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Abstract

Purpose—Treatment response in cancer has been monitored by measuring anatomic tumor
volume (ATV) at various times without considering the inherent functional tumor heterogeneity
known to critically influence ultimate treatment outcome: primary tumor control and survival.
This study applied dynamic contrast-enhanced (DCE) functional MRI to characterize tumors’
heterogeneous subregions with low DCE values, at risk for treatment failure, and to quantify the
functional risk volume (FRV) for personalized early prediction of treatment outcome.

Methods and Materials—DCE-MRI was performed in 102 stage 1B,—IVVA cervical cancer
patients to assess tumor perfusion heterogeneity before and during radiation/chemotherapy. FRV
represents the total volume of tumor voxels with critically low DCE signal intensity (<2.1
compared with precontrast image, determined by previous receiver operator characteristic
analysis). FRVs were correlated with treatment outcome (follow-up: 0.2-9.4, mean 6.8 years) and
compared with ATVs (Mann-Whitney, Kaplan-Meier, and multivariate analyses).

Results—Before and during therapy at 2-2.5 and 4-5 weeks of RT, FRVs >20, >13, and >5 cm?,
respectively, significantly predicted unfavorable 6-year primary tumor control (p = 0.003, 7.3 x
1078, 2.0 x 1078) and disease-specific survival (p = 1.9 x 1074, 2.1 x 1076, 2.5 x 1077,
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respectively). The FRVs were superior to the ATVs as early predictors of outcome, and the
differentiating power of FRVSs increased during treatment.

Discussion—Our preliminary results suggest that functional tumor heterogeneity can be
characterized by DCE-MRI to quantify FRV for predicting ultimate long-term treatment outcome.
FRV is a novel functional imaging heterogeneity parameter, superior to ATV, and can be
clinically translated for personalized early outcome prediction before or as early as 2-5 weeks into
treatment.

Keywords

Tumor heterogeneity; Magnetic resonance imaging (MRI); Dynamic contrast enhanced (DCE)
MRI; Cervical cancer; Anatomic tumor volume; Functional tumor imaging

Introduction

A daily dilemma in managing cancer patients is the heterogeneous therapy responsiveness
among different patients with the same tumor stage (1, 2) and even among different
subregions within the same tumor (3). Contrary to routinely available “culture and
sensitivity tests” to assess the effectiveness of a specific antibiotic agent for a specific
infection in individual patients, “therapeutic sensitivity” testing to assess the effectiveness of
a specific cancer therapy before or early during treatment is generally lacking.

Such tumor heterogeneity and the inability to reliably predict the long-term treatment
outcome for individual patients presents a major challenge in the treatment of advanced
cervical cancer (1, 2). Despite best standard-of-care concurrent radiation/chemotherapy, cure
rates have not improved over the past decade, and treatment fails in approximately one third
of patients (4, 5). Treatment regimens for Stages 11B—IVA are fairly uniform despite
profound variability in tumor control and survival (6, 7). Although there is suggestion that
more intense therapies may improve outcome (8), it remains a challenge to triage the use of
intensified therapies for standard-of-care and clinical trial regimens (1, 2).

On the basis of the current established International Federation of Gynecology and
Obstetrics (FIGO) staging and the anatomic tumor volume (ATV)-based response criteria (9,
10), treatment failure is frequently not detected until many months after the completion of
primary therapy. At such delayed time, salvage treatment options have limited impact on the
ultimate long-term treatment outcome: primary tumor control and survival (11). Therefore,
early prediction of failure from an ongoing treatment is the key to enable a therapeutic
window to target intensified therapy to those patients with a higher risk of failure.

Heterogeneity of tumor microenvironment has been reported with respect to regional
vascular density and hypoxia, proliferation, energy metabolism, and gene expression of
tumors (12-15). Although the concept of tumor heterogeneity has not been incorporated into
the current clinical oncology practice nor the evidence-based cancer treatment paradigm,
there is ample evidence that heterogeneous functional/biological properties of tumors
profoundly influence treatment outcome (3, 12, 16, 17). With the notion of variable therapy
responsiveness at different subregions within the same tumor (3, 16, 17), treatment failure is
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more critically influenced by at-risk subregions of the tumor, which possess unfavorable
functional/biological properties, including poor perfusion and hypoxia (18-20). However,
tumor heterogeneity is challenging to characterize and quantify in the clinical setting. Tissue
biopsies are invasive and provide only limited sampling points of the entire heterogeneous
tumor volume (21, 22). A novel noninvasive means to characterize functional heterogeneity
throughout the entire tumor mass and quantify all at-risk subregions with unfavorable
functional/biological properties, i.e., the tumor’s functional risk volume (FRV), would
provide additional information to enhance the accuracy for early outcome prediction of a
specific treatment in individual patients.

Dynamic contrast-enhanced (DCE) MRI has been valuable in assessing the microvascular
structure and functional environment of tumors (23-26). DCE-MRI-based tumor perfusion
status reflects the effective delivery of chemotherapy agents (12, 17, 27, 28) and oxygen
(29) to tumor cells, both closely related to therapy responsiveness, tumor control and
survival (17-19, 28). In cervical cancer, the well-established relationship between tumor
vascularity, hypoxia, and radiation therapy response (18, 19) provides a unique tumor-
biological basis to apply DCE perfusion imaging in clinical patients and explore DCE
functional parameters to enhance the capability for early outcome prediction (30, 31). Poor
perfusion status, reflected by low mean DCE value, has been associated with poor treatment
outcome in cervical cancer (24, 31-36).

With the improved spatial and temporal resolution, clinical DCE-MRI would provide a
unique opportunity to evaluate the heterogeneous functional/biological microenvironment
throughout the entire tumor volume. High-precision three-dimensional (3D) anatomic and
functional MRI are now available in the clinical setting (33). However, despite the
promising reported correlations of tumor perfusion and treatment outcome (33-35, 37),
clinical DCE imaging has not been routinely applied to characterize functional heterogeneity
in clinical cervical cancer patients.

We have developed a voxelwise approach of DCE imaging to characterize each tumor
voxel’s perfusion status and quantify variations in tumor perfusion throughout the
heterogeneous tumor mass (36, 38). Such methodology can be readily translated into the
clinical arena to assess DCE-MRI-based tumor heterogeneity and define at-risk tumor
voxels with unfavorable DCE values. FRV can be derived from the summation of at-risk
tumor voxels with low perfusion and hypoxia (29), which adversely affect radiation
response and survival (17-20, 28, 39).

The purpose of this study was to (1) functionally characterize tumor heterogeneity and
quantify the FRV, defined as the volume of critically low DCE voxels, within the
heterogeneous tumor; (2) clinically validate the predictive power of FRV at different time
points of treatment for ultimate treatment outcome by correlation with long-term tumor
control and disease-specific survival; and (3) compare the independent power of FRV with
that of ATV at different treatment time points for early prediction of outcome.
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Methods and Materials

Patient population

DCE-MRI was performed in 102 Stage IB,—IVA cervical cancer patients accrued between
1994 and 2003. Patient characteristics are detailed in Table 1. Pretreatment evaluations
included routine workup following the (FIGO) staging guidelines. Tumor therapy consisted
of standard combined external beam radiation therapy with 6- to 24-MeV photon beams,
concurrent weekly cisplatin-based chemotherapy, and standard brachytherapy. The external
beam radiation dose to the pelvis ranged from 39.6 to 55.0 Gy (mean, 47.8 Gy) and was
given at 1.8 to 2.0 Gy per fraction. All but four patients had brachytherapy, with Point A
doses ranging from 14 to 61 Gy (mean, 39.5 Gy). Those without brachytherapy had external
beam radiation therapy to a dose of 66.6 Gy using field reductions.

MRI protocol

Three serial MRI studies were performed on an institutional review board—approved
protocol at three defined time points: before radiation therapy, early during the treatment
course at 2-2.5 weeks into treatment (corresponding to a dose of 20-25 Gy), and midway
into treatment at 4-5 weeks (45-50 Gy). All MRI examinations were obtained from 1.5-T
scanners. Precontrast imaging protocols included sagittal precontrast T2-weighted imaging
(repetition time/effective echo time = 4000/104 msec, echo train length = 10, number of
excitations = 2) for tumor delineation as described in detail earlier (32). For the initial phase
of the study, DCE-MRI used T1-weighted fast spin-echo sequences (repetition time/
effective echo time =150/18 msec, echo train length =4, number of excitations = 1) at 3-
second intervals and a bolus injection of Gadolinium-based contrast agent (0.1 mmol/kg).
More recently DCE-MRI acquisition consisted of a T1-weighted 3D gradient echo multislice
sequence (echo time =5 ms, TR =12 ms, Flip = 25°, FOV = 25 x 40 cm?, Matrix = 138 x
256, Partition = 12, number of excitations =1, Slab =8.0 cm, Z oversample =40%) (31, 38).
The tumor voxel size ranged from 20 to 65 mm3. The patients’ therapy was not influenced
or modified by any MRI findings.

Image analysis

The tumor region was delineated on the T2-weighted image by three reviewers (NAM,
WTY, and JZW). The anatomical 3D tumor volume (ATV) at the three time points (before
treatment [ATV1], during early therapy at 2-2.5 weeks [ATV,], and midtherapy at 4-5
weeks [ATV3]) was derived by summation of all tumor voxels within the tumor region
based on the tumor delineation from the T2-weighted images as described previously (Fig.
la and 1e) (36). Using the first-pass DCE method (30), a time-signal intensity (SI) DCE
curve was generated for each tumor voxel (Fig. 1c and 1g). Tumor voxel S histograms (Fig.
1d and 1h), first developed in our laboratory, were derived for each individual tumor at all
three time points to depict the distribution of the entire tumor voxel population (y axis) and
their DCE values (plateau Sl, x axis) as described in detail earlier (36). Tumor heterogeneity
can be readily appreciated on the voxel Sl histogram as a wide range distribution of SI
values of the entire tumor voxel population.
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Functional risk volume

Tumor voxels with relatively lower DCE values were identified on the voxel- histogram
(Fig. 1d and 1h). The functional at-risk tumor voxels were classified as those voxels with an
Sl < 2.1 (Fig. 1d and 1h), based on prior receiver operating characteristic (ROC) analysis
that discriminated favorable from unfavorable treatment outcome (31). FRV was then
derived by summation of the total number of the at-risk voxels within the tumor volume at
each imaging time point (FRV1, FRV», and FRV3) obtained at the pre-therapy, early-
therapy, and mid-therapy time points, respectively.

Clinical follow-up and data collection

Patients were evaluated posttherapy in 3- to 12-month intervals until death or last contact.
Median follow-up of surviving patients, calculated from therapy completion, was 6.8 years
(range, 0.2-9.4 years). Primary (local) tumor control was defined as absence of
histologically proven recurrence or progression of the primary tumor in the cervix, uterus, or
pelvis. For disease-specific survival, death from cervical cancer or complications of cancer
was scored as event, and death of intercurrent disease was censored.

Statistical analysis

Results

FRVs at each treatment imaging time point (FRV1, FRV5, and FRV3) were correlated with
primary tumor control and disease-specific survival endpoints (Mann-Whitney test). The
optimal volume cutpoint values of FRVs at each imaging time point to differentiate the
disease-specific survival vs. death were determined by ROC analysis. These optimal
cutpoint values for FRVs were then applied for FRVy, FRV,, and FRV3 respectively, to
correlate with primary tumor control and disease-specific survival (Kaplan-Meier analysis,
log-rank test). The corresponding ATVs and FRVs at the same treatment time point were
compared as independent predictors for the early prediction of long-term treatment outcome
using multivariate analysis.

FRVs and ATVs obtained at the different treatment time points are summarized in Table 2.
Overall, the mean FRVs were smaller than the ATVs at the corresponding imaging time
points. Both ATVs and FRVs showed a wide range within clinical tumor stages and steadily
decreased during the treatment course (Table 3).

ROC analysis identified the optimal cut-point values of the FRV at each treatment time
point, which significantly discriminated disease-specific survival vs. death of cancer (Table
4). The optimal cutpoint values for FRVy, FRV,, and FRV3 were 20 cm3 (area under the
curve [AUC] = 0.705), 13 cm3 (AUC = 0.799), and 5 cm3 (AUC = 0.796), respectively.

FRV1, FRV>, and FRV3 were significant early predictors of ultimate long-term treatment
outcome, clinically validated by the outcome endpoints of primary tumor control and
disease-specific survival rate (Tables 3 and 4, Fig. 2) with a mean posttherapy follow-up of
6.8 years. The predictive power of FRVs for treatment outcome also increased during the
treatment course (Tables 3, and 4, Fig. 2). Pretreatment FRVq had the least predictive power
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when compared with the intratreatment FRV, and FRV3 based on the magnitude of
differences in outcome. The differences discriminated by FRV in the predicted 6-year
actuarial tumor control rate vs. primary tumor recurrence increased from 24.3% for FRV to
42.5% for FRV, and 45.2% for FRV3 (Table 3, Fig. 2a—2c). The differences in disease-
specific survival rate vs. cancer death increased from 41.5% to 47% and 48.5%, respectively
(Table 4, Fig. 2d-2f). Multivariate analysis showed that FRV, and FRV3 were superior to
the ATVs as independent predictors of tumor control and disease-specific survival (Table 5).

Discussion

Improvement of outcome by early prediction of treatment failure

Overall approximately one third of advanced cervical cancer patients fail standard first-line
treatment (6, 40) despite extensive use of concurrent radiation and chemotherapy and high-
end clinical imaging. Although heterogeneous treatment response throughout Stage 1Bo—
IVA cervical cancer is well known, the treatment regimen remains largely uniform (“one
size fits all”) for patients across these tumor stages (6, 7). The lack of personalized treatment
strategy for individual patients, known to have heterogeneous treatment outcome (1, 2),
likely plays an important role in the lack of improvement in treatment outcomes over the
past decade (4). To provide personalized treatment strategy, early prediction of treatment
outcome for each individual patient is key. Thus it is paramount to identify this significant
number of high-risk patients early during their treatment course to provide a window of
opportunity for adaptive therapy. In addition, low-risk patients, predicted early to have
favorable treatment outcome, may benefit from less-intense therapy regimens, thereby
reducing treatment-related morbidity, mortality, and health care cost.

Integration of morphologic and functional imaging methods to characterize tumor
heterogeneity and target at-risk tumor subvolume (FRV) for early outcome prediction

Prediction of treatment failure is particularly challenging to make before or early during the
treatment course, when targeted adjustments in therapy are more available and generally
more effective (6, 11). By applying the known underlying pathophysiologic principles of
low perfusion, hypoxia, and therapy resistance (17-20, 28, 39), our results support our
hypothesis that the low-DCE subvolumes (FRV) within the heterogeneous tumor volume
contribute to unfavorable treatment outcome. The at-risk tumor voxels with poor perfusion,
critically low enough to result in therapy failure, were classified as having a DCE Sl value
<2.1, which had been validated previously (31). In our current research, both high-resolution
3D anatomic and functional imaging methodologies were integrated to target more
effectively the essential underlying biology, and to more precisely derive FRV throughout
the entire tumor with precision at the tumor voxel level. Such integrated imaging approach
overcomes the challenge of irregular tumor morphology from the World Health
Organization and Response Evaluation Criteria in Solid Tumors methodologies (9, 10), as
well as the limitations of mean DCE values, averaged over the entire tumor volume, which
do not characterize tumor heterogeneity (31). Furthermore, our methodology eliminates the
need for tedious imaging manipulation to identify and match each tumor voxel sequentially
at different treatment time points. Rather, our approach was to analyze the overall critical
mass of at-risk voxels within the entire tumor at different treatment time points for outcome
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prediction. Although our methodology does not achieve precision at the microscopic/cellular
level, it provides a noninvasive practical approach of functional heterogeneity assessment
throughout the entire tumor region with a precision equivalent to single imaging voxel size
currently available in the clinical setting.

Clinical validation and database

Advanced cervical cancer is an ideal model for ultra-early imaging and clinical validation of
early outcome prediction, because it is not treated surgically, allowing sequential imaging
before and during treatment. Because most treatment failures occur within 2 years, our
patient cohort provided solid clinical endpoints for statistical analysis and clinical validation
of the novel FRV concept and its predictive power. Although these results may be limited by
the relatively small patient numbers and the relatively large number of imaging parameters,
our study has the largest patient population with DCE MRI in cervical cancer with the
longest follow-up reported to date.

FRV cutpoint values

ROC analysis defined the optimal cutpoint values of the FRV at different treatment time
points (FRV; = 20 cm3, FRV, = 13 cm3, and FRV3 = 5 cm?3) to differentiate patients with
favorable vs. unfavorable treatment outcome (Tables 3 and 4, Fig. 2). Such integrated
morphologic and functional imaging approach provides a robust methodology that can
readily translate into the clinical setting to guide therapy strategy. Our results further suggest
that treatment failure depends not only on how low the voxels’ DCE value is (quality of low
perfusion) but also on the critical mass of low-DCE subvolume within the tumor (quantity of
low perfusion; Tables 3 and 4, Fig. 2). FRV contains both these metrics and translates this
critical functional imaging information into clinically significant therapy resistance to
radiation and chemotherapy and unfavorable treatment outcome. Low-DCE volumes (FRV)
as small as 13 cm? in early therapy (20-25 Gy) and 5 cm3 in midtherapy (40-50 Gy) within
the heterogeneous tumor were shown to impart primary tumor recurrence and cancer death
(Tables 3 and 4, Fig. 2).

FRVs during treatment

In addition to FRV, the efficacy for early prediction of outcome also depends on the ability
to incorporate essential information of the “therapeutic sensitivity” of a tumor to an ongoing
therapy regimen. Such essential therapy-specific sensitivity information can only be
reflected by the imaging parameters that are obtained during the treatment course, rather
than those before treatment. FRVs decreased during the ongoing course of fractionated
radiation therapy (Table 2), likely because of cell kill, both within the FRVs, and, to a
greater degree, in the non-FRV tumor regions. Cell kill within the initial poorly perfused/
oxygenated FRVs likely improves during ongoing radiotherapy through improvement of
perfusion and reoxygenation. Patients with smaller subsequent FRVs had better outcome.

Our results show that the predictive power improved as early as 2 weeks into treatment
(FRV3) compared with the pretherapy imaging (FRV1; Tables 3 and 4). Although the FRV3
at the fourth—fifth treatment week (40-50 Gy) suggests a slight trend of better outcome
prediction (Tables 3 and 4, Fig. 2, Kaplan-Meier analysis), FRV, enables treatment outcome
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prediction at a much earlier time point in the second treatment week, when only
approximately one fourth of the total radiation dose and 2 of the 5-7 chemotherapy cycles
have been given. At that time, there is greater latitude to implement very early adjustments
of the cytotoxic therapy regimen. However, the comparative efficacy between FRV, and
FRV3 remains to be determined in future studies. In addition, the comparative or
complementary value of other functional imaging modalities, e.g., diffusion MRI or PET,
remains to be determined.

Comparison of FRV and ATV

Our results support the notion that the FRVs during therapy are superior to the ATVs
obtained at the corresponding time points for early prediction of treatment outcome (Table
5). The addition of functional/biological information significantly improves the ability to
predict tumor control and survival compared with morphologic tumor volume alone. Among
our patient group, FRV and ATV were highly variable (Table 2), indicating that
heterogeneity was pervasive across the traditional morphological tumor volume, clinical
FIGO stage categories and imaging time points. This observation indirectly supports the
concept that current established clinical criteria, including FIGO stage, World Health
Organization, and Response Evaluation Criteria In Solid Tumors (9, 10), have inherent
limitations for early outcome prediction and may play a role for our inability to implement
timely personalized treatment strategy and the lack of improvement in treatment outcome.

Conclusion

Our results suggest that tumor-heterogeneity-based DCE parameters provide essential
information of tumor biological/functional properties that critically influence long-term
treatment outcome. The ability to characterize DCE heterogeneity by a voxelwise approach,
classify the at-risk tumor voxels, and quantify FRV significantly improves early prediction
of treatment outcome over the traditional morphology-based ATV. Therefore, FRVs are
potential novel heterogeneity parameters that can augment the current established clinical
staging and ATV response criteria. If reconfirmed with future studies, FRVs at various
treatment time points can serve as noninvasive early outcome predictors for clinical
translation and may guide therapy adaptation as a personalized theranostic paradigm to
further improve treatment outcome. This new FRV concept and our methodology may also
be applicable to derive tumor heterogeneity parameters in other tumors to enhance cancer
therapy and to improve clinical trials by focusing novel cancer therapy regimens at more
targeted patient cohorts with higher risk of therapy failure.
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Summary

The functional risk volume (FRV) is the absolute volume within the heterogeneous tumor
that is characterized by low dynamic contrast enhancement, indicative of poor perfusion
and hypoxia. This outcome study in cervical cancer patients shows that FRV correlates
with local tumor control, disease specific and overall survival. FRV appears to be a better
predictor of therapy outcome than the anatomical tumor volume.
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Fig. 1.

Hgterogeneity of dynamic contrast-enhanced (DCE) and low perfusion. (a—d) Patient with a
large Stage I1B cervical cancer (a, arrows) clinically expected to have poor outcome. At 2
weeks of therapy, this tumor shows intense enhancement (b, arrows), high perfusion on the
DCE curve (c; gray: pretreatment, blue: early treatment). (d) Signal intensity (SI) voxel-
histogram shows that most tumor voxels have high tumor perfusion (SI =2.1). This patient
has been disease-free for more than 10 years. (e-h) Another Stage 1B patient with a smaller
tumor (e, arrows) clinically expected to have excellent outcome. At 2 weeks, this tumor
shows poor enhancement (f, arrows) and low perfusion on the DCE curve (g). (h) SI voxel-
histogram shows that a much larger proportion of tumor voxels are classified as at-risk
voxels (S1 <2.1), compared with panel d. This patient had tumor recurrence 3 months after
therapy and died 6 months later. Figure adapted with permission from Mayr NA et al. J
Magn Reson Imaging 2000;12:1027-1033.
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Fig. 2.

Kgplan-Meier analysis of primary tumor control and disease-specific survival. Kaplan-Meier
estimates differentiate primary tumor control rate vs. tumor recurrence for (a) FRV1, (b)
FRV», and (c) FRV3. Kaplan-Meier estimates for disease-specific survival rate vs. death
from disease for (d) FRV1, (e) FRV5, and (f) FRV3. The blue graphs indicate groups with
FRYV above cutpoint, the red graphs groups below the FRV cutpoint. More detailed
statistical analysis is summarized in Tables 3 and 4. FRV = functional risk volume; spec. =
specific.
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Patient characteristics

Local control

Local control 81

Central failure™ 6

Pelvic failure 15
Death of disease

Alive 62

Dead of disease 40

Criteria Patient number  Percentage
Age
Mean (years) 52 -
Range 25-89
FIGO stage
-1l 60 59
In-1v 42 41
Tumor size
<6cm 33 32
26 cm 69 68
Lymph nodes
Uninvolved 71 70
Involved 31 30

Table 1

Abbreviation: FIGO = International Federation of Gynecology and Obstetrics.

*
Failure in primary tumor/uterus without lateral pelvic or nodal failure.

t - . - . .
Recurrence in pelvic nodes and or parametria with or without central failure.
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Table 3

Correlation of FRV with primary tumor control

FRV; FRV, FRV,

Below FRV cutpoint vs. Above FRV cutpoint  97.3% vs. 73.0%  98.3% vs. 55.8%  100.0% vs. 54.8%
p (Kaplan-Maier) 0.003 7.3x1078 2.0x1078
p (Mann-Whitney) 0.002 1.0 x 1077 1.5x% 1078

Abbreviation: FRV = functional risk volume.

The FRV cutpoints, determined by receiver operator characteristic analysis to differentiate between favorable and poor outcomes, are 20 cm3
(FRV1), 13 cm3 (FRV?2), and 5 cm3 (FRV3), derived from DCE-MR obtained before, at 2-2.5 weeks, or 4-5 weeks into treatment, respectively.
Intratreatment FRV2 and FRV3, which are obtained after exposure to cytotoxic treatment, show larger deferences than FRV1 in the predicted
tumor treatment outcome.
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Table 4

Correlation of FRV with disease-specific survival

FRV; FRV, FRV,3

Below FRV cutpoint vs. Above FRV cutpoint  94.6% vs. 53.1%  87.9% vs. 40.9%  88.0% vs. 39.5%
p (Kaplan-Maier) 1.9%x1074 2.1x1076 25x1077
p (Mann-Whitney) 1.8x 1074 7.3x1077 46 %1076

Abbreviation: FRV = functional risk volume.

FRYV cutpoints and timing as in Table 2.
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