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Abstract

RATIONALE AND OBJECTIVES—To (1) describe associations between measures of tumor
perfusion by dynamic contrast-enhanced breast MRI (DCE-MRI), blood flow by 1°O-water PET and
metabolism by 18F-FDG PET and (2) improve our understanding of tumor enhancement on MRI
through independent measures of tumor metabolism and blood flow.

MATERIALS AND METHODS—We performed a retrospective analysis of the existing PET and
MRI databases from the departments of Nuclear Medicine and Radiology. We identified patients
with locally advanced breast cancer who underwent 1°0-water/18F-FDG PET within 1 month of
clinical DCE-MRI between February 2004 and August 2006. The 1°0O-water PET blood flow

and 18F-FDG metabolic rate (MR) and tissue transport constant (K1) in the primary malignancy were
calculated. DCE-MRI peak percent enhancement (PE) and peak signal enhancement ratio (SER)
were measured for each tumor. Correlations and regression analysis of these variables were
performed.

RESULTS—Fifteen patients with complete PET and DCE-MRI data were included in the analysis
cohort. Peak SER correlated significantly with blood flow (r=0.73, p=0.002) and K1 (r=0.76,
p=0.001). However, peak SER did not correlate significantly with FDG MR (r=0.44, p=0.101). There
were no significant correlations between peak PE and any of the PET parameters.

CONCLUSIONS—Our findings suggest that tumor perfusion, represented by 1°0-water PET blood
flow, is an important factor in the MRI enhancement of LABC. A lack of correlation of FDG MR
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with blood flow and DCE-MRI kinetics suggests that 18F-FDG PET provides complementary
metabolic information independent of vascular factors.

Introduction

Locally advanced breast cancer (LABC) is most frequently treated by neoadjuvant systemic
therapy prior to definitive surgical resection. Dynamic contrast enhanced breast magnetic
resonance imaging (DCE-MRI) and positron emission tomography (PET) have been used to
evaluate response to traditional cytotoxic neo-adjuvant chemotherapy (1-14). In addition, there
is growing interest in targeted breast cancer therapy, such as anti-angiogenic agents, for which
non-invasive imaging may be particularly advantageous for response evaluation (3,15-17)

Prior studies have examined DCE-MRI and PET functional studies independently. DCE-MRI
defines the extent of breast cancer in vivo more accurately than any other imaging modality
(18). In addition, DCE-MRI data can provide measurements of tumor volume and enhancement
kinetics. Changes in tumor volume following neoadjuvant therapy, as measured using DCE-
MRI, are predictive of recurrence free survival (8). Measurements of tumor enhancement,
including semi-quantitative parameters such as initial percent enhancement (PE) and delayed
signal enhancement ratio (SER), have been shown to be helpful and accurate for tumor
detection and response evaluation (19-26). Tumor enhancement likely reflects a combination
of blood flow and capillary permeability (15,27). However, the precise biologic factors
underlying enhancement and the relative contributions of blood flow and capillary permeability
are not completely understood.

18F_fluorodeoxyglucose (FDG) PET has also been widely studied in the setting of neoadjuvant
breast cancer therapy (2,4-6,11,12). Changes in glucose metabolism by FDG PET have been
shown to predict response to treatment following a single cycle of chemotherapy (28,29). PET
measures of tumor perfusion have also been helpful for response assessment through dynamic
imaging with 1°0-water, a test that can provide an independent and quantitative measure of

blood flow in breast cancer (30,31). Changes in blood flow following neoadjuvant therapy, as
quantified by 1°0-water PET, predict pathologic response and disease free survival (5,6,11,

32). Recent studies comparing 1°0-water and FDG PET have shown that the delivery of FDG,
measured by the kinetic parameter FDG Ky, and blood flow measured by 1°0-water PET are
highly correlated, suggesting that blood flow is an important factor in FDG delivery (11,32).
These results and the increased use of imaging to monitor therapy motivate an investigation

of the relationship between DCE-MRI parameters, PET measures of blood flow and PET FDG
kinetics to better understand their relationships and the nature of DCE-MRI kinetic parameters.

Prior studies have examined the relationship between DCE-MRI and FDG PET in predicting
response for breast cancer (2,9,10,33). Pilot studies have been performed to validate the
correlation of 1°0-water PET blood flow with MRI in the brain, prostate and coronary arteries
(34-36). PET blood flow and DCE-MRI kinetic parameters have not been directly compared
or correlated in the breast. In addition to a better understanding of the determinants of MRI
contrast enhancement, comparing DCE-MRI and 150-water PET may improve our ability to
predict therapeutic response and provide insights into the mechanisms of anti-angiogenic
therapies through quantitative regional differences in blood flow and capillary permeability.

There were two purposes of this study: To (1) test the correlations between DCE-MRI initial
percent enhancement (PE) and delayed signal enhancement ratio (SER) with 1°0-water PET
blood flow and 18F-FDG PET metabolic rate (MR) and tissue transport constant (K;) and (2)
improve our understanding of DCE-MRI tumor enhancement through independent measures
of tumor metabolism and blood flow. Based upon our studies correlating blood flow and

metabolism by PET, we hypothesized that, in LABC, DCE-MRI kinetics (peak PE and peak
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SER) would directly correlate with measures of tumor perfusion, including blood flow, as
measured by 1°0-water PET and FDG K (11). We performed an exploratory retrospective
study to test this hypothesis.

Materials and Methods

Case/patient selection

Our institutional review board approved this Health Insurance Portability and Accountability
Act compliant study. The PET database contains patients with LABC receiving neoadjuvant
chemotherapy that were enrolled in IRB-approved studies of blood flow and metabolism with
monitoring of tumor response via combined 1°O-water/18F-FDG PET examinations. Patients
within the database were eligible for the study. We identified 35 consecutive patients who
underwent at least one combined 1°0-water/18F-FDG PET examination over a period of 30
months from February 1, 2004 through August 31, 2006. We then compared this list to the
MRI database that includes all patients who underwent a bilateral DCE-MRI between January
2003 and the present. We identified all patients who had a DCE-MRI within one month of the
PET examination. We then reviewed clinical information via the institutional electronic
medical record system to determine the dates of diagnosis, initiation of chemotherapy, surgery
and recurrence. Patients were excluded from the analysis if any portion of the data from the
PET or DCE-MRI examinations were incomplete. Patients were also excluded if the time
between the PET and DCE-MRI examinations exceeded 1 month or if neoadjuvant therapy
was given at any time between the examinations.

MRI Acquisition Protocols

The clinical breast MRI scanning technique at our institution was optimized for accurate
detection and staging, providing images with high spatial resolution, good quality fat
suppression, and full bilateral coverage. All study examinations were performed on a GE LX
1.5T scanner (General Electric Medical Systems, Milwaukee, WI1) using a dedicated bilateral
breast coil. Two different acquisition protocols were employed during the 31 months
comprising this study. Each imaging protocol included a bilateral axial localizer sequence, one
pre- and at least 3 post-contrast T1-weighted fat suppressed acquisitions. Omniscan (GE) was
used for all examinations.

From February 2004 through September 2005 a seven channel phased array receive-only breast
coil was used (MRI Devices Excite 7 Channel Biopsy Breast Array) with the GE Volume
Imaging for Breast Assessment (VIBRANT) parallel imaging technique (GE). T1-weighted
3D FSPGR imaging parameters were TR = 6.7 ms, TE = 4.2 ms, and flip angle of 10°. Three
sequential bilateral post-contrast sagittal acquisitions, lasting 90 seconds each, were centered
at 90, 180, and 270. From October 2005 through June 2006 an eight channel phased array
receive-only breast coil (GE) was used with the GE VIBRANT parallel imaging technique.
Five simultaneous bilateral axial post-contrast acquisitions, lasting 90 seconds each, were
centered at 90, 180, 270, 360 and 450 seconds. No other MRI examinations were performed
on study patients after June 2006.

MRI Image Analysis

A data processing software tool was written for use with ImageJ (NIH, public domain), to
measure tumor volume and enhancement kinetics on DCE-MRI. Several parameters reflecting
contrast enhancement behavior of the tumor were calculated, including the initial percent
enhancement (PE), delayed signal enhancement ratio (SER), and washout fraction, as described
previously (20,21,37). PE characterizes the height of the enhancement curve at 1.5 minutes
and reflects the rate of contrast uptake in the lesion. SER characterizes the shape of the
enhancement curve in the delayed phase (after 1.5 minutes) and is proportional to the rate of
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contrast washout in the tumor. PE was calculated for each voxel using the pre-contrast (Sg)
and first post-contrast (S1) sequences according to the following equation:

PE=S1"50 . 100%
0 Eq. 1

A threshold of 50% was applied to select significantly enhancing voxels from the PE map and
SER was then calculated for each voxel according to the equation:

SER=S1=50
S$2-=S0 Eq. 2

where S2 is the value of the post-contrast sequence centered at 270 seconds. SER values model
the shape of the enhancement curve for each voxel with SER > 1.1 indicating washout, SER
between 1.1 and 0.9 indicating plateau enhancement, and SER < 0.9 indicating persistent
enhancement. SER was previously shown to reflect both micro-vessel density and tumor grade
(19,20,24).

An SER map was produced with a maximum threshold of 4 to exclude spurious values that
may result from system noise. Axial and sagittal maximum intensity projections (MIPs) were
created to allow the radiologist to define the tumor region of interest (ROI). PE and SER values
were automatically computed for “hotspot’ or peak regions in each tumor, defined by at least
8 contiguous voxels that produced the highest mean PE and highest mean SER in the tumor.
These two values were defined as peak PE and peak SER and used for the data analysis and
correlations. Tumor volume was calculated by summing all voxels exceeding the 50% PE
threshold. All the data was written to an output file, which was later imported into Excel for
data processing.

PET Acquisition Protocol

Each patient in the data set was enrolled in a study of PET imaging and neoadjuvant therapy
for LABC and underwent at least one 1°0-water/18F-FDG PET examination according to the
University of Washington Human Subjects Committee guidelines. The data from some of these
examinations have been previously published along with a description of the experimental
protocol (5,6,11). It is summarized here.

PET images were obtained on an Advance Tomograph (GE Medical Systems, Waukesha, WI)
with 35 transaxial planes, 4.25 mm thick. Images were corrected for random coincidences,
scatter, and attenuation. Image reconstruction was performed by filtered backprojection with
a Hanning filter using a 35 x 128 x 128 image matrix and yielded a reconstructed spatial
resolution of approximately 10-12 mm. Imaging was performed using 960-2000 MBq (26—
54 mCi) of 1°0-water and a two-minute infusion of 260-407 MBq (7-11 mCi) of 18F-FDG.
Glucose concentrations were checked immediately prior to administration of 18F-FDG (range
= 60-170 mg/dL; mean = 93 mg/dL). Dynamic images were obtained for 7.75 min for 1°0-
water and 60 min for 18F-FDG. The dynamic imaging sequence for 1°0-water was 15 x 2 s,
15x5s,12x 105s,8 x 155, and 6 x 20 s. The imaging sequence for 18F-FDG was 4 x 20 s,
4 x40s,4x1min, 4 x 3 minand 8 x5 min.

PET imaging analysis

Tumor regions of interest (ROI) were drawn as 1.5 cm diameter circles on the 18F-FDG images
around the area of maximum tumor activity over three contiguous planes chosen to be the most
biologically aggressive portion of the tumor as previously described(11). The blood clearance
curve was obtained from a left ventricular ROI.
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Kinetic Models

The 150-water analysis used a single tissue compartment model described by Wilson et al to
estimate tumor blood flow (mL/min/g) and water distribution volume (mL/g) (30,38). For this
study, blood flow was used for primary correlation with DCE-MRI data.

The 18F-FDG analysis used a two tissue compartment model described by Phelps et al and

Reivich et al and modified from Reivich et al to incorporate decay of the radiotracer as

described in Tseng et al 2004 (11,39-41). From FDG compartmental analysis FDG transport

[K1, mL/min/g] and the FDG metabolism flux constant [K;, mL/min/g] were selected for

comparison to the DCE-MRI parameters. As in our prior studies, the metabolic rate of FDG

(FDG MR, umole/min/100g), reflecting the rate of glucose consumption, was calculated as
FDG MR=| Glucose]K;

where [Glucose] is the plasma glucose concentration (umole/mL) at the time of FDG PET. We
have previously examined the relationship between FDG K7 and FDG MR and blood flow
measured by 1°O-water PET and to response to therapy (11).

Statistical Analysis

Results

Data for each patient were entered into a spreadsheet (Excel, Microsoft, Redmond, WA).
Pearson product-moment correlation coefficients and linear regression models were calculated
between DCE-MRI parameters of peak SER and peak PE with PET parameters of 1°0-water
blood flow, 8F-FDG MR and K, and tumor size using JMP software (SAS Institute, Cary,
NC) and R version 2.5.0 (R Foundation for Statistical Computing, Vienna, Austria). Two-sided
P values <.05 were considered significant.

Fifteen patients with paired DCE-MRI and 150-water/18F-FDG PET examinations (13 pre-
therapy and 2 post-therapy) met all study inclusion criteria and comprise the analysis set. Figure
1 depicts the PET and DCE-MRI examinations in a single study patient. The PET and DCE-
MRI examinations were performed between 0 and 20 days apart (median 8.0 days). Tumor
volume ranged from 2.1 — 147.1 cc (median 25.8 cc).

Bivariate scatterplots of DCE-MRI peak SER and PET variables are shown in Figure 2. The
panels with fitted lines graphically represent the significant positive linear relationships
between peak SER and blood flow (Figure 2A, r=0.73, p=0.002) and peak SER and K; (Figure
2C, r=0.76, p=0.001). A single patient with the highest peak SER (2.29) and PET blood flow
(0.75 mL/min/g) and K; (0.25 mL/min/g) appeared to have high leverage in estimating the
associations among DCE-MRI and PET measures. A sensitivity analysis removing this point
reduced the correlations (from r=0.73 to 0.5, and from r=0.76 to 0.59 respectively) but the
linear fit (dashed lines in Figure 2A and 2C) did not significantly change.

Peak SER and FDG MR did not correlate significantly (Figure 2B, r=0.44, p=0.101). Peak PE
did not demonstrate significant correlations with any of the PET parameters: blood flow r=0.28,
p=0.304, FDG MR r=0.15, p=0.589 and K4 r=0.30, p=0.277 (Table 1).

Blood flow, K1, and peak SER were all positively correlated with tumor volume. In addition,
positive associations remained with peak SER for both blood flow (p=0.032) and K; (p=0.028)
in multivariable linear regression controlling for tumor volume. Fitted values for these
relationships for the median tumor volume of 25.8 cc are shown as dotted lines in Figures 2A
and 2C.

Acad Radiol. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Eby et al.

Page 6

Correlations between the 1°0-water PET and 18F-FDG PET variables are shown in Figure 3.
Blood flow did not significantly correlate with FDG MR (Figure 3A, r=0.37, p=0.17). Blood
flow correlated significantly with K4 (Figure 3B, r=0.87, p=<0.0001). Removing the high-
leverage data point resulted in a different linear fit (dashed line in Figure 3B) and smaller
estimated correlation (r=0.76, p=0.002).

Discussion

This retrospective analysis of a unique data set in patients with LABC includes PET 1°0-water
blood flow, 18F-FDG MR and K; and DCE-MRI peak SER and peak PE. The analysis allows
a comparison of independent measures of the rate of delivery of different molecules (:°0-
water, 18F-FDG and a gadolinium based MRI contrast agent) to locally advanced breast tumors
in vivo. The associations between PET and MRI measures may lead to a better understanding
of angiogenesis, vascular permeability, and glucose transport in LABC and to improvements
in our ability to interpret changes seen on the imaging modalities in response to therapy. Our
findings indicate that vascular supply, represented by 150-water PET blood flow, is an
important factor in the enhancement of LABC on MRI.

We found strong to moderate correlations of peak SER with blood flow and peak SER with
Kj. The strong correlation between blood flow and peak SER supports the hypothesis that
DCE-MRI kinetics are heavily influenced by tumor blood flow. SER reflects the change in
enhancement 90 seconds after contrast injection. Values of SER less than 1 indicate a persistent
increase in enhancement over time. Values of SER greater than 1 indicate decreasing delayed
enhancement (i.e. washout). Prior work published by Kuhl et al indicates that masses in the
breast with washout on DCE-MRI are more likely malignant (23). Higher values of peak SER
are strongly correlated with high blood flow in our study. However, the correlation is not perfect
which suggests that enhancement is multi-factorial. Pham et al and Knopp et al have
hypothesized that the enhancement observed on MRI is a combination of vascular supply and
vascular permeability (15,27).

Unlike water, which is nearly freely diffusible through tissues, FDG and Gadolinium-based
MRI contrast agents (Gd) are molecules that are affected by capillary permeability. They differ
in that Gd enters the extracellular space, but not the intracellular space, whereas FDG reaches
the intracellular space via glucose transporters. It is therefore interesting to speculate that DCE-
MRI kinetic parameters and FDG K4 might correlate closely for conditions where glucose
membrane transport is not rate-limiting, but might differ under circumstances where glucose
transporters are perturbed, such as has been suggested for certain targeted therapies, like anti-
EGFR pharmaceuticals (42). The combination of DCE-MRI and PET might therefore be
particular helpful in studying the pharmacodynamics of response to such agents.

As in our prior study, we found a lack of correlation between FDG MR and blood flow,
indicating that metabolism and blood flow may be poorly matched in LABC (11). We also
found that FDG MR correlated poorly with DCE-MRI measures of peak SER and peak PE.
The lack of correlation between DCE-MRI measures and FDG MR suggests that the positive
correlation between blood flow and peak SER is not simply an artifact of tumor volume,
position, or partial-volume effects that may impact image measures. In addition, the lack of
correlation of FDG MR with blood flow suggests that 18F-FDG PET provides complementary
metabolic information independent of vascular factors (10,11).

Our results agree with those of Brix et al who found no significant correlations between DCE-
MRI pharmacokinetic parameters and 18F-FDG PET uptake in suspicious and malignant breast
masses (43). The intracellular uptake of FDG is dependent on blood flow and vascular
permeability as well as the cellular metabolism of glucose and intracellular trapping of
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phosphorylated FDG (43). FDG MR measures may presumably correlate more closely with
other metabolic markers such as magnetic resonance spectroscopy (MRS) measures of choline
and lactate. However, preliminary investigations comparing MRS and PET measures in human
tumors have been inconclusive, further illustrating inherent differences in the functional
information provided by the two imaging modalities (44,45). Future studies in the breast with
MRS, which we hope to perform, may shed more light on this issue.

The study is partly limited by the small sample size and the retrospective design. While we
found strong correlation between PET measures of perfusion and peak SER, we did not see
similar correlations between the PET measures and peak PE, a significant semi-quantitative
measure of DCE-MRI kinetics. It is unclear why the correlations would be strong with peak
SER but not peak PE. It may be a result of the small sample size. We are particularly interested
in this question and are planning additional prospective studies with high temporal resolution
DCE-MRI to answer it.

The retrospective nature of this study limits our DCE-MRI data to the protocols that
emphasized high spatial resolution and low to moderate temporal resolution. Although the
temporal resolution of our imaging technique did not lend itself to a complete pharmacokinetic
analysis, we were able to differentiate low, medium, and high vascular permeability of tumors
by the semi-quantitative DCE-MRI measures of peak PE and peak SER. These parameters
were previously validated for stratifying risk of malignancy in clinical DCE-MRI evaluation
and for assessing response to neoadjuvant therapy (20,24).

DCE-MRI obtained at higher temporal resolution enables full pharmacokinetic analysis of
tumor blood flow, kinetic volume transfer constant (Ktrans), rate constant (Kep), coefficient
of endothelial permeability (Kps) and can evaluate treatment response (10,13,14,16,17,25,
46-49). We plan to perform a prospective study with high temporal resolution DCE-MRI and
full pharmacokinetic analysis in humans and compare it to 1°0-water blood flow findings to
improve our understanding of the tumor enhancement model and anti-vascular cancer
therapies.

Our findings in this exploratory analysis suggest that tumor perfusion, represented by 1°0-
water PET blood flow, is an important factor in the MRI enhancement dynamics of LABC. A
lack of correlation of FDG MR with blood flow and DCE-MRI kinetics suggests that 18F-FDG
PET provides complementary metabolic information independent of vascular factors.
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Figure 1.

Figure 1a. 18F-FDG PET sagittal image of the breast demonstrates radiotracer uptake in the
tumor (arrow) indicating high metabolism.

Figure 1b. 150-water PET sagittal image of the breast demonstrates radiotracer (arrow) that
indicates blood flow in the tumor in a slightly different distribution than the metabolism

of 18F-FDG.

Figure 1c. DCE-MRI sagittal post contrast fat-suppressed T1 image of the breast demonstrates
avid enhancement of the tumor (arrow).

Figure 1d. DCE-MRI sagittal post contrast fat-suppressed T1 image of the breast demonstrates
the color map of SER values overlayed on the tumor. Red corresponds to SER values >1.1
(washout), green Corresponds to SER values of 0.9-1.1 (plateau) and blue corresponds to SER
values <0.9 (persistent).
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Figure 2.
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Bivariate scatterplots of DCE-MRI peak SER with A. PET150-water blood flow (mL/min/g),
B. 18F-FDG MR, (umole/min/100g) and C. 18F FDG Ky (mL/min/g), n=15. 2A and 2C contain
multiple fits to demonstrate the full sample (solid line), the full sample with the one highest

SER patient removed (dashed line) and the full sample controlled for tumor size (dotted line).
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Bivariate scatterplots of PET 1°0-water blood flow (mL/min/g) with A. 18F-FDG MR (umole/
min/100g) and B. 18F-FDG K; (mL/min/g), n=15. 3B includes two fits to demonstrate the full
sample (solid line) and the full sample with the one highest blood flow patient removed (dashed

line).
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Table 1
Correlations between PET and DCE-MRI variables.
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DCE-MRI variables|

50-water PET Blood Flow]

BE_.FDG PET MR

BE.FDG PET K

Peak SER

R=0.73 (p=0.002)

R=0.44 (p=0.10)

R=0.76 (p=0.001)

Peak PE

R=0.28 (p=0.30)

R=0.15 (p=.59)

R=0.30 (p=0.28)
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