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The goal of this study was to determine the best predictive
factor among image-derived parameters extracted from se-
quential 18F-FDG PET scans for early tumor response predic-
tion after 2 cycles of neoadjuvant chemotherapy in breast cancer.
Methods: 51 breast cancer patients were included. Responder
and nonresponder status was determined by histopathologic ex-
amination according to the tumor and node Sataloff scale. PET
indices (maximum and mean standardized uptake value [SUV],
metabolically active tumor volume, and total lesion glycolysis
[TLG]), at baseline and their variation (D) after 2 cycles of neo-
adjuvant chemotherapy were extracted from the PET images.
Their predictive value was investigated using Mann–Whitney
U tests and receiver-operating-characteristic analysis. Sub-
group analysis was also performed by considering estrogen
receptor (ER)–positive/human epidermal growth factor recep-
tor 2 (HER2)–negative, triple-negative, and HER2-positive
tumors separately. The impact of partial-volume correction
was also investigated using an iterative deconvolution algorithm.
Results: There were 24 pathologic nonresponders and 27 res-
ponders. None of the baseline PET parameters was correlated
with response. After 2 neoadjuvant chemotherapy cycles, the
reduction of each parameter was significantly associated with
response, the best prediction of response being obtained with
DTLG (96% sensitivity, 92% specificity, and 94% accuracy),
which had a significantly higher area under the curve (0.91 vs.
0.82, P 5 0.01) than did DSUVmax (63% sensitivity, 92% speci-
ficity, and 77% accuracy). Subgroup analysis confirmed a signif-
icantly higher accuracy for DTLG than DSUV for ER-positive/
HER-negative but not for triple-negative and HER2-positive
tumors. Partial-volume correction had no impact on the pre-
dictive value of any of the PET image–derived parameters de-
spite significant changes in their absolute values. Conclusion:
Our results suggest that the reduction after 2 neoadjuvant che-
motherapy cycles of the metabolically active volume of primary
tumor measurements such as DTLG predicts histopathologic tu-
mor response with higher accuracy than does DSUV measure-

ments, especially for ER-positive/HER2-negative breast cancer.
These results should be confirmed in a larger group of patients
as they may potentially increase the clinical value and efficiency
of 18F-FDG PET for early prediction of response to neoadjuvant
chemotherapy.
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Preoperative neoadjuvant chemotherapy has been used
as standard treatment for inflammatory and nonoperable
locally advanced breast carcinoma patients and is now in-
creasingly being used for patients with operable but large
breast tumors. This strategy allows patients to undergo
breast-conserving surgery and provides information on
the efficacy of chemotherapy (1). Early response prediction
after 1 or 2 cycles of neoadjuvant chemotherapy might enable
the selection of alternative treatment strategies (2). Breast
carcinoma is a composite, and immunohistochemistry allows
the definition of 3 main subgroups with different therapeutic
responses and different outcomes (triple-negative, human
epidermal growth factor receptor 2 (HER2)–positive, and
luminal tumors). Pathologic complete response (pCR) is
associated with a better outcome in the HER2-overexpressed
and triple-negative breast cancer patients. On the other hand,
recent studies showed than in luminal tumors, especially for
luminal A, the impact of pCR on a patient’s survival remains
less established (3,4). Thus, an intermediate response with
tumor shrinkage allowing breast-conserving surgery
might be considered a reasonable clinical objective for
this group.

Within this context, 18F-FDG PET has been demon-
strated to be a potent predictive tool (5–8). Indeed, cor-
relations between the pathologic tumor response after
completion of neoadjuvant chemotherapy and the de-
crease in tumor standardized uptake values (SUVs) after
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1 or 2 courses of chemotherapy have been demonstrated
in several studies. A recent metaanalysis (8) conducted on
19 studies including 920 patients for the early prediction
of primary tumor response to neoadjuvant chemotherapy
reported a pooled sensitivity of 84% and specificity of 66% in
identifying responders. The authors emphasized that the low
pooled specificity (66%) still calls for caution.
Most studies have considered SUV measurements only—

mostly SUVmax, or SUVpeak averaging the SUVmax voxel
with its neighboring voxels (9). On the other hand, it has
been demonstrated in several recent studies and for vari-
ous malignancies that other 18F-FDG PET image–derived
parameters can have a statistically significant higher pre-
dictive value than SUV in determining tumor response
(10,11). These parameters, which allow for a more compre-
hensive tumor functional level evaluation, include metabol-
ically active tumor volume (MATV) (11) and total lesion
glycolysis (TLG), defined as the product of MATV and its
associated SUVmean (12). In a recent study that compared
SUVmax and TLG derived using manual delineation and
threshold, SUVmax had a better predictive value than TLG
in identifying pCR (13).
To the best of our knowledge, no study has investigated the

predictive value, regarding response to neoadjuvant chemo-
therapy for breast cancer, for all of the previously described
18F-FDG PET image–derived parameters (SUVmax, SUVmean,
SUVpeak, TLG, MATV) within the same study, both at base-
line and during treatment time points.
The current study was therefore conducted with the

objective of determining the predictive value of several
18F-FDG PET–derived parameters both at baseline and
after 2 neoadjuvant chemotherapy cycles.

MATERIALS AND METHODS

Patient Population
The current study consisted of a retrospective analysis of a

prospective cohort of 55 consecutive patients diagnosed with
breast cancer and included in a previous clinical trial (14) per-
formed after approval by the institutional ethical committee and
with the patients’ written informed consent. The PET/CT image
datasets of 3 patients could not be retrieved from the database
because of a corrupt archive file, and 1 was excluded from the
analysis because of insufficient initial uptake (SUVmax, 1.5) in
the primary tumor. Therefore, 51 patients were included in the
retrospective analysis presented in this work (Table 1).

All patients underwent neoadjuvant chemotherapy with 4
cycles of epirubicin plus cyclophosphamide, followed by 4 cycles
of docetaxel (plus trastuzumab in cases of HER2 overexpression
[HER2-positive]). Patients underwent 18F-FDG PET/CT scan-
ning at baseline and after the second cycle of neoadjuvant che-
motherapy (PET1 and PET2, respectively). At the completion of
chemotherapy, all patients underwent surgery (mastectomy or
lumpectomy).

18F-FDG PET/CT Acquisitions
All 18F-FDG PET/CT scans were obtained at Saint Louis Hos-

pital in Paris between July 2007 and May 2009. A rigorous im-
aging protocol was designed to ensure robust SUV measurements

across both time points. The blood glucose level had to be no more
than 7 mmol/L. For both acquisitions, patients received an intra-
venous injection (in the arm opposite the breast tumor using a ve-
nous line) of 18F-FDG (5 MBq/kg) after a fasting period of 6 h.
After an uptake period of 60 min, all acquisitions were performed
from mid-thigh level to the base of the skull with the arms raised,
on a Gemini XL PET/CT system (Philips) that combines a germa-
nium oxyorthosilicate–based PET scanner and a 16-slice Brilliance
CT scanner. CT data were acquired first (120 kV, 100 mAs, no
contrast enhancement). PET emission list-mode data were ac-
quired in 3-dimensional (3D) mode, with 2 min per bed position,
and reconstructed using a 3D row-action maximum-likelihood
algorithm with a voxel size of 4 · 4 · 4 mm. The attenuation-
corrected images were normalized for injected dose and body
weight and converted into standardized uptake values (SUVs), de-
fined as tracer concentration (kBq/mL)/(injected activity [kBq]/
patient body weight [g]).

TABLE 1
Patient Characteristics

Characteristic

Number of

patients

American Joint Committee on Cancer

clinical stage*

IIA 11 (21.5%)

IIB 13 (25.5%)
IIIA 12 (23.5%)

IIIB 14 (27.5%)

IIIC 1 (2%)
Tumor type
Invasive ductal, no special type 45 (88%)

Metaplastic 3 (6%)

Lobular 3 (6%)

Grade
1 4 (8%)
2 28 (55%)

3 17 (33%)

Unknown 2 (4%)

ER status†

Positive 30 (59%)

Negative 21 (41%)

HER2 status‡

Positive 12 (23.5%)

Negative 39 (76.5%)
Triple-negative status
Triple-negative 13 (25.5%)

Not triple-negative 38 (74.5%)

Surgery
Breast-conserving surgery 25 (49%)

Mastectomy 26 (51%)
Pathologic response
Responders 27 (53%)

Nonresponders 24 (47%)

*Version 7 (16) according to clinical examination and conven-

tional imaging findings.
†Tumors were considered positive for ER (estrogen receptor) if

.10% of cells showed staining by immunohistochemistry.
‡Tumors were considered to be positive for HER2 if .30% of

invasive tumor cells showed definite membrane staining resulting

in so-called fishnet appearance.
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Tumor Histology and Immunohistochemistry Analysis
Tumor type was determined on the core-needle biopsy sample

obtained before neoadjuvant chemotherapy. Immunohistochemi-
cal tests were performed on formalin-fixed, paraffin-embedded
tissues, using specific antibodies and an automated immunostainer
(XT Immunostainer; Ventana). Tumors were considered to be
HER2-positive if more than 30% of invasive tumor cells showed
definite membrane staining resulting in a so-called fishnet
appearance; control by fluorescence in situ hybridization or
silver-enhanced in situ hybridization was done for ambiguous
cases. Tumors were considered estrogen receptor (ER)–negative or
progesterone receptor–negative if there was less than 10% staining.

Three specific tumor subgroups as described previously were
considered, namely triple-negative, ER-positive/HER2-negative
(luminal), and HER2-positive.

Pathologic Tumor Response
Histopathologic response was assessed on surgical specimens

at the completion of neoadjuvant chemotherapy. Response was
graded in primary tumor (T) and nodes (N) according to the scale
of Sataloff et al. (15), which was used in the frequently cited study
by Rousseau et al. (6): TA 5 total or nearly total therapeutic
effect, TB 5 greater than 50% therapeutic effect but less than
total or nearly total effect, TC5 less than 50% therapeutic effect but
visible effect, TD 5 no therapeutic effect, NA 5 evidence of ther-
apeutic effect and no residual disease, NB 5 no node metastases or
therapeutic effect, NC 5 evidence of a therapeutic effect but me-
tastasis still present, ND 5 metastasis still present and viable (no
therapeutic effect). Complete and partial responders (T[A-B] with
N[A-B-C]) were considered histopathologic responders, whereas
patients with no response or progression (T[C-D], N[D]) were con-
sidered nonresponders.

The pCR rate, defined as absence of invasive cancer cells in
the primary tumor and in lymph nodes (16), was also evaluated,
and the predictive power of PET parameters to predict pCR was
measured.

Investigated Parameters and Analysis
All PET image–derived parameters were extracted from the

PET1 and PET2 images. For each patient, the primary tumor
was identified on the PET image by a nuclear medicine physician
with more than 10 y of experience and subsequently semiautomat-
ically isolated in a 3D region of interest (ROI) containing the
tumor and its surrounding background. Tumors were subsequently
automatically delineated using the fuzzy locally adaptive bayesian
(FLAB) algorithm (17) applied to the previously defined ROI. The
FLAB approach allows automatic tumor delineation by computing
a probability of belonging to a given class (e.g., tumor or back-
ground) for each voxel within the 3D ROI. This probability is
calculated by taking into account the voxel’s intensity with respect
to the statistical distributions (characterized by their mean and
variance) of the voxels in the various regions of the image, as well
as its spatial correlation with neighboring voxels in 3 dimensions.
This approach has been previously validated on simulated and
clinical datasets for accuracy, robustness, and reproducibility, on
both homogeneous and heterogeneous MATVs (17–19).

The potential impact of partial-volume effects was also in-
vestigated by correcting the image before analysis using a state-of-
the-art iterative deconvolution previously validated for oncology
PET applications (20). The analysis was subsequently per-
formed on both the original and the partial-volume-effect–corrected
images.

SUVmax, SUVpeak, and SUVmean, as well as the MATV and the
TLG, were then automatically calculated from the tumor delin-
eations. SUVpeak was defined as the mean of voxel intensities in
a 1.7-cm3 spheric ROI (27 voxels) centered on SUVmax (9). MATV
was defined as the sum of all voxels contained in the FLAB-de-
lineated volumes multiplied by the volume of a voxel (64 mm3).
SUVmean was defined as the mean of voxel intensities in the MATV
delineated by FLAB. Subsequently, TLG was determined by mul-
tiplying the MATV and its associated SUVmean. The percentage
evolution of each parameter between baseline and after the sec-
ond neoadjuvant chemotherapy cycle was calculated as (PET2

parameter 2 PET1 parameter)/PET1 parameter · 100.

Statistical Analysis
Statistical analyses were performed using MedCalc (MedCalc

Software). All parameters’ distributions were expressed as median
(or mean, depending on normality) 6 SD and range. Normality
was tested using the D’Agostino–Pearson test (21). For each param-
eter, its correlation with patient response was tested by determining
the statistical difference between responders’ and nonresponders’
distributions using a Mann–Whitney U test. The absolute value of
each parameter at PET1 and PET2 was investigated, as well as its
evolution from PET1 to PET2. The predictive performance regarding
the identification of responders was evaluated using receiver-oper-
ating-characteristic (ROC) analysis. Area under the curve (AUC),
sensitivity, specificity, and accuracy were reported. Absolute and
associated predictive parameter values extracted from the corrected
PET images were compared with original ones. Subgroup analysis
was also performed by considering triple-negative, HER2-positive,
and ER-positive/HER2-negative tumors separately. All tests
were 2-sided, and P values of 0.05 or less were considered statisti-
cally significant.

RESULTS

ER, progesterone receptor, and HER2 receptor status are
provided in Table 1. Thirteen patients had triple-negative
tumors, 12 had HER2-positive tumors, and 26 had ER-pos-
itive/HER2-negative tumors, which is representative (22).
Considering the pathologic tumor response established at
surgery (after completion of chemotherapy), there were 27
pathologic responders (53%) and 24 nonresponders (47%).
pCR was found in 7 patients (13.7%), among which 3 had
triple-negative and 4 had HER2-overexpressing tumors and
0 were ER-positive/HER2-negative. Figure 1 illustrates for
a pathologic nonresponder and a responder the 2 scans,
including delineation of the primary tumor.

Predictive Value of Parameters’ Absolute Values

According to the D’Agostino–Pearson test, considering
the entire patient cohort (n 5 51), none of the parameters’
absolute values at baseline and after the second cycle or
associated variation (D) were normally distributed (Table 2).
Similarly, the responder and nonresponder groups were
not normally distributed (Fig. 2), except for the variation
values (Fig. 3).

According to Mann–Whitney U tests, no significant cor-
relation (P . 0.1) was observed between the baseline val-
ues and histopathologic response (Table 2), distributions of
the parameters among responders and nonresponders being
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largely overlapped (Fig. 2A), leading to a low AUC of
0.52–0.63 (Table 3).
The primary tumors of nonresponders were characterized

by a higher PET2 SUVmax (5.36 6.2 vs. 2.86 2.9, P5 0.04)
and TLG (30 6 160 vs. 14 6 13, P 5 0.05). However, no
correlation (P $ 0.07) was found for any of the other
parameters considered (Table 2).
For all parameters, the distributions were largely over-

lapped (Figs. 2A–2C), as the results of ROC analysis dem-
onstrate, with a low AUC of 0.62–0.67 (Table 3). For SUV,
sensitivity (57%–69%) and specificity (71%–75%) were
limited. On the other hand, for volume-based measure-

ments, sensitivity was higher (89% and 78% for MATV
and TLG, respectively) but specificity was lower (42%
and 63% for MATV and TLG, respectively).

Evolution of Parameters and Associated
Predictive Value

There was a global trend of decreasing MATV and
associated tumors’ uptake after the first 2 neoadjuvant che-
motherapy cycles, although for some patients PET image–
derived parameters were also found to be increasing (Table 2).
The lowest and largest decreases were observed for
DSUVmax (234% 6 32%) and DTLG (259% 6 34%),
respectively.

According to Mann–Whitney U tests, the variation of all
parameters was statistically different between responders
and nonresponders, especially for DMATV and DTLG
(P , 0.0001), as well as DSUVmax (P 5 0.0001) (Table 2).

According to ROC analysis, the best prediction was
achieved using the DTLG, with a sensitivity of 96% and
specificity of 92%, resulting in an accuracy of 94% (Table 3).
The DMATV was also an accurate predictive factor (sensi-
tivity, 93%; specificity, 88%; accuracy, 91%). On the other
hand, DSUV measurements led to significantly lower
AUCs (0.68 for DSUVmean to 0.82 for DSUVmax vs. 0.92
for DMATV and 0.91 for DTLG, P # 0.01) (Fig. 4A), with
significantly lower sensitivity (63%–74%), specificity (67%–
92%), and resulting accuracy (71%–77%) (Table 3). The least
overlapped distributions were those associated with
DMATV and DTLG (Fig. 3). The optimal cutoff values
maximizing sensitivity and specificity were 248%, 242%,
230%, 242%, and 256% for DSUVmax, DSUVpeak,
DSUVmean, DMATV, and DTLG, respectively (Table 3,
Fig. 3).

Tumor Subgroup Analysis

When considering ER-positive/HER2-negative patients
(n 5 26), all AUCs were slightly higher but with the same
hierarchy as for the entire cohort: DTLG and DMATV
resulted in AUCs of 0.96 and 0.98, respectively, whereas
DSUV measurements led to AUCs of 0.69, 0.84, and 0.88
for DSUVmean, DSUVpeak, and DSUVmax, respectively.

The ROC analysis performed on the 12 HER2-positive
and 13 triple-negative breast cancer patients resulted in

FIGURE 1. Illustration of PET1 (left) and PET2 (right) for pathologic

responder (A) (DSUVmax, 246%, DTLG, 289%) and nonresponder

(B) (both DSUVmax and DTLG, 243%). Green contours represent

FLAB delineation.

TABLE 2
PET Parameter Values and Correlation with Response

Parameter PET1 P PET2 P D(PET1, PET2) (%) P

SUVmax 6.8 (2.3, 27.5) 0.8 3.9 (1.4, 30.7) 0.04* 234 (290, 1104) 0.0001*

SUVpeak 4.8 (1.9, 22.0) 0.8 2.9 (1.0, 24.5) 0.07 239 (290, 173) 0.0004*
SUVmean 3.7 (1.3, 18.7) 0.7 2.5 (1.0, 17.9) 0.2 236 (287, 169) 0.026*

MATV (cm3) 14 (2, 227) 0.1 7 (1, 154) 0.09 245 (289, 174) ,0.0001*

TLG 51 (9, 668) 0.4 16 (1, 758) 0.05* 259 (298, 151) ,0.0001*

*Statistically significant.

Data are median, with minimum and maximum in parentheses.
P values are for responders vs. nonresponders, as determined using Mann–Whitney U test.
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nonstatistically significant different AUCs for volume-
based measurements and SUVs (P . 0.05) in both cases.

Prediction of pCR

The pCR predictive value of all parameters was reduced
with respect to the prediction of partial response. The hierarchy
was, however, similar, with AUCs of 0.76, 0.79, 0.67, 0.63, and
0.59 for DTLG, DMATV, DSUVmax, DSUVpeak, and
DSUVmean, respectively (Fig. 5A).

Impact of Partial-Volume-Effect Correction

The correction of partial-volume effects had no significant
impact on the resulting variation of either SUV or volume-
based parameters, despite the significant impact on their PET1

and PET2 absolute values. There were therefore no statistically
significant differences between the AUCs of ROC curves gen-
erated using D(%) calculated using the original and corrected
PET image–derived parameters (Figs. 4B and 5B).

DISCUSSION

The current study was the first, to our knowledge, in-
vestigation into the predictive value of 18F-FDG PET–derived
parameters on a breast cancer cohort, including MATV, TLG,
and 3 different SUV measurements at baseline and their
evolution. Our results contradict those of the only other
study to date comparing the performance of DSUVmax and
DTLG—a study that reported a higher predictive value for
DSUVmax (13). In that previous study, DSUVmean, DSUVpeak,
and DMATV predictive values were not considered. In ad-
dition, DTLG values were derived from tumor volumes
delineated through manual contouring using a fixed threshold.
Such a delineation approach has been previously shown to be
inaccurate for PET (23,24). In our study, a previously vali-
dated robust and reproducible MATV segmentation algorithm
was used. Another difference is that results in the previously
reported study were reported for the prediction of pCR only,
corresponding to 17% of the 142 patients, with a resulting
cutoff DSUVmax of 83%–88%, which led to high specificity
(96%) but low sensitivity (67%). In our study, we considered
as pathologic responders patients with complete or partial

response in the primary breast cancer and lymph nodes.
According to this criterion we found that MATV and TLG
were more predictive than SUV. We refined a subsequent
analysis considering pCR only for responders, and we ob-
served also that volume parameters were superior (AUC,
0.76–0.79) to SUV (0.59–0.67).

In contrast to results for several malignancies such as
locally advanced esophageal cancer (11) or non-Hodgkin
lymphoma (10), none of the absolute baseline values (with or
without correction) was significantly associated with re-
sponse. The absolute values of some parameters (SUVmax

and TLG) after the second cycle (PET2) were significantly
correlated with response but had limited predictive value.
The most powerful predictive factors were the evolution
between the baseline and the second scan.

Pathologic responders were associated with a signifi-
cantly higher decrease in the 18F-FDG PET–derived indices
considered. Among these, DTLG and DMATV were the
best predictive factors compared with DSUV measure-
ments, with significantly higher accuracy (91% and 94%
for MATVand TLG vs. 71%, 76%, and 77% for DSUVmean,
DSUVpeak and DSUVmax, respectively). With respect to the
recent metaanalysis that reported an overall 84% sensitivity
and 66% specificity based on DSUVmax (8), our DSUVmax

results demonstrated lower sensitivity (63%) but higher
specificity (92%), whereas DTLG resulted in both higher
sensitivity (96%) and higher specificity (92%). The meta-
analysis also demonstrated large differences in sensitivities
and specificities among the various considered studies due
to combinations of different patient populations, response
criteria (pCR or partial response), and cutoff values. Our
study is in line with previous findings that the reduction of
PET indices after 2 cycles is a good predictor of response to
neoadjuvant chemotherapy in breast cancer (8). We further
demonstrated the added value of considering more com-
plete tumor characterization in 18F-FDG PET images
through the delineation of the MATV over SUV measure-
ments only. On the one hand, these results were mostly un-
changed when the analysis was performed on the subgroup

FIGURE 2. Box-and-whisker distribution plots of SUVmax, SUVpeak, and SUVmean (A); MATV (B); and TLG (C) absolute values at PET1 and PET2.

One patient with extremely high MATV and TLG values does not appear for readability purposes. Central box represents values from 25th to 75th

percentiles. Middle line represents median. A line extends fromminimum to maximum, excluding outliers, which are displayed as separate points.

SEQUENTIAL 18F-FDG PET FOR BREAST CANCER • Hatt et al. 345

by on March 14, 2017. For personal use only. jnm.snmjournals.org Downloaded from 

http://jnm.snmjournals.org/


of ER-positive/HER2-negative patients. On the other hand,
the respective predictive values of DSUV, DMATV, and
DTLG were similar for the triple-negative and HER2-
positive breast cancer patients. However, since this sub-
group analysis included a small number of patients (13 tri-
ple-negative and 12 HER2-positive), it needs to be further
validated in a larger patient population. Future validation
studies on larger groups of patients will be focused on
ER-positive/HER2-negative patients since it is for this
subgroup that the added value of DMATVand DTLG over
DSUV seems to be the most significant. This observation
can be explained by the fact that ER-positive/HER2-negative
tumors are known to exhibit lower initial 18F-FDG uptake

and therefore have lower decrease margins (7,25,26). These
tumors are also known to only partially respond to neoadju-
vant chemotherapy, requiring finer characterization of their
response (27,28). Therefore, the addition of functional tumor
volume–based metrics logically improves predictive accu-
racy for these tumors. For triple-negative and HER2-positive
tumors that exhibit higher 18F-FDG uptake and associated
decrease margins, as well as better pCR rates, the addition
of volume-based metrics might not translate into a signifi-
cantly improved predictive value over DSUV measurements.

Another interesting result of our study was that DSUVmean

had significantly lower predictive value than DSUVpeak and
DSUVmax (AUC of 0.68 vs. 0.79 and 0.82, respectively, P ,
0.02). Considering the use of DSUVpeak relative to DSUVmax,
as proposed by the PERCIST recommendations (9), in this
study there were no statistically significant differences
between the two (AUC, 0.79 vs. 0.82, P 5 0.2), despite
DSUVmax leading to slightly better results than DSUVpeak.
Both these parameters describe the highest-activity region of
the tumor, whereas the mean value is a better representative
measurement of the entire tumor. A potential explanation for
the lower predictive value of DSUVmean is its higher depen-
dency on partial-volume effects compared with SUVmax and
SUVpeak. It has, however, recently been shown in a group of
15 breast cancer patients that correction of partial-volume
effect had limited impact on SUV reduction (29), without
reporting, however, on the actual impact of this reduction on
the overall response predictive value. Another study investi-
gated the impact of correction on the prediction of response
to neoadjuvant chemotherapy for breast cancer using dy-
namic 18F-FDG PET. The investigators found that correction
eliminated significant differences in percentage 18F-FDG up-
take measurement changes for nonresponders (NR) versus
partial responders but not for pCR versus other response
categories (30). In the aforementioned work, partial-volume

FIGURE 3. Box-and-whisker distribution plots of DSUVmax,

DSUVpeak, DSUVmean, DMATV, and DTLG. Optimal cutoffs providing

best accuracy in predicting response are displayed. Central box
represents values from 25th to 75th percentiles. Middle line repre-

sents median. A line extends from minimum to maximum, excluding

outliers, which are displayed as separate points.

TABLE 3
Predictive Value According to ROC Analysis

Parameter Timing AUC Cutoff value Sensitivity (%) Specificity (%) Accuracy (%)

SUVmax PET1 0.52 [0.37–0.66] .11.6 30 [14–50] 83 [63–95] 55 [38–68]

PET2 0.67 [0.52–0.79] #3.7 67 [46–84] 75 [53–90] 71 [49–87]

D (%) 0.82 [0.68–0.91] #248 63 [42–81] 92 [73–99] 77 [57–90]
SUVpeak PET1 0.52 [0.37–0.66] .11.7 22 [9–42] 88 [68–97] 53 [34–69]

PET2 0.65 [0.50–0.78] #2.8 63 [42–81] 71 [49–87] 67 [46–85]

D (%) 0.79 [0.65–0.89] #242 70 [50–86] 83 [63–95] 76 [54–91]

SUVmean PET1 0.53 [0.38–0.67] #2.2 19 [6–38] 92 [73–99] 53 [34–69]
PET2 0.62 [0.47–0.75] #2 59 [39–78] 75 [53–90] 67 [46–85]

D (%) 0.68 [0.54–0.81] #230 74 [54–89] 67 [45–84] 71 [49–88]

MATV (cm3) PET1 0.63 [0.48–0.76] .7 85 [66–96] 42 [22–63] 65 [48–79]

PET2 0.64 [0.49–0.77] #11.3 89 [71–98] 42 [22–63] 67 [45–84]
D (%) 0.92 [0.82–0.98] #242 93 [76–99] 88 [68–97] 91 [72–98]

TLG PET1 0.57 [0.43–0.71] .16 93 [76–99] 29 [13–51] 63 [42–81]

PET2 0.66 [0.51–0.79] #23.3 78 [58–91] 63 [41–82] 71 [49–88]

D (%) 0.91 [0.79–0.97] #256 96 [81–100] 92 [73–99] 94 [79–99]

Data in brackets are 95% confidence intervals.
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effect was corrected using simplistic recovery coefficients,
applied only to tumors smaller than 3 cm based on MR
imaging. In our study, correction was systematically applied
to all images using a voxelwise iterative image deconvolu-
tion algorithm previously validated for PET images (20). In
this work, the use of correction did not change either the

predictive value of the parameters or their evolution or the
statistical differences between groups of response, despite
a significant change in their absolute values. Finally, correc-
tion did not improve the predictive value of SUVmean or the
hierarchy of performance between the 3 different SUV mea-
surements, for either the partial or the pCR response criteria.

FIGURE 4. ROC curves related to prediction of responders for DSUVmax, DSUVpeak, DSUVmean, DMATV, and DTLG without (A) or with (B)

partial-volume effect correction.

FIGURE 5. ROC curves related to prediction of pCR for DSUVmax, DSUVpeak, DSUVmean, DMATV, and DTLG without (A) or with (B) partial-

volume effect correction.
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This lack of correction impact is consistent with our previous
findings (31,32).
The delineation of breast cancer MATVs is challenging

because they often exhibit heterogeneous uptake distribu-
tions and complex shapes or low tumor-to-background ratios,
particularly in the midtreatment scan. Therefore, the use of
a robust algorithm is recommended. Within this context, the
results presented here using FLAB may be replicated using
alternative approaches, such as gradient-based (33) or im-
proved fuzzy C-means (34) methods. Using less robust
approaches might lead to significant differences in the results
concerning the value of volume-derived parameters (11,13).
In addition, this effect may be more important when the
temporal evolution of such parameters is considered, as
measurements have to be considered with respect to the
known physiologic reproducibility ranges. Differences
have to be larger than 630% to characterize response, be-
cause of the upper and lower physiologic reproducibility
limits associated with PET-derived measurements (19). Con-
sidering MATVand TLG values, these reproducibility limits
were obtained using the FLAB method, whereas less robust
approaches (fixed and adaptive threshold) lead to larger val-
ues (650%–90%) (19). The FLAB method also allows for
measurements that are more repeatable, with low inter- and
intraobserver variability (18,19). Finally, the imaging proto-
col in this study was specifically designed to ensure robust
and reproducible tumor characterization between both time
points. For most patients, measured evolutions were outside
the reproducibility limits. Optimal cutoffs were also larger:
248% for SUVmax, which is in accordance with previous
findings (8), and 242% and 256% for MATV and TLG,
respectively.
One potential limitation of this study was its retrospec-

tive nature and the resulting potential bias, and the lack of
reliable outcome information due to the short delay between
surgery and last follow-up. Another limitation was the
relatively small number of patients due to the fact that the
previous prospective study was limited to 55 patients (14),
4 of whom could not be included in the present study. This
small sample is especially restrictive regarding the sub-
group analyses of triple-negative and HER2-positive patients.
The findings of this study therefore need to be validated in
larger patient cohorts. Another limitation was that although
nodal status was considered to define pathologic response,
only primary tumors were characterized in the images to
simplify the analysis. Finally, some of the patients were
characterized by DTLG and DMATV decreases that were
close to the optimal cutoffs but sufficient to avoid mis-
classification, whereas the opposite was true for SUVmax

(Figs. 3). The statistical difference between AUCs of
DSUVmax and DTLG might therefore be lower in larger
prospective studies. However, values of DMATV and
DTLG present a higher spread than DSUV measurements
as demonstrated in Figure 3, showing their higher discrimi-
native power as demonstrated by Mann–Whitney U tests
(Table 2).

CONCLUSION

The reduction of metabolically active primary tumor
volumes and associated activity measurements such as TLG
after 2 neoadjuvant chemotherapy cycles predicts histopath-
ologic tumor response with statistically significant higher
accuracy (94%) than SUVmax (77%). The advantage of TLG
over SUVmax was particularly evident for the 26 patients in
the ER-positive/HER2-negative subgroup, and therefore we
will focus on confirming these results in a larger group of
ER-positive/HER2-negative patients. Such confirmation
may potentially increase the clinical value and efficiency
of 18F-FDG PET for early prediction of response to neo-
adjuvant chemotherapy.
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