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ORIGINAL RESEARCH

Achievement of pathologic complete response (pCR) 
after neoadjuvant chemotherapy (NAC) is associated 

with long-term survival in patients with breast cancer (1–
5). MRI allows assessment of disease extent and is used 
in monitoring tumor response to treatment (6–9). Previ-
ous studies found that functional tumor volume (FTV), 
a quantitative imaging marker of tumor burden derived 
from dynamic contrast-enhanced MRI, is strongly associ-
ated with pCR (10–12).

The I-SPY 2 TRIAL (Investigation of Serial Studies 
to Predict Your Therapeutic Response with Imaging and 
Molecular Analysis 2) is an ongoing phase 2 neoadjuvant 
breast cancer trial using adaptive randomization within 

tumor subtypes to multiple drug arms (13). As of May 
2022, more than 2200 participants had been randomly as-
signed to treatment. In I-SPY 2, four longitudinal dynamic 
contrast-enhanced MRI examinations are performed be-
fore and during NAC treatment. FTV derived from dy-
namic contrast-enhanced MRI has been used to adjust 
the participant randomization ratio and estimate predic-
tive probabilities of pCR that determine when a drug has 
reached criteria for graduation. Treatment personalization 
options based on early FTV change is being implemented 
in the trial (14–16). Participants with a poor response 
based on FTV change can escalate to different or additional 
treatment, and participants with a good response have the 
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Purpose: To investigate the impact of longitudinal variation in functional tumor volume (FTV) underestimation and overestimation in 
predicting pathologic complete response (pCR) after neoadjuvant chemotherapy (NAC).

Materials and Methods: Women with breast cancer who were enrolled in the prospective I-SPY 2 TRIAL (Investigation of Serial Studies 
to Predict Your Therapeutic Response with Imaging and Molecular Analysis 2) from May 2010 to November 2016 were eligible for 
this retrospective analysis. Participants underwent four MRI examinations during NAC treatment. FTV was calculated based on auto-
mated segmentation. Baseline FTV before treatment (FTV0) and the percentage of FTV change at early treatment and inter-regimen 
time points relative to baseline (∆FTV1 and ∆FTV2, respectively) were classified into high-standard or standard groups based on visual 
assessment of FTV under- and overestimation. Logistic regression models predicting pCR using single predictors (FTV0, ∆FTV1, and 
∆FTV2) and multiple predictors (all three) were developed using bootstrap resampling with out-of-sample data evaluation with the 
area under the receiver operating characteristic curve (AUC) independently in each group.

Results: This study included 432 women (mean age, 49.0 years ± 10.6 [SD]). In the FTV0 model, the high-standard and standard 
groups showed similar AUCs (0.61 vs 0.62). The high-standard group had a higher estimated AUC compared with the standard group 
in the ∆FTV1 (0.74 vs 0.63), ∆FTV2 (0.79 vs 0.62), and multiple predictor models (0.85 vs 0.64), with a statistically significant dif-
ference for the latter two models (P = .03 and P = .01, respectively).

Conclusion:  The findings in this study suggest that longitudinal variation in FTV estimation needs to be considered when using early 
FTV change as an MRI-based criterion for breast cancer treatment personalization.

ClinicalTrials.gov registration no. NCT01042379

Supplemental material is available for this article.
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positioning and biologic factors may affect longitudinal evalu-
ation of FTV in the series of MRI scans in a single participant.

We hypothesized that longitudinal variation (variation over 
time) in semiautomated FTV under- or overestimation may im-
pact its performance in predicting pCR. To test the hypothesis 
and refine the FTV-based predictive model to be used as MRI-
based criteria for treatment personalization, we compared the 
performance of early FTV change in predicting pCR between 
two groups with different levels of variation in FTV estimation 
(high-standard vs standard).

Materials and Methods
This study was compliant with the Health Insurance Portabil-
ity and Accountability Act, and all participating sites in the 
multi-institutional I-SPY 2 TRIAL (ClinicalTrials.gov registra-
tion no. NCT01042379) received local human study institu-
tional review board approval. All participants included in the 
current study provided written informed consent to participate 
in the I-SPY 2 TRIAL.

Data Sharing
The current study reports new results from the ongoing I-SPY 
2 TRIAL, which has been open to accrual since 2010. There 
are more than 25 separate articles with partial overlap of co-
horts (17). Data generated or analyzed during the study are 
available at The Cancer Imaging Archive of the National Can-
cer Institute (18).

Study Cohort
We retrospectively reviewed participants enrolled in the I-SPY 
2 TRIAL from May 2010 to November 2016 to identify eli-
gible participants for this study. Women who were 18 years 
and older and diagnosed with stage II or stage III breast cancer 
(tumor size ≥2.5 cm) without distant metastasis were eligible 
for the I-SPY 2 TRIAL. Participants were classified by tumor 
subtype based on hormone receptor (HR) and human epider-
mal growth factor receptor 2 (HER2) status. Participants with 
tumors that were assessed as HR positive/HER2 negative and 
low risk based on the MammaPrint 70-gene assay (Agendia) 
were screened out from I-SPY 2. All participants had 12 cycles 
of weekly doses of paclitaxel with or without experimental 
agents, followed by four cycles of anthracycline-cyclophospha-
mide. Trastuzumab was also given to participants identified 
with HER2-positive tumors. MRI examinations were per-
formed at four treatment time points: pretreatment (T0), early 
treatment (T1, 3 weeks after start of treatment), inter-regimen 
(T2), and presurgery (T3). The I-SPY 2 TRIAL study schema 
is shown in Figure 1.

Inclusion criteria for this study were as follows: (a) women 
who had all MRI examinations at T0, T1, and T2 that passed 
I-SPY 2 MRI protocol adherence; and (b) women who were 
not included in a preliminary study where we discussed how 
to evaluate longitudinal variation in FTV under- and over-
estimation. Women with missing or rejected MRI examina-
tions at T0, T1, or T2 were excluded. Given that visual as-
sessment of variation in FTV estimation is time-consuming, 

option of de-escalating to avoid overtreatment if achievement of 
early pCR is highly likely. To ensure that participants are safely 
directed to therapy escalation or de-escalation, we are continu-
ously improving the prediction models.

A semiautomated method based on manually placed bound-
ing box dimensions and enhancement thresholds is used to mea-
sure FTV in I-SPY 2 (11). This automated method is crucial to 
calculate FTV for a large number of MRI examinations in an ef-
ficient and timely manner. However, biologic factors, including 
heterogeneity of tumor and breast tissue characteristics, and dif-
ferent technical and anatomic factors may influence semiauto-
mated FTV estimation. Thus, in the standard operation of I-SPY 
2, variations in FTV estimation are observed from examination 
to examination and are shown as some degree of overestimation 
or underestimation versus visually recognized tumor volume. 
To maintain objectivity and consistency in FTV estimation, 
measurement parameters for FTV (bounding box dimensions 
and enhancement thresholds) defined at pretreatment MRI are 
kept consistent for all subsequent examinations according to 
the current prospective rules for measuring longitudinal FTVs. 
However, variations in FTV estimation caused by participant 

Abbreviations
AUC = area under the receiver operating characteristic curve, FTV 
= functional tumor volume, HER2 = human epidermal growth 
factor receptor 2, HR = hormone receptor, I-SPY 2 TRIAL = Inves-
tigation of Serial Studies to Predict Your Therapeutic Response with 
Imaging and Molecular Analysis 2, NAC = neoadjuvant chemo-
therapy, pCR = pathologic complete response, T0 = pretreatment 
time point, T1 = early treatment time point, T2 = inter-regimen 
time point

Summary
Less longitudinal variation in functional tumor volume (FTV) esti-
mation at breast MRI led to higher performance of early FTV change 
in predicting pathologic complete response in women with breast 
cancer who were undergoing neoadjuvant chemotherapy.

Key Points
 ■ The estimated area under the receiver operating characteristic 

curve (AUC) was consistently higher for the high-standard func-
tional tumor volume (FTV) estimation group than the standard 
FTV estimation group in predicting pathologic complete response 
based on models using early FTV change, including the early 
treatment model (AUC, 0.74 vs 0.63; P = .11), inter-regimen 
model (AUC, 0.79 vs 0.62; P = .03), and multiple predictor 
model (AUC, 0.85 vs 0.64; P = .01).

 ■ In 432 study participants, the number of examinations with over-
estimated FTV decreased (pretreatment, 258 [59.7%]; early treat-
ment, 221 [51.2%]; inter-regimen, 205 [47.5%]) and the number 
of examinations with well-delineated FTV increased (pretreat-
ment, 161 [37.3%]; early treatment, 187 [43.3%]; inter-regimen, 
201 [46.5%]) over the course of neoadjuvant chemotherapy 
(NAC).

 ■ In the hormone receptor–positive, human epidermal growth factor 
receptor 2–negative subtype only (n = 169), the number of exami-
nations with underestimated FTV increased (pretreatment, five 
[3.0%]; early treatment, nine [5.3%]; inter-regimen, 18 [10.7%]) 
over the course of NAC.

Keywords
Breast, Cancer, Dynamic Contrast-enhanced, MRI, Tumor Response
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a logistically feasible sample 
size was determined based on 
the preliminary study. Of the 
women who met these criteria, 
we randomly sampled half of 
the participants who matched 
according to subtype and pCR 
outcome for the main analysis 
and compared the impact of 
longitudinal variation in FTV 
under- and overestimation on 
the prediction of pCR (Fig 2). 
A quarter of the main analysis 
cohort was similarly sampled to 
perform subanalysis, where we 
assessed interreader agreement 
among three readers in the as-
sessment of longitudinal varia-
tion in FTV under- and over-
estimation. We also performed 
an analysis similar to the main 
analysis based on the major-
ity consensus among the three 
readers.

MRI Quality Control and Acquisition Protocol
In I-SPY 2, MR image quality control is implemented by 
the I-SPY Imaging Laboratory. MRI scanners at all study 
sites undergo an approval process to be used in this trial. 
The I-SPY 2 MRI scan protocol specifies parameters of the 
image acquisition protocol, contrast agent administration, 
and image quality. All participating sites are instructed to 
use the same scan parameters for all sequential MRI visits 
for a single patient. The Imaging Laboratory reviews MRI 
protocol adherence for all MRI examinations and may reject 
nonadherent data (19). For each MRI examination, partici-
pating sites kept records of the longest diameter of the tu-
mor that site radiologists clinically reported.

MRI examinations, including dynamic contrast-enhanced 
imaging, were performed using a 1.5-T or 3-T MRI scanner 
with a dedicated breast coil, across different vendors and insti-
tutions. Dynamic contrast-enhanced MRI scans were acquired 
using a bilateral three-dimensional T1-weighted sequence with 
fat suppression with the following parameters: repetition time, 
4–10 msec with minimum echo time; flip angle, 10°–20°; field 
of view, 26–36 cm; acquired frequency or read matrix, 384–512; 
acquired phase-encoding matrix, greater than or equal to 256; 
in-plane resolution, less than or equal to 1.4 × 1.4 mm; thick-
ness, less than or equal to 2.5 mm; temporal resolution, 80–100 
seconds; axial orientation; and prone position. The standardized 
contrast agent was administered intravenously at an injection 
rate of 2 mL/sec with a 20-mL saline flush. Identical sequence 
parameters were used to acquire precontrast and multiple post-
contrast series. Postcontrast scanning continued for at least 8 
minutes after contrast agent injection. The early and delayed 
postcontrast phases were selected from the postcontrast series at 

Figure 1: Schematic shows study protocol. Participants were randomly assigned to one of 10 neoadjuvant drug arms 
(nine experimental drug arms and one standard-of-care control arm). Each participant underwent MRI examination at four 
treatment time points (T0, T1, T2, T3) during neoadjuvant chemotherapy. FTV0, FTV1, FTV2 = functional tumor volume at 
T0, T1, and T2, respectively; ΔFTV1, ΔFTV2 = percentage change of functional tumor volume relative to T0 at T1 and T2, 
respectively.

Figure 2: Flowchart shows study inclusion. I-SPY 2 TRIAL = Investigation of 
Serial Studies to Predict Your Therapeutic Response with Imaging and Molecular 
Analysis 2, T0 = pretreatment time point, T1 = early treatment time point, T2 = inter-
regimen time point.

http://radiology-ic.rsna.org
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ual FTV reports used an automated computer algorithm to 
select and show four representative MRI sections from early 
postcontrast phase images and the associated FTV estima-
tions in the sagittal orientation. Similarly, longitudinal FTV 
reports showed one representative MRI section from the early 
postcontrast phase images with FTV estimation overlaid and 
one maximum intensity projection image of the early post-
contrast phase images for each MRI visit.

Based on the FTV estimation categorization, variation in 
FTV estimation for each examination was binarized to either 
the high-standard group or standard group. Under current 
best practices in I-SPY 2, we observed that the majority of cat-
egory 2 (slight underestimation) examinations showed weak-
enhancing tumors for which true tumor margin and extent is 
visually ambiguous. We found very subtle differences between 
categories 2 and 3, and both categories were considered almost 
equivalent in terms of the FTV estimation. Therefore, exami-
nations that were categorized as “2, slight underestimation” 
or “3, well-delineated estimation” were classified as the high-
standard group. Examinations categorized as 1, 4, or 5 were 
classified as the standard group.

To evaluate the performance of longitudinal FTVs in predict-
ing pCR, we performed single-predictor logistic regression mod-
eling for three variables—FTV0 (FTV at T0), ∆FTV1 (percent-
age change of FTV from T0 to T1), and ∆FTV2 (percentage 
change of FTV from T0 to T2)—and multiple predictor logistic 
regression modeling using these three variables. These variables 
were selected considering the clinical significance of pretreat-
ment tumor volume and volume change during NAC on the 
basis of previous studies (12,20). Each modeling approach was 
separately performed in the high-standard and standard FTV es-
timation groups, which were stratified based on the variation in 
FTV estimation as follows: FTV0 was simply stratified as high-
standard or standard based on the binary classification at T0. For 

the time of FTV calculation, based on temporal sampling of the 
center of k-space closest to 2 minutes 30 seconds and 7 minutes 
30 seconds, respectively.

Semiautomated Measurement of FTV
Segmentation of FTV was performed using an in-house soft-
ware developed in interactive data language (IDL, version 8.4; 
Exelis Visual Information Solutions). As described, a three-di-
mensional bounding box was manually placed to encompass a 
tumor, and FTV was computed by summing all voxels within 
the box that had enhancement greater than 70% in the early 
postcontrast phase and a signal enhancement ratio greater than 
zero (11). Enhancement thresholds and bounding box dimen-
sions delineated at T0 were kept consistent for all examinations 
of the same patient, with very few exceptional situations such 
as tumor progression or change in tumor shape.

Variation in FTV Estimation
Visual assessment of variation in FTV estimation was per-
formed for each examination at each treatment time point 
(T0, T1, and T2) using five categories: 1, definite underesti-
mation; 2, slight underestimation; 3, well-delineated estima-
tion; 4, slight overestimation; 5, definite overestimation (Fig 
3). For the main analysis cohort, reader 1 (N.O., a breast 
radiologist with 9 years of experience) performed the assess-
ment. For the subanalysis cohort (ie, a quarter of the main 
analysis cohort), reader 2 and reader 3 (J.G. and T.J.B., with 
14 years and 1 year of experience, respectively, in breast MRI 
processing trained in the I-SPY 2 Imaging Core Laboratory), 
as well as reader 1, independently performed the assessment 
for multireader analysis. For assessing the categories, each 
reader used two types of portable document format reports 
for each patient; these were individual FTV reports for each 
MRI visit and a longitudinal FTV report of all visits. Individ-

Figure 3: Within bounding boxes (yellow line), tumors on early postcontrast-phase axial MR images (top) and corresponding functional tumor volume (FTV) estimation 
on signal enhancement ratio (SER) maps (bottom) show the variation in FTV estimation as visually assessed using five categories, with representative cases of each category 
shown. The SER maps are colored as follows: red, SER >1.1 (washout); green, 0.9 ≤ SER ≤ 1.1 (plateau); blue, SER <0.9 (persistent). 
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The Conger weighted κ among the three readers and Cohen 
weighted κ between pairwise readers were estimated to evaluate 
interreader agreement of FTV estimation categorization in the 
subanalysis cohort.

Results

Participant Characteristics
A total of 985 consecutive participants who enrolled in the I-
SPY 2 TRIAL from May 2010 to November 2016 with at least 
one MRI study were reviewed (Fig 2). Of the 985 participants, 
82 (8%) participants were excluded because of missing or re-
jected MRI examinations at T0, T1, or T2, and an additional 
40 (4%) participants were excluded because they were included 
in the preliminary analysis. Of the remaining 863 participants, 
we randomly sampled 432 (50%) for the main analysis. Simi-
larly, 13% (108 of 863, a quarter of the main analysis cohort) 
of the participants were randomly sampled.

Table 1 presents participant characteristics, including age, 
menopausal status, race, tumor subtype, assigned chemotherapy, 
and treatment response. Race information is presented accord-
ing to the categories with which the I-SPY 2 TRIAL collected 
data. The mean age was 49.0 years ± 10.6 (SD) (range, 24–71 
years) for the main analysis cohort and 48.8 years ± 11.2 (range, 
24–70 years) for the subanalysis cohort. No evidence of a differ-
ence was found in either cohort across all characteristics except 
for assigned chemotherapy. Table S1 presents the breakdown 
data of assigned chemotherapy.

Main Analysis
Table 2 shows the assessment of FTV estimation categorization 
in the main analysis cohort. The combined number for categories 
4 and 5 FTV estimations (ie, overestimation) decreased (FTV0, 
258 of 432 [59.7%]; FTV1, 221 of 432 [51.2%]; FTV2, 205 
of 432 [47.5%]) and the number of category 3 (well-delineated) 
estimations (FTV0, 161 of 432 [37.3%]; FTV1, 187 of 432 
[43.3%]; FTV2, 201 of 432 [46.5%]) increased over the time 
points. For the logistic regression modeling, use of 5000 boot-
strap replications was deemed adequate to provide stable results. 
Performance in predicting pCR in the high-standard and stan-
dard FTV estimation groups and the number of participants in 
each group are shown in Table 3. For the FTV0 model, high-
standard and standard groups showed similar estimated AUCs 
of 0.61 (95% CI: 0.49, 0.72) and 0.62 (95% CI: 0.56, 0.69; P 
= .89), respectively. The AUC of the high-standard group was 
estimated to be substantially higher than that of the standard 
group for the ∆FTV1 (0.74 [95% CI: 0.61, 0.86] vs 0.63 [95% 
CI: 0.57, 0.68]; P = .11), ∆FTV2 (0.79 [95% CI: 0.65, 0.90] 
vs 0.62 [95% CI: 0.55, 0.67]; P = .03), and multiple predictor 
(0.85 [95% CI: 0.69, 0.96] vs 0.64 [95% CI: 0.57, 0.69]; P = 
.01) models, with the difference reaching statistical significance 
for the ∆FTV2 and multiple predictor models. To explore the 
factors characterizing the two groups, we additionally compared 
patient demographics between the high-standard and standard 
groups for the multiple predictor model (Table S2). Menopausal 
status was statistically significantly associated with FTV esti-

FTV change (∆FTV1 or ∆FTV2) to be stratified as high-stan-
dard, both binary classifications at T0 and at a given treatment 
time point (T1 or T2) were required to be high-standard. For the 
multiple predictor modeling to be stratified as high-standard, all 
FTV0, ∆FTV1, and ∆FTV2 values were required to be strati-
fied as high-standard. In the main analysis, this stratification was 
performed based on reader 1’s classification. In the subanalysis, 
to see the results based on the consensus among the three read-
ers, this stratification was performed based on the majority vote 
among the three readers’ classifications (ie, assessment judged by 
at least two readers’ agreement).

Pathologic Assessment of Response
Pathologic assessment of treatment response was based on a 
surgical specimen obtained after completion of NAC. Thus, 
pCR, the primary end point of the I-SPY 2 TRIAL, is defined 
as the absence of residual invasive disease in the breast and 
lymph nodes.

Statistical Analysis
Statistical analyses were performed by N.O. and J.K. (with 
20 years of experience in medical imaging statistics research) 
using the caret, pROC, and irrCAC packages in R (version 
3.6.3; The R Foundation). In this study, nominal P values 
without adjustment for multiple testing were reported and 
P < .05 was considered indicative of a statistically signifi-
cant difference. For comparison of participant characteristics 
(main analysis cohort vs the rest of the participants, or the 
subanalysis cohort vs the rest of the participants), we used 
the Mann-Whitney U test (continuous variables) and Fisher 
exact test (categorical variables). To keep the cost of calcula-
tion reasonable for tables of size larger than 2 × 2, we used 
the simulate.p.value option in the fisher.test function. Perfor-
mance of longitudinal FTVs in predicting pCR was evaluated 
using areas under the receiver operating characteristic curve 
(AUCs) and compared between the high-standard and stan-
dard FTV estimation groups.

For the logistic regression modeling, stratified bootstrap resa-
mpling of data was separately performed in each group (sample 
size of 150 for the main analysis and 30 for the subanalysis) 
while keeping the ratio of pCR to non-pCR constant. In each 
bootstrap resample, the unsampled data were used as held-out 
test set data for AUC evaluation of the trained model. The mean 
and 95% CI of the AUCs for each group and the difference 
between the two (AUC of high-standard group minus AUC of 
standard group) were computed. The appropriate number of 
bootstrap replications to obtain stable results of CI estimation 
was determined based on a trial of replication sizes (10, 50, 100, 
500, 1000, and so on in increments of 1000 up to 10 000). The 
logistic regression modeling was performed in the main analy-
sis cohort, each subtype of the main analysis cohort separately, 
and the subanalysis cohort. Because of the limited number of 
participants in the HR-negative/HER2-positive subtype, the 
HR-positive/HER2-positive cohort and HR-negative/HER2-
positive cohort were combined as an HER2-positive cohort in 
the subtype-wide analyses of the main analysis cohort.

http://radiology-ic.rsna.org
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mation variation (P = .02). The standard group had a younger 
age compared with the high-standard group (48.0 years ± 10.5 
vs 51.7 years ± 10.5; P = .001). Also, we compared tumor size at 
T0 as defined by the clinically assessed longest diameter on MRI 
scans. The standard group had a statistically significantly larger 
diameter compared with the high-standard group, with median 
diameters (first, third quartiles) of 3.70 cm (3.00, 5.60) and 3.20 
cm (2.70, 4.10) (P = .001).

The same analyses were repeated for each subtype in the main 
analysis cohort separately (Tables S3, S4). Similar to the whole 
cohort, the combined number of categories 4 and 5 FTV estima-
tions (ie, overestimation) decreased and the number of category 
3 (well-delineated) estimations increased over the time points in 
all subtypes. In the HR-positive/HER2-negative subtype only, 
the number of categories 1 and 2 FTV estimations (ie, underes-
timation) increased (FTV0, five of 169 [3.0%]; FTV1, nine of 

Table 1: Participant Characteristics

Characteristic

Main Analysis Cohort Subanalysis Cohort

All Eligible Participants (n 
= 863) n = 432 P Value n = 108 P Value

Age (y) .97 >.99
 Mean ± SD 49.0 ± 10.4 49.0 ± 10.6 48.8 ± 11.2
 Range 24–77 24–71 24–70
Menopausal status .06 .75
 Premenopausal 418 (48) 205 (47) 50 (46)
 Perimenopausal 31 (4) 16 (4) 2 (2)
 Postmenopausal 270 (31) 140 (32) 39 (36)
 Unclear* 111 (13) 62 (14) 14 (13)
 No data 33 (4) 9 (2) 3 (3)
Race .74 .91
 African American 100 (12) 53 (12) 14 (13)
 American Indian or Alaska Native 3 (0) 1 (0) 0 (0)
 Asian 59 (7) 30 (7) 9 (8)
 Native Hawaiian or Pacific Islander 5 (1) 1 (0) 0 (0)
 White 688 (80) 342 (79) 84 (78)
 Mixed race 8 (1) 5 (1) 1 (1)
Immunohistochemical subtype >.99 >.99
 HR+/HER2– 336 (39) 169 (39) 42 (39)
 HR+/HER2+ 138 (16) 68 (16) 17 (16)
 HR–/HER2+ 77 (9) 39 (9) 9 (8)
 HR–/HER2– 312 (36) 156 (36) 40 (37)
Assigned chemotherapy .046† .01†

 Standard 185 (21) 105 (24) 34 (31)
 Experimental 678 (79) 327 (76) 74 (69)
Treatment response .78 .75
 pCR 297 (34) 151 (35) 39 (36)
 Non-pCR 566 (66) 281 (65) 69 (64)
MRI field strength >.99 .21
 1.5 T 622 (72) 311 (72) 72 (67)
 3 T 241 (28) 121 (28) 36 (33)
MRI scanner manufacturer .39 .79
 GE Healthcare 548 (63) 274 (63) 71 (66)
 Philips 99 (11) 44 (10) 13 (12)
 Siemens Healthineers 216 (25) 114 (26) 24 (22)

Note.—Unless otherwise specified, data are numbers of participants, with percentages in parentheses. P values show the results 
of comparisons between the participants in the given set versus the rest of the participants. The Mann-Whitney U test was used 
for the continuous variable (age), and the Fisher exact test was used for categorical variables. HER2 = human epidermal growth 
factor receptor 2, HR = hormone receptor, pCR = pathologic complete response.
* Unclear because of estrogen replacement therapy or prior gynecologic surgery.
† Statistical significance; P < .05.
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169 [5.3%]; FTV2, 18 of 169 [10.7%]) over the time points. 
The predictive performance results for the FTV0 model varied 
by subtype. Compared with the standard group, the AUC of the 
high-standard group was estimated to be significantly higher in 
the HR-positive/HER2-negative subtype and lower, but not sig-
nificantly, for the other subtypes. For the ∆FTV1, ∆FTV2, and 
multiple predictor models, AUCs of the high-standard group 
were estimated to be higher than those of the standard group 
consistently across all subtypes, which agreed with the results 
observed in the main analysis. The difference reached statisti-
cal significance for the ∆FTV1 and ∆FTV2 models in the HR-
positive/HER2-negative and HER2-positive subtypes.

Multireader Subanalysis
Pairwise interreader agreements in FTV estimation categoriza-
tion among the three readers are shown in agreement matrices, 
with the number of participants in each cell, in Figure 4. Be-

tween readers 1 and 2, agreements or disagreements by one cat-
egory were observed for 94% (54 + 47 of 108) of assessments at 
T0, 89% (60 + 36 of 108) at T1, and 95% (57 + 46 of 108) at 
T2. Between readers 2 and 3, agreements or disagreements by 
one category were observed for 93% (74 + 26 of 108) of assess-
ments at T0, 94% (71 + 30 of 108) at T1 and 89% (62 + 34 of 
108) at T2. Between readers 3 and 1, agreements or disagree-
ments by one category were observed for 87% (53 + 41 of 108) 
of assessments at T0, 91% (53 + 45 of 108) at T1, and 81% 
(43 + 45 of 108) at T2. Among the three readers, the Conger 
weighted κ was 0.42 (95% CI: 0.25, 0.59) at T0, 0.42 (95% 
CI: 0.28, 0.55) at T1, and 0.33 (95% CI: 0.20, 0.46) at T2. The 
Cohen weighted κ coefficient between the pairwise readers var-
ied, with a range of 0.23 (95% CI: 0.10, 0.36) to 0.51 (95% CI: 
0.35, 0.67), depending on the pairs and time points (Table 4).

For the logistic regression modeling, 5000 bootstrap rep-
lications were deemed adequate to provide stable results. 

Table 2: FTV Estimation Categorization in Main Analysis Cohort

Category
FTV0
(n = 432)

FTV1
(n = 432)

FTV2
(n = 432)

Category 1: underestimation 2 (0.5) 5 (1.2) 9 (2.1)
Category 2: slight underestimation 11 (2.5) 19 (4.4) 17 (3.9)
Category 3: well-delineated estimation 161 (37.3) 187 (43.3) 201 (46.5)
Category 4: slight overestimation 177 (41.0) 147 (34.0) 120 (27.8)
Category 5: overestimation 81 (18.8) 74 (17.1) 85 (19.7)

Note.—Unless otherwise specified, data are numbers of participants, with percentages in 
parentheses. FTV = functional tumor volume, FTV0 = FTV at pretreatment time point 
(T0), FTV1 = FTV at early treatment time point (T1), FTV2 = FTV at inter-regimen time 
point (T2).

Table 3: Predictive Performance of Pathologic Complete Response in the High-Standard and Standard 
FTV Estimation Groups in the Main Analysis Cohort

Model No. of Participants AUC Difference between AUCs P Value

FTV0 model
 High-standard 172 0.61 (0.49, 0.72) −0.01 (−0.15, 0.12) .89
 Standard 260 0.62 (0.56, 0.69)
∆FTV1 model
 High-standard 140 0.74 (0.61, 0.86) 0.12 (−0.03, 0.26) .11
 Standard 292 0.63 (0.57, 0.68)
∆FTV2 model
 High-standard 127 0.79 (0.65, 0.90) 0.17 (0.02, 0.31) .03*
 Standard 305 0.62 (0.55, 0.67)
Multiple predictor model
 High-standard 111 0.85 (0.69, 0.96) 0.21 (0.05, 0.34) .01*
 Standard 321 0.64 (0.57, 0.69)

Note.—Data in parentheses are 95% CIs. The multiple predictor model includes FTV0, ∆FTV1, and ∆FTV2. AUC = 
area under the receiver operating characteristic curve, FTV = functional tumor volume, FTV0 = FTV at pretreatment 
time point (T0), ∆FTV1 = percentage change of FTV from T0 to early treatment time point (T1), ∆FTV2 = percentage 
change of FTV from T0 to inter-regimen time point (T2).
* Statistical significance; P < .05.
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Table S5 shows the performance in predicting pCR for the 
high-standard and standard groups and the number of par-
ticipants in each group. The estimated AUC of the high-
standard group was higher than that of the standard group 

for the FTV0, ∆FTV1, ∆FTV2, and multiple predictor 
models, but there was no evidence of a significant difference 
(FTV0 model, 0.63 [95% CI: 0.30, 0.71] vs 0.42 [95% 
CI: 0.07, 0.83] [P = .38]; ∆FTV1 model, 0.68 [95% CI: 

Figure 4: Pairwise interreader agreement matrices for functional tumor volume (FTV) show estimation categorization at three MRI time points as 
follows: (A–C) pretreatment (T0), (D–F) early treatment (T1), and (G–I) inter-regimen (T2). Data within the matrices are numbers of participants, 
and the gray scale represents the proportion of participants. Agreements are indicated in red text and disagreements are indicated in blue text, per 
category (CTG).
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0.23, 0.77] vs 0.60 [95% CI: 0.27, 0.83] [P = .60]; ∆FTV2 
model, 0.75 [95% CI: 0.65, 0.85] vs 0.55 [95% CI: 0.26, 
0.73] [P = .05]; multiple predictor model, 0.76 [95% CI: 
0.58, 0.88] vs 0.57 [95% CI: 0.32, 0.72] [P = .11]).

Discussion
In this study, we retrospectively investigated the effect of lon-
gitudinal variation in semiautomated FTV underestimation 
and overestimation on the performance of longitudinal FTVs 
for predicting pCR in women with breast cancer undergoing 
NAC treatment. Compared with the standard FTV estimation 
group, the high-standard FTV estimation group consistently 
showed increased estimated AUC values for predicting pCR 
based on early FTV changes at early treatment and inter-regi-
men MRI examinations in the main analysis, as well as the sub-
type-specific analyses. In the main analysis, the AUC difference 
reached statistical significance in the inter-regimen (∆FTV2) 
model (AUC, 0.79 vs 0.62; P = .03) and the multiple predictor 
model (AUC, 0.85 vs 0.64; P = .01).

Previous studies in the I-SPY 1 TRIAL showed an association 
between FTV and the prediction of pCR and long-term survival 
(10,12). In the ongoing I-SPY 2 TRIAL, treatment escalation 
and de-escalation options are being implemented to promote 
personalization of medicine (14–16). For this purpose, in which 
FTV is used to evaluate an individual participant’s response ver-
sus the efficacy of the drug, the consistency of under- or over-
estimation relative to baseline is essential. In this study, we fo-
cused on the effect of longitudinal variation in FTV under- and 
overestimation on pCR prediction, and our results showed that 
accurate FTV estimation can improve the prediction model in 
identifying candidates for these options. 

Through the assessment, the reviewers observed that back-
ground parenchymal enhancement within bounding box dimen-
sions was the major cause of overestimation. Especially when the 
tumor was not a solitary mass but was composed of a mass and 
surrounding non-mass components with a larger distribution, 
clear separation of background parenchymal enhancement from 
FTV segmentation was challenging. This observation was in line 
with the findings that age and menopausal status were statisti-
cally significantly associated with FTV estimation variation. It is 
well known that increased hormonal exposure is associated with 
a higher level of background parenchymal enhancement. Our 

result showing younger age for the standard group compared 
with the high-standard group might illustrate the impact of 
background parenchymal enhancement on the FTV estimation 
variation. In the main analysis, the combined number of catego-
ries 4 and 5 FTV estimation (ie, overestimation) decreased, and 
the number of category 3 estimations increased over the time 
points. This tendency was observed across all subtypes. Because 
background parenchymal enhancement within bounding box 
dimensions is the major cause of overestimation, this observation 
may be explained by reduction of the background parenchymal 
enhancement level by NAC at later time points, as shown in 
previous articles (21–23). Still, overestimation was observed in 
47% (120 + 85 of 432) of FTV at T2. This result highlights the 
challenge of FTV estimation based on an enhancement thresh-
old because both tumor and background parenchyma show en-
hancement with different levels. Additional methods to effec-
tively separate tumor from background parenchyma is required 
to further improve the FTV-based prediction of pCR.

In addition, the number of categories 1 and 2 FTV estima-
tions (ie, underestimation) increased over the time points in the 
HR-positive/HER2-negative subtype. As shown in a prior arti-
cle, background parenchymal enhancement and tumor enhance-
ment are reduced to a similar extent during NAC (23). Thus, it 
is possible that chemotherapy can reduce the incidence of overes-
timation caused by background parenchymal enhancement and 
increase that of underestimation caused by lowered tumor en-
hancement. The increase in categories 1 and 2 estimations may 
illustrate that the enhancement threshold determined at T0 was 
too high for the HR-positive/HER2-negative tumors, with re-
duced enhancement resulting from chemotherapy. Although the 
rules for FTV measurement require use of the same FTV mea-
surement parameters to maintain consistency across time points, 
a more subjective algorithm to identify low-enhancing tumors 
and modify enhancement thresholds may be helpful to improve 
the longitudinal variation in tumor under- and overestimation.

In this study, we defined “slight underestimation” (category 
2) and “well-delineated estimation” (category 3) as the high-
standard group, while “slight overestimation” (category 4) was 
excluded from this group. In our study examinations, weak-
enhancing tumors with visually ambiguous tumor margin or 
extent were included. The weak tumor enhancement might be 
the result of chemotherapy, as discussed. Because it was difficult 

Table 4: Interreader Agreement among Three Readers in the Subanalysis Cohort

FTV
Agreement among
R1, R2, and R3*

Agreement between
R1 and R2†

Agreement between
R2 and R3†

Agreement between
R3 and R1†

FTV0 0.42 (0.25, 0.59) 0.46 (0.26, 0.66) 0.50 (0.31, 0.69) 0.32 (0.12, 0.52)
FTV1 0.42 (0.28, 0.55) 0.43 (0.25, 0.61) 0.51 (0.35, 0.67) 0.31 (0.16, 0.47)
FTV2 0.33 (0.20, 0.46) 0.48 (0.28, 0.67) 0.30 (0.12, 0.49) 0.23 (0.10, 0.36)

Note.—Data in parentheses are 95% CIs. FTV = functional tumor volume, FTV0 = FTV at pretreatment time 
point (T0), FTV1 = FTV at early treatment time point (T1), FTV2 = FTV at inter-regimen time point (T2), R1 
= reader 1, R2 = reader 2, R3 = reader 3.
* Data among the three readers were estimated using the Conger weighted κ.
† Data between pairwise readers were estimated using the Cohen weighted κ.
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for our readers to judge those examinations with clear differen-
tiation between “slight underestimation” and “well-delineated 
estimation” categories, they made evaluations based on individ-
ual judgment of tumor margin. Given the subtle differences be-
tween the two categories, we considered them almost equivalent 
in terms of the FTV estimation and included both in the high-
standard group. On the other hand, the major cause of overes-
timation observed in category 4 was background parenchymal 
enhancement within the bounding box dimensions. In contrast 
to category 2 examinations, where tumor margin and extent 
were ambiguous, category 4 tumor margins were relatively easier 
to identify. With the FTV estimation noticeably extending past 
the tumor margin and including background parenchymal en-
hancement within the calculation, category 4 estimations were 
considered part of the standard group.

We performed the multireader subanalysis to test the re-
producibility of our approach to assess longitudinal variation 
in FTV under- and overestimation. As shown in the pairwise 
interreader agreement matrices, all reader pairs had agreements 
or disagreements by one category for the majority of examina-
tions at all time points. Because the readers used a five-category 
scaling (definite underestimation, slight underestimation, well-
delineated, slight overestimation, definite overestimation), 
where the decision to select “definite” or “slight” was left to each 
reader, the number of disagreements that were one category 
apart should be interpreted accordingly. From the weighted κ 
results, agreements were lower for FTV at T2 compared with 
T0 or T1. This might be explained by the difficulty to perform 
FTV estimation categorization for lesions reduced in size by 
NAC treatment, especially when tumor enhancement is addi-
tionally lowered by NAC and the extent of the residual tumor 
is uncertain (23).

In the subanalysis cohort, results comparing AUCs between 
the high-standard and standard FTV estimation groups showed 
all models had an estimated increase in AUC in the high-stan-
dard group, but the differences in AUC did not reach statistical 
significance in any model and, therefore, are not conclusive.

This retrospective study had limitations. First, longitudinal 
variation in FTV under- and overestimation was categorized for 
each participant using individual and longitudinal FTV reports 
showing only representative MRI sections, which could have 
biased the results. To minimize the possible bias, we used an al-
gorithm that automatically chose the representative sections to 
be shown on the reports. Second, the analyses were performed 
using a partial cohort sampled from all eligible participants. To 
avoid bias, sampling was performed matched by subtype and 
pCR outcome. These two approaches were used to reduce the 
time required for the visual assessment of variation in FTV es-
timation. Third, for a small number of examinations at T2, we 
found complete or near-complete imaging response with no vis-
ible residual enhancement. Readers assessed those examinations 
as either category 3 (well-delineated estimation) or category 4 
(slight overestimation), with a majority of examinations assessed 
as category 3. Fourth, participants were randomized to one of 
10 drug arms. The impact of each drug arm on the longitudinal 
variation in FTV under- or overestimation and the predictive 
performance of FTV for pCR is uncertain.

In conclusion, the high-standard FTV estimation group 
showed increased performance in predicting pCR compared 
with the standard group. Differences were apparent for FTV 
change in the inter-regimen MRI model and the multiple pre-
dictor model when using pretreatment FTV and FTV changes at 
early treatment and inter-regimen time periods. For safe and reli-
able selection of candidates for treatment escalation and de-es-
calation strategies using MRI-based criteria, we will continue to 
refine the FTV-based prediction of pCR in the I-SPY 2 TRIAL.
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