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ORIGINAL RESEARCH

Breast cancer is a heterogeneous disease requiring thera-
pies specifically targeted to an individual patient’s tu-

mor characteristics (1–5). Treatment decisions can be fur-
ther refined based on gene expression assays that probe an 
array of molecular markers for an individual tumor (3). 
For more aggressive and advanced breast cancers, neoad-
juvant chemotherapy (NAC) permits the study of the in-
dividual patient’s response to targeted therapy (6–8). The 
response of the primary breast tumor to NAC is a surro-
gate marker for the response of systemic micrometastases 
and predicts long-term survival outcomes (9,10). Thus, 
there is a critical need to develop predictive biomarkers 
that can help assess response to NAC. Furthermore, ef-
fective evaluation of treatment response is required early 
in the course of NAC, both to triage patients toward the 

most effective regimen and to avoid the toxicity of inef-
fective treatments.

Imaging provides a noninvasive means of assessing 
treatment response and predicting pathologic complete 
response and residual cancer burden (RCB). MRI-derived 
measures of peak signal enhancement ratio (SER) and 
functional tumor volume (FTV) have been shown to be 
superior to clinicopathologic examination in predicting re-
sponse to NAC and survival outcomes (11,12). Fluorine 
18 fluorodeoxyglucose (FDG) PET is a powerful func-
tional imaging technique that captures tumor glycolysis 
and has the potential to detect early response to therapy 
before morphologic changes are visible on anatomic im-
ages. Numerous studies have demonstrated the utility of 
whole-body PET (wbPET) with FDG in monitoring the 

This copy is for personal use only. To order printed copies, contact reprints@rsna.org

Purpose: To compare quantitative measures of tumor metabolism and perfusion using fluorine 18 (18F) fluorodeoxyglucose (FDG) dedi-
cated breast PET (dbPET) and breast dynamic contrast-enhanced (DCE) MRI during early treatment with neoadjuvant chemotherapy 
(NAC).

Materials and Methods: Prospectively collected DCE MRI and 18F-FDG dbPET examinations were analyzed at baseline (T0) and after 3 
weeks (T1) of NAC in 20 participants with 22 invasive breast cancers. FDG dbPET–derived standardized uptake value (SUV), metabolic 
tumor volume, and total lesion glycolysis (TLG) and MRI-derived percent enhancement (PE), signal enhancement ratio (SER), and func-
tional tumor volume (FTV) were calculated at both time points. Differences between FDG dbPET and MRI parameters were evaluated 
after stratifying by receptor status, Ki-67 index, and residual cancer burden. Parameters were compared using Wilcoxon signed rank and 
Mann-Whitney U tests.

Results: High Ki-67 tumors had higher baseline SUVmean (difference, 5.1; P = .01) and SUVpeak (difference, 5.5; P = .04). At T1, decreases 
were observed in FDG dbPET measures (pseudo-median difference T0 minus T1 value [95% CI]) of SUVmax (−6.2 [−10.2, −2.6]; P < 
.001), SUVmean (−2.6 [−4.9, −1.3]; P < .001), SUVpeak (−4.2 [−6.9, −2.3]; P < .001), and TLG (−29.1 mL3 [−71.4, −6.8]; P = .005) and 
MRI measures of SERpeak (−1.0 [−1.3, −0.2]; P = .02) and FTV (−11.6 mL3 [−22.2, −1.7]; P = .009). Relative to nonresponsive tumors, 
responsive tumors showed a difference (95% CI) in percent change in SUVmax of −34.3% (−55.9%, 1.5%; P = .06) and in PEpeak of −42.4% 
(95% CI: −110.5%, 8.5%; P = .08).

Conclusion: 18F-FDG dbPET was sensitive to early changes during NAC and provided complementary information to DCE MRI that may 
be useful for treatment response evaluation.

Clinical trial registration no. NCT01042379

Supplemental material is available for this article.
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a desirable feature when repeated longitudinal assessments of 
primary breast tumors during NAC are needed. Owing to its 
high spatial resolution, dbPET has been shown to be superior 
to wbPET in depicting intratumoral heterogeneity (27,28), a 
potentially important predictive and prognostic marker (1,4). 
Finally, in the clinical trial setting, receptor-specific tracers can 
be used to probe different breast cancer subtypes to permit more 
detailed assessment of response to targeted therapies.

Although dbPET is a Food and Drug Administration–ap-
proved device, it is currently applied only in the experimental set-
ting in the United States, and its role in characterizing and moni-
toring primary breast cancers is not well established. There are 
limited data on the sensitivity and accuracy of dbPET in assessing 
early response to NAC, the comparative performance of dbPET 
and MRI assessment during early treatment, and the relationship 
between dbPET parameters and immunohistochemical markers. 
In this pilot study, which represents early-stage work, we imaged 
biopsy-confirmed primary invasive breast cancers with both MRI 
and FDG dbPET at baseline and 3 weeks after NAC initiation. 
Quantitative FDG dbPET and MRI parameters were measured 
and compared. In addition, we performed exploratory analyses to 
study the relationship between these imaging parameters and im-
munohistochemical markers as well as RCB status upon treatment 
completion. Last, the correlation between FDG dbPET and MRI 
parameters was assessed to better understand the relationships be-
tween tumor metabolism and tumor vascularity.

Materials and Methods
This study followed a Health Insurance Portability and Account-
ability Act–compliant study protocol that was reviewed by the 
institutional review board of University of California San Fran-
cisco, and approved by the Committee of Human Research of 
the University of California San Francisco, under the institu-
tion’s Human Research Protection Program. All study partici-
pants provided written informed consent.

Study Participants
This study prospectively coenrolled individuals participating in 
the I-SPY 2 TRIAL (Investigation of Serial Studies to Predict 
Your Therapeutic Response with Imaging and Molecular Anal-
ysis 2; ClinicalTrials.gov: NCT01042379) between November 
2015 and November 2021 who underwent FDG dbPET imag-
ing at time points corresponding to their breast dynamic con-
trast-enhanced (DCE) MRI examinations at baseline (T0) and 
at 3-week follow-up of NAC (T1). The I-SPY 2 TRIAL is an 
ongoing multicenter adaptively randomized phase 2 trial with 
multiple neoadjuvant therapy arms for individuals with breast 
cancer at high risk for early recurrence. During the screening 
process for enrollment in the I-SPY 2 TRIAL at the University 
of California San Francisco, 20 participants diagnosed with 
biopsy-proven invasive breast carcinoma were coenrolled in 
this study, which included additional FDG dbPET imaging. 
All participants coenrolled in this study underwent DCE MRI 
and FDG dbPET at baseline (T0); 17 participants also com-
pleted 3-week follow-up of NAC (T1) with dbPET, and 15 
completed follow-up MRI.

response of breast cancer to NAC at earlier time points than 
MRI (13–15). Standardized uptake values (SUVs) from wbPET 
have been correlated with angiogenic biomarkers (16), tumor 
vascularity (17), molecular subtypes (18,19), MRI kinetics (19), 
and response to treatment (20–22).

Despite its predictive value, wbPET is limited in character-
izing primary breast tumors, and dedicated breast PET (dbPET) 
scanners have been developed to address wbPET limitations and 
to permit more detailed functional characterization of primary 
breast tumors. While prone positioning is feasible with wbPET, 
supine patient positioning is most commonly used; the latter 
collapses breast tissue and contributes to respiratory motion 
blurring (23). Partial volume effects also limit the spatial resolu-
tion of wbPET (24). The dbPET scanner consists of a ring of 
detectors that translates axially over the length of the breast (25). 
Patients undergo imaging in the prone position without breast 
compression. dbPET has higher spatial resolution (1–2 mm) 
compared with wbPET (4–6 mm), and previous studies have 
shown it has increased sensitivity for primary tumor detection, 
particularly for lesions measuring less than 1 cm (26). dbPET 
has also been shown to have a greater dynamic range compared 
with wbPET, which may enable more sensitive measurement 
and stratification of treatment response. Because of its high sen-
sitivity, dbPET requires half the dose of FDG relative to wbPET, 

Abbreviations
dbPET = dedicated breast PET, DCE = dynamic contrast-
enhanced, FDG = fluorodeoxyglucose, FTV = functional tumor 
volume, HER2 = human epidermal growth factor receptor 2,  
HR = hormone receptor, MTV = metabolic tumor volume,  
NAC = neoadjuvant chemotherapy, PE = percent enhancement, 
RCB = residual cancer burden, SER = signal enhancement ratio, 
SUV = standardized uptake value, TLG = total lesion glycolysis, 
TNBC = triple-negative breast cancer, wbPET = whole-body PET

Summary
Results of this exploratory study suggest that fluorine 18 fluorode-
oxyglucose dedicated breast PET provides nonredundant information 
relative to breast MRI and is highly sensitive to metabolic changes 
early in the course of neoadjuvant chemotherapy.

Key Points
 ■ After 3 weeks of neoadjuvant chemotherapy (NAC), primary 

breast tumors demonstrated decreases in fluorodeoxyglucose 
dedicated breast PET measures (pseudo-median difference T0 
minus T1 value [95% CI]) of maximum standardized uptake value 
(SUV) (−6.2 [−10.2, −2.6]; P < .001), SUVmean (−2.6 [−4.9, −1.3]; 
P < .001), SUVpeak (−4.2 [−6.9, −2.3]; P < .001), and total lesion 
glycolysis (−29.1 mL3 [−71.4, −6.8]; P = .005).

 ■ Decreases in dynamic contrast-enhanced breast MRI measures 
(pseudo-median difference T0 minus T1 value [95% CI]) of peak 
signal enhancement ratio (−1.0 [−1.3, −0.2]; P = .02) and func-
tional tumor volume (−11.6 mL3 [−22.2, −1.7]; P = .009) were 
observed in primary breast tumors after 3 weeks of NAC. 

 ■ Relative to nonresponsive tumors, treatment-responsive tumors 
showed a difference (95% CI) in percent changes in SUVmax of 
−34.3% (−55.9%, 1.5%; P = .06) and in peak percent enhance-
ment of −42.4% (−110.5%, 8.5%; P = .08) after 3 weeks of NAC. 

Keywords
Breast, PET, Dynamic Contrast-enhanced MRI
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rameter, percent change at T1 relative to T0 was calculated as  
100 ∙ (parameterT1 − parameterT0)/parameterT0, where param-
eterT0 and parameterT1 are the values at T0 and T1, respectively.

MRI Scan Acquisition
DCE MRI was performed with a 1.5-T scanner (Signa HDxt; 
GE HealthCare) or a 3-T scanner (SIGNA Premier; GE 
HealthCare) with a dedicated 16-channel breast coil (Senti-
nelle). The DCE MRI acquisition protocol was as follows: rep-
etition time/echo time/flip angle, 7 msec/4.2 msec/10° (1.5-T 
scanner) or 6.7 msec/4.6 msec/12° (3-T scanner); phase ac-
quisition time, 80–100 seconds; field of view, 260–360 mm; 
in-plane resolution, ≤1 mm; section thickness, ≤2.5 mm; and 
axial orientation in prone position. Postcontrast images were 
continuously scanned for six phases. Gadobutrol (Gadavist; 
Bayer) or gadoterate meglumine (Dotarem; Guerbet) was ad-
ministered at the manufacturer-recommended dose. 

MRI Data Analysis
DCE MRI scans were analyzed using a voxel-based compari-
son of contrast enhancement of different phases using in-house 
software developed in Interactive Data Language (L3Harris 
Geospatial). Early and delayed postcontrast phases were se-
lected from the postcontrast series based on temporal sampling 
of the center of k-space closest to 2.5 minutes for early phase 
and 7.5 minutes for late phase. To initiate the MRI measure-
ments, a three-dimensional box region of interest was manually 
drawn on early phase images to encompass the tumor. Percent 
enhancement (PE), calculated as [(S1 − S0)/S0] ∙ 100%, and 
SER, calculated as (S1 − S0)/(S2 − S0), were computed for each 
voxel within the region of interest, where S0, S1, and S2 repre-
sent the signal intensities on the precontrast, early postcontrast, 
and late postcontrast images, respectively. MRI-based FTV was 
then computed as the sum of all voxels meeting the thresholds 
for PE and SER, which were set as 70% and 0, respectively, 
based on prior studies (29,30). We defined five different MRI 
parameters: mean SER (SERmean), peak SER (SERpeak), mean 
PE at early phase (PEmean), peak PE at early phase (PEpeak), and 
FTV. SERpeak was measured using automated searching of the 
entire FTV for the largest mean SER of a connected 8-voxel 
region (SER hot spot), and SERmean was obtained by averaging 
the mean SER of the hot spots among all FTV voxels. PEpeak 
and PEmean were measured in a similar manner. For each MRI 
parameter, percent change at T1 relative to T0 was calculated 
similarly as for FDG dbPET parameters.

Tumor Characteristics
Ki-67 index and immunohistochemical subtype were patho-
logically confirmed in the pretreatment core-biopsy specimen. 
A Ki-67 index cutoff of 20% was previously shown to accu-
rately stratify recurrence and death (31). Therefore, we classi-
fied tumors into two groups: high Ki-67 (>20%) and low Ki-
67 (≤20%). Using immunohistochemical markers as surrogates 
for molecular subtypes, we classified tumors into two groups: 
triple-negative breast cancer (TNBC; ie, HR−/HER2−) and 
non-TNBC (ie, HR+/HER2+, HR+/HER2−, and HR−/

Female individuals aged 18 years or older diagnosed with 
stage II or III breast cancer (tumor size > 2.5 cm) without distant 
metastases were eligible for the screening process of the I-SPY 2 
TRIAL. Individuals with hormone receptor (HR)–positive/hu-
man epidermal growth factor receptor 2 (HER2)–negative tu-
mors that were assessed as low risk using a 70-gene assay (Mam-
maPrint; Agendia) were screened out of the trial. I-SPY 2 TRIAL 
participants were administered 12 cycles of weekly paclitaxel 
(standard of care) and/or a combination of experimental agents 
for 12 weeks, followed by four cycles of anthracycline-cyclophos-
phamide before the surgical procedure to remove the primary 
tumor. Participants with HER2+ cancer were also administered 
trastuzumab for the first 12 weeks.

FDG dbPET Image Acquisition
dbPET was performed with FDG (dose range, 101–202 MBq; 
median, 186 MBq) using the Mammi PET system (Oncovi-
sion). Participants fasted for 6 hours prior to imaging, and 
blood glucose level was measured before intravenous FDG ad-
ministration. Following an uptake period of 44–56 minutes 
(median, 44 minutes 36 seconds [IQR, 44 minutes 19 sec-
onds to 44 minutes 57 seconds]; mean, 45 minutes 5 seconds), 
participants were scanned in a prone position, with a single 
breast positioned through the aperture into the detector ring. 
The detector ring translated axially from the nipple toward the 
chest wall (from anterior to posterior) for approximately 15 
minutes, with the number of frames determined by the total 
length of the breast. dbPET images were reconstructed three-
dimensionally using a manufacturer-provided maximum-
likelihood expectation-maximization algorithm with a 1-mm 
kernel and 16 iterations. Attenuation correction was applied 
using a synthetic CT image created from the dbPET images 
based on the shape of the breast and the attenuation coefficient 
of water. The postreconstruction resolution was standardized 
to 1 × 1 × 1 mm. Both breasts were scanned consecutively in 
the same imaging session, starting with the breast containing 
the biopsy-proven tumor.

FDG dbPET Data Analysis
Using OsiriX MD (Pixmeo), we first converted reconstructed 
images to decay-corrected SUV maps normalized by body 
weight. Tumors were segmented on converted SUV maps us-
ing semiautomated methods based on a region growing algo-
rithm with a threshold of 3 < SUV < 100. The following five 
parameters were computed within the tumor segmentation 
using Python version 3.7 (Python Software Foundation) and 
3D Slicer version 4.11: (a) maximum SUV (SUVmax; the maxi-
mum uptake value of a single voxel within the tumor segmen-
tation), (b) average SUV (SUVmean; the average uptake value 
of all voxels within the tumor segmentation), (c) peak SUV 
(SUVpeak; the average SUV of the voxels within a 1-cm3 spheri-
cal region of interest centered on the voxel with the highest 
uptake within the tumor segmentation), (d) metabolic tumor 
volume (MTV; the sum of voxel volumes with SUV ≥ 40% 
of the lesion SUVmean), and (e) total lesion glycolysis (TLG; 
the product of MTV and SUVmean). For each FDG dbPET pa-
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2 TRIAL for the following reasons: low-risk disease with triage 
to neoadjuvant hormonal therapy (n = 2), diagnosis of distant 
metastases (n = 1), poor cardiac function (n = 1), and patient 
preference (n = 1). Three of the five individuals did not undergo 
follow-up dbPET, and none of the five individuals underwent 
follow-up MRI. Overall, for the 3-week follow-up analyses, we 
included follow-up dbPET in 17 participants with 19 tumors 
and follow-up MRI in 15 participants with 17 tumors.

Participants in the initial study cohort had a median age 
of 42.4 years (IQR, 32.0–48.0 years). Seventy-five percent of 
participants were premenopausal (≤50 years old; 15 of 20), and 
25% were postmenopausal (>50 years old; five of 20) (Table). 
Most tumors were either HR+/HER2– (10 of 22; 45%) or 
TNBC (seven of 22; 32%). Most participants had positive nodal 
involvement (12 of 20; 60%) and high baseline Ki-67 (16 of 22; 
73%). Following the completion of NAC, surgical pathology re-
vealed that 10 of 21 (48%) tumors (analyzed on a per-breast ba-
sis) exhibited a low RCB score (0 or I), and 11 of 21 (52%) had 
a high RCB score (II or III). The participant with bilateral breast 
tumors (two on the right and one on the left) had an RCB score 
of I for the right breast and 0 for the left breast and was therefore 
included in the treatment-responsive group with respect to all 
three tumors.

Early Treatment Changes in FDG dbPET and MRI Parameters
FDG dbPET and MRI parameters were compared at baseline 
(T0) and at follow-up 3 weeks after initiation of treatment (T1) 
(Fig 1). Statistically significant decreases were observed for all 
but one of the FDG dbPET parameters after 3 weeks of NAC 
(pseudo-median difference [95% CI]) (Fig 1A–1E): SUVmax, 
−6.2 (−10.2, −2.6; P < .001); SUVmean, −2.6 (−4.9, −1.3; P < 
.001); SUVpeak, −4.2 (−6.9, −2.3; P < .001), and TLG, −29.1 
mL3 (−71.4, −6.8; P = .005). There was no evidence of a differ-
ence in MTV after NAC (2.3 mL3 [−0.2, 5.1]; P = .06).

An early change was also observed in MRI parameters (Fig 
1F–1J). Statistically significant decreases in MRI measures of 
SERpeak (pseudo-median difference, −1.0 [95% CI: −1.3, −0.2]; 
P = .02) and FTV (−11.6 mL3 [−22.2, −1.7]; P = .009) were 
observed at T1 relative to T0, with no evidence of a difference in 
SERmean (−0.2 [−0.7, 0.1]; P = .20) or PEmean (−13.2% [−56.0%, 
30.9%]; P = .54) between the two time points.

Association between FDG dbPET and MRI Parameters and 
Pathologic Outcome Evaluated Using RCB

Absolute value at T0— There was no evidence of a difference 
between treatment-responsive (RCB score 0 or I) and nonre-
sponsive tumors (RCB score II or III) in baseline TLG (differ-
ence, 62.1 mL3 [95% CI: −8.1, 138.4]; P = .10) or MTV (5.9 
mL3 [0.0, 16.5]; P = .05) (Fig S2D, S2E). There was no ap-
parent relationship between treatment response and baseline 
SUV measures (Fig S2A–S2C) or baseline MRI parameters 
(Fig S2F–S2J).

Percent change from T0 to T1— Figures 2 and 3 show example 
dbPET and MR images in participants with tumors classified 
as treatment-responsive and nonresponsive, respectively. For 

HER2+). The non-TNBC group was further subdivided into 
HER2+ and luminal (HR+/HER2−) subtypes for subanalysis.

Histopathologic Outcome and Treatment Response
We used RCB, a histopathologic grading system, to quantify 
treatment response after NAC on an ordinal scale. RCB is 
an established surrogate for predicting disease recurrence and 
survival in patients with breast cancer after NAC (32). RCB 
classes 0, I, II, and III reflect increasing residual tumor burden 
in the primary tumor and axillary beds. RCB 0 is equivalent to 
pathologic complete response. Studies have shown that higher 
RCB classes accurately identify patients who have poorer 
prognoses and those who may benefit from additional NAC 
(33,34). Compared with individuals with RCB 0 or I, those 
RCB II or III have been shown to have lower survival. Thus, 
in our study, tumors with an RCB score of II or III at surgical 
pathology were classified as nonresponsive, whereas those with 
an RCB score of 0 or I were considered treatment responsive.

Data and Statistical Analysis
We obtained FDG dbPET and DCE MRI parameters at base-
line (T0) and 3-week follow-up of NAC (T1). We assessed the 
association of FDG dbPET and MRI parameters with treat-
ment outcome evaluated by RCB (treatment responsive vs 
nonresponsive), tumor proliferative activity defined by Ki-67 
index (high Ki-67 vs low Ki-67), and pathologic outcome eval-
uated by subtype (TNBC vs non-TNBC). The absolute value 
of each parameter was compared between T0 and T1 using the 
Wilcoxon signed rank test. We focused on the pseudo-median 
for estimating location because it is the core statistic of the Wil-
coxon signed rank test. The pseudo-median is computed as fol-
lows: First, the midpoint of every pair of samples is computed 
(this includes “pairs” where both samples are the same sam-
ple). Then, the pseudo-median is the median of the ensuing  
n(n + 1)/2 midpoints. Note that the pseudo-median is the same 
as the median in the case of symmetric distributions. Compari-
son of each parameter (absolute value and percent change) be-
tween two different groups was done using the Mann-Whitney 
U test (Wilcoxon rank sum test). The Spearman correlation 
coefficient was used to evaluate the relationship between FDG 
dbPET and MRI parameters at T0 and T1; the same analysis 
was repeated in the treatment-responsive and nonresponsive 
groups. All statistical analyses were performed using R statisti-
cal software (version 3.6.3; R Foundation for Statistical Com-
puting). Estimated values are provided with 95% CIs and P 
values. Statistical significance was defined by P < .05. 

Results

Participant Characteristics
The initial cohort consisted of 20 participants with 22 biopsy-
confirmed, locally advanced invasive ductal carcinomas that 
were imaged in the baseline dbPET and MRI analyses (Fig S1). 
One participant presented with two distinct tumors in the right 
breast and one tumor in the left breast. Between baseline and 
follow-up imaging, five individuals screened out of the I-SPY 
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.13) (Fig 4A–4E). Relative to the nonresponsive group, the re-
sponsive group showed the following differences (95% CIs) in 
percent change in MRI parameters: PEpeak, −42.4% (−110.5%, 
8.5%; P = .08) and PEmean, −20.9% (−85.9%, 17.9%; P = .31) 
(Fig 4F, 4G). There was no evidence of a difference between 
the two groups in the other MRI measures: SERmean, −5.5% 
(−39.7%, 30.3%; P = .79); SERpeak, 0% (−44.7%, 22.0%; P = 
.69); and FTV, −8.3% (−68.4%, 30.9%; P = .54) (Fig 4H–4J).

Relationship between FDG dbPET and MRI Parameters and 
Ki-67 Index

Absolute value at T0— Tumors with high Ki-67 index (high 
Ki-67 group) had statistically significantly higher estimated 
baseline FDG dbPET values of SUVmean (difference, 5.1 [95% 
CI: 0.4, 6.9]; P = .01) and SUVpeak (5.5 [0.9, 10.5]; P = .04) 
than tumors in the low Ki-67 group (Fig 5B, 5C). There was 
no evidence of a difference in estimated baseline SUVmax (dif-
ference, 10.8 [95% CI: −28.7, 18.6]; P = .09), TLG (24.3 
[−676.4, 144.1]; P = .31), or MTV (0.2 mL3 [−58.3, 16.1];  
P = .84) between the two groups (Fig 5A, 5D, 5E).

There was no evidence of a difference in the estimated baseline 
MRI parameters between the high Ki-67 and low Ki-67 groups 
for PEpeak (difference, 46.5% [95% CI: −143.5%, 176.1%];  
P = .49), PEmean (29.4% [−116.3%, 117.3%]; P = .54), FTV (5.5 
mL3 [−14.6, 38.7]; P = .54), SERpeak (0 [0.0, 0.2]; P = .64), or 
SERmean (−0.1 [−0.8, 0.7]; P = .77) (Fig 5F–5J).

Percent change from T0 to T1— After 3 weeks of treatment, rela-
tive to the low Ki-67 group, the high Ki-67 group showed the fol-
lowing differences (95% CIs) in percent change in FDG dbPET 
parameters: SUVmax, −29.5% (−62.8%, 7.1%; P = .15); SUVmean, 
−19.7% (−50.5%, 13.1%; P = .18); SUVpeak, −23.6% (−56.7%, 
8.6%; P = .18); TLG, −38.2% (−146.8%, 28.6%; P = .18); and 
MTV, −28.2% (−156.7%, 38.1%; P = .41) (Fig S3A–S3E).

After 3 weeks of treatment, relative to the low Ki-67 group, 
the high Ki-67 group showed the following differences (95% 
CIs) in percent change in MRI parameters: FTV, −15.6% 
(−97.7%, 51.9%; P = .77); PEpeak, −18.6% (−104.9%, 54.5%;  
P = .59); SERpeak, −14.6% (−51.2%, 22.0%; P = .46); and SER-
mean, −13.6% (−54.9%, 48.4%; P = .50) (Fig S3G–S3J). There 
was no evidence of a difference between the high and low Ki-67 
groups in percent change in PEmean (−0.2% [−45.5%, 72.1%];  
P > .99) (Fig S3F).

Association between FDG dbPET and MRI Parameters and 
Immunohistochemical Subtype

Absolute value at T0— There was no evidence of a difference 
between the TNBC and non-TNBC groups in baseline SUVmax 
(difference, 5.3 [95% CI: −6.9, 13.5]; P = .33), SUVmean (0.7 
[−2.4, 5.7]; P = .63), SUVpeak (2.2 [−3.5, 8.6]; P = .78), TLG 
(17.9 [−65.0, 160.8]; P = .54), or MTV (0.4 mL3 [−7.6, 17.3]; 
P = .78) (Fig S4A–S4E). In the subanalysis in which the non-
TNBC group was further divided into HER2+ and luminal 
subtypes, no statistical analysis was performed because of the 
small sample size, but the results suggest no remarkable differ-

both FDG dbPET and MRI parameters, there was no evidence 
of a difference in estimated percent decrease from T0 to T1 
between the treatment-responsive and nonresponsive groups. 
Relative to the nonresponsive group, the responsive group 
showed the following differences (95% CIs) in percent change 
in FDG dbPET parameters: SUVmax, −34.3% (−55.9%, 1.5%; 
P = .06); SUVmean, −18.8% (−49.1%, 23.0%; P = .27); SUVpeak, 
−27.7% (−51.6%, 8.5%; P = .21); TLG, −25.1% (−83.7%, 
15.8%; P = .06); and MTV, −31.9% (−109.6%, 15.0%; P = 

Summary of Participant and Tumor Characteristics

Characteristic Value

No. of participants 20
Age (y)* 42.4 (32.0–48.0)
Body weight (kg)* 69.4 (62.4–72.6)
Body mass index*† 25.9 (23.4–27.0)
Lean body mass (kg)* 47.1 (44.2–49.1)
Menopause status
 Premenopause (≤50 y old) 15
 Postmenopause (>50 y old) 5
Tumor characteristics
 No. of unique tumors 22
 Stage
  I 1
  II 8
  III 12
  IV 1
 Tumor subtype
  ER+/PR+/HER2+ 2
  ER+/PR+/HER2− 10
  ER−/PR−/HER2+ 3
  ER−/PR−/HER2− 7
 Nodal status‡

  With positive involvement 12 (60)
  Without positive involvement 8 (40)
Tumor molecular characteristics
 Baseline Ki-67
  Low (≤20%) 6
  High (>20%) 16
 Pathologic complete response§ 7
 Residual cancer burden§

  Low (0 or I) 10
  High (II or III) 11

Note.—Unless otherwise indicated, participant characteristics 
are presented as the number of participants, and tumor charac-
teristics are presented as the number of tumors. ER = estrogen 
receptor, HER2 = human epidermal growth factor receptor 2, 
PR = progesterone receptor.
* Values are presented as medians (IQRs).
† Calculated as weight in kilograms divided by height in meters 
squared.
‡ Values are presented as numbers of participants, with percent-
ages in parentheses.
§ Values are presented as numbers of tumors on a per-breast basis 
(one participant had two tumors in the right breast and one 
tumor in the left breast).
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ences in the distribution of baseline FDG dbPET parameters 
for each subtype (Fig S5A–S5E).

At baseline, there was no evidence of a difference between 
the TNBC and non-TNBC groups in the MRI parameters of  
PEpeak (difference, −30.6% [95% CI: −157.5%, 95.2%]; P = 
.73), PEmean (−27.3% [−116.3%, 51.0%]; P = .78), FTV (−6.2 
mL3 [−31.1, 9.0]; P = .41), SERpeak (0 [−0.2, 0.0]; P = .67), or 
SERmean (−0.2 [−0.8, 0.3]; P = .40) (Fig S4F–S4J). In the sub-
analysis in which the non-TNBC group was further divided into 
HER2+ and luminal subtypes, no statistical analysis was per-
formed because of the small sample size, but the results suggest 
no remarkable differences in the distribution of baseline MRI 
parameters for each subtype (Fig S5F–S5J).

Percent change from T0 to T1— After 3 weeks of treatment, 
FDG dbPET parameters showed the following differences 
(95% CIs) in percent change from T0 to T1 in the TNBC 
versus the non-TNBC group: SUVmax, 8.7% (−21.2%, 49.1%; 
P = .57); SUVmean, 18.1% (−24.0%, 46.4%; P = .41); SUVpeak, 
13.2% (−14.2%, 43.6%; P = .17); TLG, 19% (−42.5%, 
75.2%; P = .52); and MTV, 31.6% (−30.4%, 108.6%; P = 
.36) (Fig 6A–6E). In the subanalysis further dividing the non-
TNBC group into HER2+ and luminal subtypes, no statistical 
analysis was performed because of small sample size, but the 
results suggest the possibility that HER2+ tumors had greater 
estimated declines in FDG dbPET parameters compared with 
luminal subtype and TNBC tumors after 3 weeks of neoadju-
vant treatment (Fig S6A–S6E).

At MRI, TNBCs showed the following differences (95% 
CIs) relative to non-TNBCs in percent change from T0 to T1: 
FTV, 40.9% (−7.8%, 107.5%; P = .14); PEmean, 28.6% (−9.5%, 

71.0%; P = .12); PEpeak, 24.0% (−39.8%, 70.7%; P = .30);  
SERpeak, −14.6% (−51.2%, 22.0%; P = .77); and SERmean, 
−13.6% (−54.9%, 48.4%; P = .63) (Fig 6F–6J). In the subanaly-
sis further dividing the non-TNBC group into HER2+ and lu-
minal subtypes, no statistical analysis was performed because of 
the small sample size, but the results suggest the possibility that 
the HER2+ group had larger estimated decreases in MRI param-
eters, particularly PE and FTV, compared with the TNBC and 
luminal subtype groups (Fig S6F–S6J).

Correlation of Fluorine 18 FDG dbPET and Breast MRI 
Measures at Baseline and during Early Treatment
FDG dbPET parameters were plotted against breast MRI pa-
rameters at baseline and follow-up. Baseline PEpeak was corre-
lated with baseline SUVmax (Spearman ρ = 0.60 [95% CI: 0.01, 
0.85]; P = .004) (Fig 7A). Baseline PEmean was correlated with 
baseline SUVmax (ρ = 0.57 [95% CI: −0.05, 0.83]; P = .006) 
(Fig 7B). Baseline values of FTV and MTV were also corre-
lated (ρ = 0.53 [95% CI: −0.4, 0.80], P = .01) (Fig 7C).

Similar relationships between dbPET and MRI parameters 
were observed at follow-up imaging at T1. PEpeak and PEmean were 
correlated with SUVmax (PEpeak, ρ = 0.51 [95% CI: −0.03, 0.80], 
P = .03; PEmean, 0.54 [0.04, 0.82], P = .02) (Fig 7G, 7H). PEmean 
was also correlated with SUVmean (ρ = 0.51 [95% CI: 0.06, 0.79]; 
P = .04) and SUVpeak (0.51 [−0.01, 0.78]; P = .04) (Fig S7K, 
S7L). There was no apparent correlation between FTV and 
MTV at T1 (Fig 7I).

Feature correlations at T0 and T1 were also calculated based 
on treatment response status (Figs 7D–7F, 7J–7L, S7E–S7H, 
S7M–S7P). Responding tumors demonstrated the strongest cor-
relations between dbPET and MRI features at T0 and T1.

Figure 1: Box-and-whisker plots show comparison of parameters of fluorine 18 fluorodeoxyglucose uptake at dedicated breast PET (dbPET) and MRI parameters of 
the same lesion at T0 (week 0) and T1 (week 3). (A–E) dbPET parameters: (A) maximum standardized uptake value (SUV), (B) mean SUV, (C) peak SUV, (D) total le-
sion glycolysis (TLG), and (E) metabolic tumor volume (MTV). (F–J) MRI parameters: (F) peak percent enhancement (PE), (G) mean PE, (H) mean signal enhancement 
ratio (SER), (I) peak SER, and (J) functional tumor volume (FTV). The boundaries of the boxes indicate the lower and upper quartiles, the lines within the boxes indicate the 
medians, and the whiskers indicate the range (not including outliers). Gray lines connect the data for individual lesions. * = P < .05. 
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Discussion
Studies have shown that both FDG PET and breast MRI can 
predict early response to NAC. However, neither technique 
alone has demonstrated sufficiently high accuracy in identify-
ing nonresponding tumors early in the course of NAC to direct 
changes in clinical management. Preliminary research has shown 
that combined evaluation with wbPET and MRI may improve 
prediction accuracy in early treatment (14,35,36). In our pilot 
study, we explored the potential of high-resolution dbPET to 
further complement MRI evaluation during early treatment. 
Consistent with prior studies of wbPET (14), dbPET measures 
were overall more sensitive to early treatment response than 
MRI. We observed statistically significant decreases in nearly 
all FDG dbPET measures 3 weeks after the initiation of NAC. 
Among MRI measures, only FTV and SERpeak showed statisti-
cally significant decreases during early treatment, findings that 
are also consistent with previous studies (11).

Stratification of tumors into treatment-responsive and nonre-
sponsive groups based on RCB permitted us to evaluate whether 

early changes in FDG dbPET and MRI measures correlated with 
the overall treatment response. We observed potentially larger 
decreases in all of the dbPET measures (vs only a subset of MRI 
measures) in treatment-responsive relative to nonresponsive tu-
mors. Although these differences were not statistically significant, 
they are likely to be clinically relevant given the large magnitude 
of potential differences. While further validation is needed, we 
hypothesize that the higher sensitivity and greater dynamic range 
of dbPET relative to wbPET may facilitate discrimination be-
tween responsive and nonresponsive tumors in the early treat-
ment setting. Future larger prospective studies with well-defined 
cohorts are needed to determine whether multiparametric im-
aging evaluation using FDG dbPET and MRI may aid in the 
prediction of responsiveness to neoadjuvant treatments.

Unlike DCE MRI, which is sensitive to blood volume and 
vascular permeability, FDG dbPET reflects tissue metabolism. 
Ki-67, a nuclear protein correlating with the degree of cellular 
proliferation, is often used as a prognostic biomarker to guide 
treatment decisions and track treatment response in breast 

Figure 2: Images in a 27-year-old participant with triple-negative right breast cancer who was classified as having a treatment-
responsive tumor (residual cancer burden class 0). (A, B) Sagittal maximum intensity projection postcontrast T1-weighted MRI scans 
show decrease in enhancing tumor volume from (A) baseline to (B) 3 weeks after treatment. (C, D) Sagittal maximum intensity 
projection dedicated breast PET images show decrease in fluorine 18 fluorodeoxyglucose uptake from (C) baseline to (D) 3 weeks 
after treatment. 
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cancer (37). When we dichotomized tumors into high and low 
Ki-67 groups, we found that high Ki-67 tumors had signifi-
cantly higher SUV at baseline compared with low Ki-67 tumors. 
Furthermore, tumors with high baseline Ki-67 levels exhibited a 
tendency toward greater decreases in all dbPET parameters after 
3 weeks of NAC, though no differences reached statistical signif-
icance. These observations suggest that dbPET parameters may 
be correlated with tumor proliferation, which in turn reflects the 
likelihood of response to NAC.

Given previous studies showing differences in signs of treat-
ment response at both MRI and PET based on receptor status 
(11,38–41), we sought to compare MRI and FDG dbPET 
parameters between TNBC and non-TNBC tumors. Concor-
dant with the literature, our results showed potentially higher 
baseline FDG dbPET parameters in TNBC compared with 
non-TNBC tumors, reflecting the higher proliferative index 
and aggressiveness of TNBC (22). After 3 weeks of treatment,  
TNBCs showed a more modest potential decrease in FDG 

dbPET parameters compared with non-TNBCs, despite the 
fact that TNBCs had the higher rate of RCB in our data set. 
However, on further analysis, the potentially greater decrease in 
FDG dbPET parameters in the non-TNBC group was shown 
to be possibly due to the HER2+ subgroup, which had a simi-
larly high rate of RCB in our data set. Finally, the non-TNBC 
group showed potentially higher percent decreases in volumet-
ric dbPET measures (TLG and MTV) than in dbPET SUVs, 
suggesting that volumetric measures may be more sensitive in 
capturing treatment response in non-TNBCs. This could be 
related to non-TNBCs having lower metabolic activity at base-
line than TNBCs and is consistent with other published studies 
(12,42,43).

We expected to see greater reductions in MRI measures of 
tumor volume and enhancement for TNBCs relative to non-
TNBCs, given the higher rates of treatment response of TNBCs, 
especially compared with the luminal subtype, which had the 
lowest rate of RCB. However, we instead observed a potentially 

Figure 3: Images in a 42-year-old participant with estrogen receptor–positive/progesterone receptor–positive/human epi-
dermal growth factor receptor 2–negative multifocal right breast cancer who was classified as a having a nonresponsive tumor (re-
sidual cancer burden class 3). (A, B) Sagittal maximum intensity projection postcontrast T1-weighted MRI scans show a decrease in 
the volume of multifocal enhancing masses (arrowheads) from (A) baseline to (B) 3 weeks after treatment. (C, D) Sagittal maximum 
intensity projection dedicated breast PET images show a corresponding decrease in multifocal fluorine 18 fluorodeoxyglucose up-
take from (C) baseline to (D) 3 weeks after treatment.  

http://radiology-ic.rsna.org


Radiology: Imaging Cancer Volume 6: Number 2—2024 ■ radiology-ic.rsna.org 9

Diwanji et al

greater reduction in MRI FTV in the non-TNBC group. One 
possible explanation is that baseline tumor volumes in the non-
TNBC group may have been overestimated due to background 
parenchymal enhancement (BPE). In general, TNBCs tend to 
be more well-defined masses in comparison to non-TNBCs, 
which may be infiltrative or multifocal and hence more difficult 

to distinguish from surrounding BPE. Since BPE tends to de-
cline with the initiation of neoadjuvant therapy, the apparent re-
duction in non-TNBC tumor volume in early treatment could, 
in part, reflect a reduction in BPE. This phenomenon was ob-
served previously in the I-SPY 1 TRIAL (11,38,44), in which 
the change in MRI FTV relative to baseline was less predictive of 

Figure 4:  Box-and-whisker plots show comparison of the change between T0 and T1 (delta) in parameters of fluorine 18 fluorodeoxyglucose uptake at dedicated 
breast PET (dbPET) and MRI parameters in treatment-responsive and nonresponsive groups determined by residual cancer burden (RCB). (A–E) dbPET parameters: (A) 
maximum standardized uptake value (SUV), (B) mean SUV, (C) peak SUV, (D) total lesion glycolysis (TLG), and (E) metabolic tumor volume (MTV). (F–J) MRI param-
eters: (F) peak percent enhancement (PE), (G) mean PE, (H) mean signal enhancement ratio (SER), (I) peak SER, and (J) functional tumor volume (FTV). The boundaries of 
the boxes indicate the lower and upper quartiles, the lines within the boxes indicate the medians, and the whiskers indicate the range (not including outliers).

Figure 5:  Box-and-whisker plots show comparison of parameters of fluorine 18 fluorodeoxyglucose uptake at dedicated breast PET (dbPET) and MRI parameters at 
baseline (T0) between the high Ki-67 and low Ki-67 groups. (A–E) dbPET parameters: (A) maximum standardized uptake value (SUV), (B) mean SUV, (C) peak SUV, 
(D) total lesion glycolysis (TLG), and (E) metabolic tumor volume (MTV). (F–J) MRI parameters: (F) peak percent enhancement (PE), (G) mean PE, (H) peak signal en-
hancement ratio (SER), (I) mean SER, and (J) functional tumor volume (FTV). The boundaries of the boxes indicate the lower and upper quartiles, the lines within the boxes 
indicate the medians, and the whiskers indicate the range (not including outliers). * = P < .05.
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Figure 6:  Box-and-whisker plots show comparison of the change between T0 and T1 (delta) in parameters of fluorine 18 fluorodeoxyglucose uptake at dedicated 
breast PET (dbPET) and MRI parameters in participants with triple-negative breast cancer (TNBC) and non-TNBC. (A–E) dbPET parameters: (A) maximum standardized 
uptake value (SUV), (B) mean SUV, (C) peak SUV, (D) total lesion glycolysis (TLG), and (E) metabolic tumor volume (MTV). (F–J) MRI parameters: (F) peak percent 
enhancement (PE), (G) mean PE, (H) mean signal enhancement ratio (SER), (I) peak SER, and (J) functional tumor volume (FTV). The boundaries of the boxes indicate the 
lower and upper quartiles, the lines within the boxes indicate the medians, and the whiskers indicate the range (not including outliers).

treatment response and survival outcomes than other measures, 
owing to uncertainty in baseline volume measurements. Since 
BPE may confound MRI evaluation of treatment response at 
early time points, this suggests a complementary role for FDG 
dbPET, although further studies are needed to address whether 
background parenchymal uptake may similarly confound db-
PET evaluation (45–47).

Correlation analysis between dbPET and MRI features sug-
gests that baseline SUVs, particularly SUVmax, and the dbPET 
volumetric feature MTV are moderately correlated with MRI 
PE and FTV, respectively. Furthermore, the correlations between 
dbPET and MRI measures are improved when considering only 
tumors responsive to treatment. This is consistent with previ-
ous studies demonstrating that mismatches between perfusion 
and metabolism are associated with poor responses to therapy 
(48). At 3 weeks, the relationship between SUV and PE was pre-
served, but not that between MTV and FTV. The lack of correla-
tion between MRI and dbPET measures after treatment could 
be attributed to the differential effects of NAC on metabolism 
and perfusion, as well as the fact that metabolic changes tend to 
precede anatomic changes. Thus, the weaker correlation between 
modalities after initiation of therapy is to be expected, as each 
technique offers distinct information in the early assessment of 
tumor response.

Limitations of our study include the fact that the I-SPY 2 
TRIAL inclusion criteria restricted our analysis to tumors larger 
than 2.5 cm in participants with advanced stage (II/III) cancer 
undergoing treatment at a single institution, which may not 
represent the general breast cancer population. Furthermore, we 
recruited volunteers from among participants enrolling in the 
I-SPY 2 TRIAL at our institution to undergo dbPET imaging. 

Since the participants in our study were not randomized, this in-
troduced selection bias. We are also unable to report whether the 
participants in the study received standard versus experimental 
therapies because this information has not yet been published by 
the I-SPY 2 TRIAL drug team. A final major limitation of our 
study relates to our small participant cohort, with limited statis-
tical power to detect differences in dbPET and MRI measures 
following NAC. This was even more pronounced for the sub-
group analyses based on RCB status, histopathologic data, and 
immunohistochemical subtypes. Due to the exploratory nature 
of this study, no adjustment was made for multiple hypothesis 
testing, although this would be warranted in future larger stud-
ies. As such, our findings should be viewed as preliminary and 
hypothesis generating rather than conclusive.

In this pilot study, we demonstrated the potential of dbPET 
to provide complementary information to MRI during early 
neoadjuvant therapy. Based on the current evidence, it is un-
certain whether dbPET, MRI, or a combination of these tech-
niques is most accurate for early treatment evaluation, and there 
remains a clinical need for better image-based tools to predict re-
sponse or nonresponse. Cost-benefit analyses will also be neces-
sary to determine whether the clinical benefit and cost savings of 
avoiding ineffective treatments justify the costs incurred by these 
advanced imaging techniques. Incorporation of dbPET along 
with breast MRI into larger multicenter prospective neoadjuvant 
treatment trials will be needed to ensure adequate power to eval-
uate outcomes by molecular subtype. An advantage of dbPET 
technology is the ability to incorporate receptor-specific radio-
tracers in these neoadjuvant trial paradigms for the development 
of imaging biomarkers to further support precision treatment of 
breast cancer.
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Figure 7: Correlation plots between fluorine 18 fluorodeoxyglucose dedicated breast PET (x-axis) and MRI (y-axis) parameters at (A–F) T0 
and (G–L) T1 and for all participants ([A–C] and [G–I]) and stratified by responder status ([D–F] and [J–L]). (A) Baseline maximum standard-
ized uptake value (SUV) versus peak percent enhancement (PE); (B) baseline maximum SUV versus mean PE; (C) baseline metabolic tumor volume 
(MTV) versus functional tumor volume (FTV); (D–F) as in A–C but with responsive group in blue and nonresponsive group in yellow; (G) maximum 
SUV versus peak PE at T1; (H) maximum SUV versus mean PE at T1; (I) MTV versus FTV at T1; (J–L) as in G–I but with responsive group in blue 
and nonresponsive group in yellow. Rho = Spearman correlation coefficient, * = P < .05.
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