathologic reference test after treatment). Dupli-
cate studies on the same patients, studies using only y-camera
coincidence imaging, studies written in a language other than
English or German, and reviews and abstracts were excluded.
The last 2 categories were used for cross-referencing. No unpub-
lished data or data from abstracts were used.

Data Abstraction and Quality Assessment

Two reviewers independently extracted the following items
from the studies: study design (prospective, retrospective but
consecutive, retrospective inclusion), patient characteristics, PET
characteristics (qualitative and quantitative), and reference test or
histopathologic evaluation system.

We considered the description of PET as adequate if the
publication reported details on the scanner type, the timing of
scanning after injection, a clear description of quantitative pro-
cedures including region-of-interest (ROI) methodology, and the
performance of attenuation correction.

Statistical Analysis

Dichotomized histopathologic response (response or no response)
was the primary endpoint. Individual patient data consisted of
baseline and relative change of '8F-FDG uptake. Baseline PET data
were missing for 6 individuals (1%) in different studies and missing
for the second PET measurement for 38 individuals (8.7%). For over-
all consistency, these missing values were imputed by regression (3).

Multilevel logistic regression was used to assess the effect of
relative change of '8F-FDG uptake ([baseline — end]/baseline),

SErIAL '8F-FDG PET oF TuMor REsPoNSE * Quarles van Ufford et al.

baseline '8F-FDG uptake value, type of tumor (sarcoma, esopha-
geal carcinoma, or other), type of treatment (chemotherapy or
chemoradiotherapy), and type of measurement (standardized
uptake value [SUV] tumor-to-background ratio, or dose uptake
ratio) as level 1 covariates. All sarcomas were treated exclusively
by chemoradiotherapy, and they served as the reference group.
Studies were included as random factors (level 2), allowing for
random intercepts and random slopes for the differences in relative
decrease at level 2. Level 1 factors and interactions were inves-
tigated by a backward stepwise procedure in which nonsignificant
interactions were excluded in order of largest P value (exclusion at
P > 0.05).

To quantify the heterogeneity between studies, the median odds
ratio (MOR) was calculated (4). The MOR quantifies the varia-
tion between studies (the second-level variation) by comparing 2
persons from 2 randomly chosen, different studies. The MOR is
always greater than or equal to 1. If there is considerable between-
study variation, the MOR will be large (the measure is comparable
with fixed-effects odds ratio). To quantify the effect of study-level
covariates (therapy, tumor type), interval odds ratios were calcu-
lated. If the interval contained 1, the (fixed) effect of the study-
level variable was large in comparison with the unexplained
between-study variation (4).

RESULTS

Study Characteristics

Our initial search identified 1,749 studies: the PubMed
search identified 917 and the EMBASE search (after
exclusion of duplicates) 832 studies. On the basis of title
and abstract, 1,632 studies did not meet the inclusion
criteria. After reviewing the full text of the remaining
117 studies, we included 19 studies (5-23). All were
observational studies, aiming at the accuracy of PET ver-
sus histopathology. The detailed process by which the
articles were selected can be found in the Supplemental
Appendix 1.

The 19 studies included data on 438 patients, with a
median of 23 patients per study (range, 10—40). Of these
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TABLE 4. PET Data Analysis Characteristics of 19 Studies Reviewed

Parameter
Study variable
Schulte TBR
et al. (5)
Franzius T/NT
et al. (6)
Smith Influx constant
et al. (7) K, DURgsa
Nair et al. (8) TBR
Briicher SUViean
et al. (9)
Ryu et al. (10) SUVean
Kitagawa SUVmean
etal. (17)
Brink SUVmean
et al. (12)
Chen Suv
et al. (13)
Wieder SUVmean
et al. (14)
Song SUVmax
et al. (15)
Cascini SUVmean
et al. (16)
Huang SUVmean
et al. (17)
Wieder SUVmean
et al. (18)
lagaru SUVimax
et al. (19)
Nishiyama SUVmax
et al. (20)
Benz SUVmax
et al. (27)
Smithers SUVmax
et al. (22)
Ye et al. (23) SUVnax

ROI technique

ROls were individually defined, expressing maximum
tumor uptake, excluding areas of lower uptake within
tumor. Identical configuration at contralateral extremity
was used to obtain TBR. In each case ROIs > 2.6 cm?.
Rectangular ROl was positioned around tumor activity in
coronary slice with maximum tumor activity, with boundaries
of ROI located just within apparent hypermetabolic zone.
ROIs were manually drawn around each lesion. Maximum pixel
value of DUR or influx constant K within ROl was recorded.

Identical ROIs were placed over tumor and contralateral
normal limb.

Circular ROI (1.5 cm in diameter) was manually placed in
slice with maximum '8F-FDG uptake. SUVs were
calculated using average activity values in ROL.

SUV of primary tumor was determined as mean value in
12-mm ROI positioned over area with highest activity
within tumor as determined by visual analysis.

Round ROIs (5 mm in diameter) were placed over area of
highest '8F-FDG uptake in tumor on static images.

SUV = tissue radioactivity concentration (Bg/mL)/injected
dose (Bq) per body weight (g).

Average activity values were determined in intratumoral ROI

placed on slice with maximum activity concentration.

Not mentioned.

Circular ROIs (1.5 cm in diameter) were manually placed over
all tumors at site of maximum '8F-FDG uptake on
baseline scan. SUVs normalized to patient body weight were
calculated from average activity values in ROI.

For semiquantitative analysis of increased '8F-FDG uptake
lesion, maximum SUV based on body weight was calculated.

Irregular ROIs were semiautomatically drawn manually on
transaxial planes using region-growing method that included
pixels above threshold value (between 20% and 50% of
maximum pixel value). Table 1: SUVean.

ROIs were hand-drawn over tumor for calculation of SUV. ROIs
were drawn to follow contours of elevated '8F-FDG activity,
as compared with normal tissue, contralateral to tumor site.

ROIs were manually placed over each primary tumor. Circular
ROI of 1.5 cm (1.5 cm in diameter; 10 pixels) was placed on
slice with maximum '8F-FDG uptake. SUVs were calculated
using average activity values in ROI.

ROIs were placed around regions of increased '8F-FDG
uptake for SUV .« determination.

SUV was defined as tissue concentration of '8F-FDG
(kBg/mL) in structure delineated by ROI divided by activity
injected per gram of body weight (kBg/g). ROl was placed
over entire primary tumor. SUV,,,ax of primary tumor was used.

Manual delineation of ROI on consecutive axial slices of CT
scan was used. SUV ax and SUV,ean Were calculated.

Maximum voxel activity in tumor was used for SUV
quantification.

ROls were individually defined for each patient on transverse
sections of PET images. SUV o« Was measured.

Observer
2, independent (blinded)

2, in consensus
(blinded)

2, in consensus
(blinded)

3, independent (not mentioned
whether blinded)

Not mentioned

2, independent (blinded)

3, independent (blinded)

2, independent (not mentioned
whether blinded)

1, not mentioned whether blinded

Not mentioned

1

1, not mentioned whether blinded

Not mentioned

Not mentioned

Not mentioned

2, not mentioned whether
independent or in consensus
or whether blinded

1, blinded

1, not mentioned whether blinded

2, independent (blinded)

TBR: tumor-to-background ratio; T/NT: tumor-to-nontumor ratio; DUR: dose uptake ratio; DURgsa = dose uptake ratio body surface

area; SUV.x = maximum standardized uptake value; SUV,.an = mean standardized uptake value.
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N
Study
1 Smith L 4 31
2 Shulte ® 27
3 Franzius o 17
4 Nair ® 16
5 Brucher ® 24
6 Kitagawa ® 23
7 Huang —@ 10
8 Ryu L 26
9 Brink ® 20
10 Cascini ® 33
11 Chen —@ 16
12 lagaru ® 14
13 Nishiyama ® 21
14 Song ® 32
15 Wieder1 ® 29
16 Wieder2 ® 24
17 Smithers —@ 40
18 Benz ® 20
19 Ye ® 15
tumorRx
Sarcoma ® 119
Else - Cht ® 64
Else - Cht/RT ® 53 FIGURE 1. Overview of response rates
Esophagus - Cht —@ 44 | in 19 eligible studies. TumorRx indicates
Esophagus - Cht/RT . 158 | combination of tumor type (sarcoma,
Overall esophagus, or other types) and therapy
° 438 (chemotherapy [ChT] or chemoradiother-
apy [ChT/RT]). Sarcoma was exclusively
T T T T T T T T treated by chemoradiotherapy. Tumor-
02 03 04 05 06 07 08 09 treatment combination mostly explains
heterogeneity between studies with
observed response respect to factors explaining response.

studies, 6 were on esophageal cancer (46% of patients), 7
on sarcoma (27% of patients), and 6 on other malignancies
(breast cancer, head and neck carcinoma, non—small cell
lung cancer, gynecologic cancer, and locally advanced rec-
tal cancer; 27% of patients). In 8 studies, each patient
received chemotherapy (51% of patients); in the other stud-
ies (49% of patients), chemotherapy was combined with
radiotherapy in several patients. Radiotherapy was always
given concurrently with chemotherapy. Table 1 provides
further details of the patient characteristics per study. In
all studies, surgical resection of the tumor was scheduled
within weeks after completion of the neoadjuvant treat-
ment. The pathologic definition of response differed per
malignancy and is displayed in Table 2 (24-27). Because
studies were performed over a period of almost a decade
(1999-2008), no standardized PET protocol was used, and
variable scanners, scan modes, '8F-FDG doses, time inter-
vals (between injection of '3F-FDG and the PET scan,
between the completion of the induction therapy and the
posttreatment PET, and between the posttreatment PET and
surgery), and image-reconstruction methods were used.
These PET characteristics are listed in Table 3, and in Table
4 the PET data-analysis characteristics are displayed in
more detail. Furthermore, the fasting period differed per
study. However, all studies reported a fasting period of at
least 4 h before PET, except the study of Huang et al., in
which this period was at least 2 h (/7). All but 4 studies
(17,19,20,22) reported that glucose levels were measured

SErIAL '8F-FDG PET oF TuMor REsPoNSE * Quarles van Ufford et al.

before PET examination. No study, except for the study of
Chen et al. (/3), described when or how the PET or PET/CT
scanners were calibrated. Different methods to quantify
I8E-FDG uptake were used: the SUV approach was used
in 15 studies (maximum standardized uptake value in 7 stud-
ies; mean standardized uptake value in 8 studies), tumor-to-
background (or nontumor-to-background) ratios in 3 studies,
and a dose uptake ratio in 1 study. Different ROI method-
ologies were used in the analysis (manual; irregular isocon-
tour, based on a fixed percentage of the maximal pixel in the
tumor, on a fixed SUV threshold, or on a background-level
threshold; or small fixed-dimension ROI centered over the
highest-uptake part of the tumor; Table 4).

For all patients, the average overall histopathologic
response rate was 0.47 (median, 0.50), ranging from 0.17
to 0.88 among the studies (Fig. 1). Logistic regression esti-
mated the histopathologic response rate as a function of the
linear predictor decrease in '8F-FDG uptake, tumor type,
and therapy. As illustrated in Figure 2, this model suggests
that each 10% relative difference in '8F-FDG uptake corre-
sponded to a 17% positive change in pathologic response
rate at the mean level of baseline '®F-FDG uptake (for each
tumor-therapy group). Figure 3 illustrates the predicted
response according to the multilevel model versus the
observed response rate according to histopathology of all
19 studies.

The relative change in '8F-FDG uptake was the strongest
indicator (P < 0.0001) for predicting histopathologic tumor
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FIGURE 2. Logistic regression esti-
mating histopathologic response rate
(Pr [response]) as function of linear pre-
dictor of decrease in '8F-FDG uptake
(decrease [%)]), tumor type, and therapy
(indicated by colored lines). Black
circles indicate actual average histopa-
thologic response rates per study,
whereas open diamonds represent point
estimates of response rate. Gray dots at
bottom (no response) and top (response)
show actual individual patient data. At
mean level of baseline (for each tumor-
therapy group), model suggests that
10% decrease in relative difference cor-
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response. Baseline '8F-FDG uptake was not significantly
associated as a main factor. However, there was a significant
interaction (P < 0.0001) between the baseline '8F-FDG
uptake and decrease in '3F-FDG uptake. This interaction
is illustrated in Figure 4, where 3 quartiles of decrease
(25th, 50th, and 75th) are plotted against the baseline !8F-
FDG uptake (x-axis) and the probability of histopathologic
response (y-axis). Among patients with a high fractional
decrease of tracer uptake, those patients with high baseline
I8F-FDG uptake values had a higher probability of histo-
pathologic response than did those with low baseline !8F-
FDG values. Conversely, among patients with low fractional
I8E-FDG reductions, those patients with high baseline
I8F.FDG uptake had a lower probability of histopathologic
response than did those with low baseline uptake. In the
group around the median fractional '8F-FDG decrease, the
probability of response was almost constant along the range
of baseline '8F-FDG values. Adding the baseline '8F-FDG
uptake to the decrease in '3F-FDG uptake significantly
improved the prediction (P < 0.0001).

Compared with sarcomas (all receiving chemoradiother-
apy), esophageal tumors had a lower histopathologic
response rate (P = 0.001 for chemotherapy and P = 0.07
for chemoradiotherapy). This lower histopathologic
response rate should be read with the greatly different his-
topathologic response criteria in mind (Table 2). The
response rate of patients with other tumors receiving che-
moradiotherapy did not differ from the response rate of
sarcomas, but those receiving chemotherapy had the lowest
response rate (P = 0.00063). Including the type of measure-
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ment did not improve the overall fit of the model signifi-
cantly. Therefore, it was decided to leave the variable out.
The heterogeneity between studies with respect to the
factors explaining the response was moderate (MOR, 1.89)
and mostly explained by the tumor-treatment combination
(interval odds ratio, esophageal chemotherapy, 0.03—0.36; other
tumor chemotherapy, 0.04-0.49), also illustrated in Figure 1.

DISCUSSION

This meta-analysis provides evidence to suggest that
baseline '8F-FDG uptake adds prognostically relevant
information to the relative change of '8F-FDG uptake, in
the context of neoadjuvant therapy of extracerebral solid
tumors. The overall fit of the model (Fig. 3) suggests that
the results are applicable to a broad spectrum of possible
response rates and test conditions.

We hypothesized that baseline uptake might add infor-
mation on responsiveness to relative change because base-
line '3F-FDG uptake appears to be related to a more
aggressive phenotype, probably mediated via hypoxia or
proliferative activity. We also reasoned that the size of such
potential effect modification of relative change was unpre-
dictable because proliferation and hypoxia may affect
therapy differently: high proliferative activity may be prog-
nostically favorable in the case of chemotherapy, but the
reverse may be true for radiotherapy (e.g., via repopulation
effects, perhaps as a function of fractionation schemes).
Alternatively, hypoxia is supposed to negatively affect the
impact of either therapy. Therefore, we chose a phenom-
enologic rather than mechanistic approach.
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heterogeneity in many other aspects. From a quantitative
perspective, the findings need to be interpreted with caution:
obviously, the model cannot account for technical measure-
ment errors due to low contrast (tumors with low baseline
uptake).

Without standardization of, for example, the PET
methodology, comparison of results obtained from different
centers is hampered by the diversity in methodology of ac-
quisition, image reconstruction, and data-analysis procedures
that are applied. To perform multicenter studies, standard
protocols should and are being implemented (28). The impli-
cation of this finding is that standardization of PET method-
ology in oncologic trials should be intensified: to aggregate
the evidence, it becomes even more important to standardize
PET methodology, because the use of absolute values impo-
ses stronger methodologic rigor than that of relative change
alone. Obviously, an analysis of a study population with 1
type of tumor, treatment, and timing of scans relative to
treatment improves homogeneity even further.

Additionally, this meta-analysis would have had more
power if the community had adopted the habit of at least
electronically publishing the individual patient results as a
standard approach. It may be assumed that it is not feasible
to report individual data in larger studies.

In this meta-analysis, we focused on chemotherapy as the
mode of systemic therapy. Whether these findings can be
extrapolated to newer forms of targeted therapy is unclear,
because the interaction of '®F-FDG metabolism and therapy
does not need to be consistent.

CONCLUSION

This meta-analysis supports the hypothesis of an inter-
action of baseline '8F-FDG uptake with its relative change
during therapy in patients treated with neoadjuvant chemo-
radiotherapy. These data corroborate and extend the need
for standardization, quality assurance, and control of PET
studies quantifying '8F-FDG in oncologic treatment mon-
itoring. Obviously, such standardization will also allow
proper validation of the current findings.
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