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Introduction

Early detection of breast cancer and novel treatments further improves the survival
rates of patients and will require novel strategies. Enhancing diagnostic specificity leads
to a decreased need for biopsy and would be a major advance in breast cancer care.
This application focuses on using lactate as a marker in breast cancer. The main
objective of the proposal is developing and evaluating a more effective method of
detecting lactate (Lac) non-invasively by magnetic resonance spectroscopy (MRS)
techniques. Lac is present in very small quantities (milli moles) compared to lipid (Lip)
(moles) and water and the signal of Lac occurs in the same position as Lip, thereby
making it very difficult to be detected. Treatment of breast cancers with novel targeted
agents such as Trastuzumab and Bevacizumab have led to significant gains, although
the drugs can be toxic. Breast tumors are usually sensitive to many drugs but
subsequently develop resistance. There is strong interest in applying drugs that
interfere with angiogenesis and signaling pathways related to breast cancer growth and
metastasis. Low extracellular pH and high Lac levels were shown to be indicators of
metastatic risk in breast cancer xenografts. Elevated Lac in biopsy samples was shown
to correlate with increased risk of metastasis and poor patient survival in different
aggressive cancers, while a decrease Lac levels observed in tumor response to
radiation and chemotherapy. Therefore, non-invasive measurement of Lac
concentrations ([Lac]) may be an additional characteristic marker for breast cancer; it
may improve diagnostic specificity, serve as an early marker of tumor response, and
provide functional information about prognosis.

Body

During this award period, (I) we initially evaluated the SS-SelMQC (SELective Multiple
Quantum coherence for signal enhancement using Spectral-Selective binomial
radiofrequency pulses) [1] in breast tumors to ensure that it is superior with regards to
signal to noise (SNR), uniformity of signal detection within the coil, and quality of
suppression of the lipid and water signals. The Lac SNR obtained from this sequence
was compared with the conventional SelIMQC [2] and PRESS methods. We have
developed SS-SelMQC sequence using higher order binomial pulses (SS1-SelMQC) [3]
and T1l-and T2-versions [4] of this sequence for T1 and T2 relaxation measurements to
facilitate the lactate quantification. To detect lactate from mammary tumors with varying
tumor volumes, various radiofrequency (RF) coils with high quality factors were
designed and the homogeneity of these coils were tested using phantoms with known
concentrations (Lac with without Gd-DTPA doping, and Lac/Lip solutions). Once the RF
coils are optimized, signal to noise (SNR) between SelMQC and SS1-SelMQC
sequence for detecting Lac signal was measured. (II) Subsequently we have completed
MRS data collection for non-localized, 1D and 2D localized chemical shift images (CSI)
and quantified the lactate concentrations in breast tumor models to evaluate the utility of
[Lac] to predict tumor aggressiveness. A method was developed to extract texture
features from MR images to evaluate incremental predictive nature of separating tumors
with different aggressiveness. (lll) Finally as part of our research design, we treated all



tumors to determine if Lac is a marker of sensitivity to novel targeted drugs and
compared breast mammary tumors that are sensitive and resistant to Herceptin and
Bevacizumab and changes that occur early in the course of treatment. For tumor
treatment, we used tumors at volumes between 140-200 mm? where highest lactate
concentrations were observed. The texture features from T,-MR images were also
evaluated pre and post treatment.

Methods and Materials

All MR imaging and spectroscopy experiments were performed on a 4.7 T Bruker
horizontal bore system (Bruker BioSpin; Bruker, Billerica, MA) running ParaVision 4.0
software.

Phantoms: Prior to actual animal MR imaging and spectroscopy scans, the sensitivity of
pulse sequence and coil homogeneity were tested using cylindrical phantoms (10mm
and 15mm diameter) with 5, 15 and 30 mM lactate/ saline doped with and without 25
MM Gd-DPTA solutions. For Lac/Lip phantoms, 10% intralipid, (Baxter Healthcare
Corporation) was mixed with three different concentration solution viz, 5, 15 and 30 mM
separately to facilitate the single compartment for both lipid and lactate to demonstrate
the non-localized Lac detection with water and lipid suppression. The data from these
scans were used as a standard reference for quantification of lactate concentrations in
animals.

Animal studies: These studies
were conducted in compliance

with protocols approved by the 1600

animal care protocols in S
Memorial Sloan-Kettering 0o MDA e %
Cancer Center. Cancer cells 1200 —
(MCF-7, BT-474, MDA-MB-231 1000+

and  MDA-MB-435)  were E ool
purchased from American 2

Type Culture Collection 600r

(ATCC, Manassas, VA, US). 400/

Five million cells were injected
into the inguinal mammary fat ;
pad (MFP) of anaesthetized % > 4 6 g 10 12

mice. 4-6-week-old female . L Growth :\':eks ) et
athymic nu/nu mice (Animal igure 1. Growth curves of four human breast tumor

cell lines injected into mammary fat pad (m.f.p) in nude

200r

PrOdU(?tion Area of the NCI- mice. Tumor cells (5x106 cells) were injected into the
Frederick Cancer Research m.f.p and tumor growth was measured upto 7-12
Facility, Frederick, MD). Mice weeks. Tumor growth was significantly different in all
were allowed to acclimatize four tumor models (p < 0.001).

and mature for 2 weeks before
implantation of tumor cells.
Two days prior to implantation of MCF-7 and BT-474 tumors (estrogen positive),
estrogen pellets containing 0.72 mg of estrogen (IRA, Toledo, OH) were inserted into




the subcutaneous fat in the hips of animals that were about to receive these tumors.
Mice were monitored twice weekly for tumor growth. Tumor growth became evident on
visual inspection about 10 days after implantation into the MFP and its volume (whole)
was measured using a digital caliper using a hemi-ellipsoid formula V = (n/6) x | x b x h,
where |, b and h are the length, width and depth of the tumor, respectively. Only one
person measured all the tumors in the experiments to prevent observation differences,
since measurements by more than one person can lead to different results. The tumor
was measured once in three days. (Figure 1). Once the tumors reached the volume of
approximately 100-150 mm?, they were studied with MR imaging and spectroscopy.

MR Imaging and Lactate MR spectroscopy: Mice were anesthetized with a mixture of
50%:50% between isoflurane (1.5-2%) and oxygen and placed inside a home-built MR
animal holder. The respiration and temperature were monitored using an MR
compatible small animal monitoring and gating system (SA Instruments Inc, Stony
Brook, NY). The tumor was placed inside a 2 turn home built 10-11 mm (upto 300 mm?
) and 15-16 mm ( > 300 mm®) diameter tuned RF coil. Temperature was maintained at
37°C by blowing warm air 10
through the bore of the magnet. '
Tumor bearing mice were
typically studied 3-4 times. The
Bruker ParaVision Tripilot pulse N
sequence was used to create
three perpendicular images (FOV
= 20 mm) as scout images for
positioning of the animal tumor
within the coil to ensure that the
tumor was in the center of the 1.0 .
magnet.  Using these Tripilot .
scout images, T»-weighted MR
sagittal images with a 5 mm >
thickness and five 1 mm slices, EX
using a Multi Slice Multi Echo
(MSME) sequence repetition time
(TR) = 2250 ms; echo time (TE) = y \/ Y
52 ms; 256 x 256 matrix, echo 0.0 >8 0.0 28

train length (ETL) 8 number of Figure 2. Theoretical inversion (top) and excitation (bottom)

e_XCitations (NEX) = 1; field of | following 1331 (solid) and 11 pulse sequence for spectral
view (FOV) = 20 mm were | selection for (B), as a function of chemical shift. Inversion

obtained from the tumor located | profile shows the inversion of -2.8 ppm resonances with 0
at isocenter. Total MR image ppm at equilibrium. In these simulations, the Lac CH peak

o . . . . was referenced to ‘0’ ppm and hence Lac CH; will appear
acquisition 'nCIUd_mg shimming at ‘2.8 ppm on the chemical shift. RF pulse parameters
FOOk abQUt 12 mlnl_JteS. _T2 MR | and interpulse durations were chosen to match the
image with 5 mm slice thickness | experimental conditions given in the text.

was used as scout image for
preparing the spectroscopy scan. The observed line width of lactate at FWHM for
phantoms was between 20-25 Hz and for animal studies between 30-50Hz.




Non-localized lactate signal was obtained using a modified SS-SelMQC sequence [1]
with the higher order binomial bp1, bp2 and bp3 for spectral selection (SS1-SelMQC)[3]
for inversion and excitation (Figure 2); bpl= [(n/16)x - A1 - (31/16)x - A1 - (37/16)x) - A1
- (n/16)4] , bp2=[(n/16)x - A1 - (3n/16)x - A1 - (31/16)x ) - A1- (n/16)4], and bp3= [(n/8)« -
Ay - (3n/8)x - Az- (31/8)« - Az - (1/8)4]. Width of each pulse within bpl and bp2 is 200
us and bp3 is 400us three-lobe sinc shaped pulses with their phases set to 0 (x) or 180
(-x). Number of scans are 16 with a repetition time (TR) of 3 s and spectral width of 12.5
ppm. Due to RF finite pulse widths within the binomial pulse blocks, A; and A, values
were adjusted to include the chemical shift evolution starting from the center of the first
pulse to the center of the second pulse. In the binomial spectral-selective pulses, we
chose to use broad band sinc shaped RF pulses. Multiple quantum selection gradients
are with duration 61 = 62 = 83 =2 ms. Transmitter is set at CH frequency of Lac and the
ZQ —»DQ coherence transfer pathway is selected with the Gsel gradients in a ratio of O:-
1:2; Other MR acquisition parameters are similar to SS-SelMQC [1].

For absolute quantification of lactate in vivo tumors, we calculated the relaxation
correction factors by modifying the SS1-SelIMQC sequence using additional inversion
pulses (2ms Mao4 shaped pulse for T1 measurement and 10ms single lobe Sinc for T2
measurement). Non localized lactate spectra were obtained with 16 transients for T1 by
varying the inversion time (TI) and 32 transients for T, measurements. For T2
measurements, repetition time (TR) = 10s used. In vivo measurements of T1 and T2 of
Lac were performed on several mice from each tumor line. In 3-4 mice per group and
few measurements were repeated on same mice at different tumor volumes to estimate
the repeatability of the measurement and to track the changes in the T1 and T2 values
with the tumor growth.

Data Processing

T1 and T2 Measurements: The relaxation times, T1 and T2, were measured using
modified T1-SS1-SelMQC and T2-SS1-SelMQC sequences developed during this
project [4]. The integral values of lacate peak were calculated using XWINNMR
(BRUKER) were used for the T; and T, calculation. The T; was calculated using S= Sg
(1-2 exp “™7})) =S, where S is Signal intensity at variable inversion delay (TI) and T is
spin-lattice relaxation time. The T-relaxation delay was calculated using S= S, exp®
TRITE) where TR is recycle delay and TE’ is echo time. The Matlab was used to fit the
curve.

Lactate data quantification:

Absolute concentrations of Lac metabolite from MR data using multiple quantum editing
can be calculated using two methods. These include the external reference
guantification method, which uses an external standard with the known concentration
and internal reference method which uses water as a reference. We found similar
concentrations in phantoms using both methods as expected. As the water CSI scan
takes extra 10 minutes of scan time and involves careful adjustment of receiver gain in
some tumors, we decided to use the external standard or substitution method. This
method requires careful measurements of the relative power each time one acquires
data and comparing the power required for different pulses when the subject



(experimental mice) is in place, vs that required when a phantom (whose quantitation is
accurately known) is in place.

1D data: Time domain spin echo lactate 1D data were imported to the PC and were
processed using home-built program written in Matlab. This data was Fourier
transformed using 2 Hz exponential and 1.5 Hz Gaussian filtering. After calculating the
power spectrum, lactate peaks were fitted with a Gaussian function. The area under the
lactate peak was calculated and the lactate concentration was computed using phantom
substitution method using an external standard with the known concentration. The

accuracy of lactate
quantiﬁcation of was Peak Area, Intensity*ppm  y 10° Peak Maximum, Intensity  y 10
verified using one 2
phantom (30 mM) as
the object of interest
and the other
phantom (15 mM) as
the reference. The

6

mean measured 5 1015
lactate concentration Peak Position, ppm Fit Error, %
was within 4% of the

nominal

concentration. In vivo
lactate concentration

was calculated
similarly. The
concentration of in 5 10 15 5 10 15

vivo tumor lactate, C,
can be calculated | Figure. 3: Lactate peak fitting from 2D chemical shift image for

from the phantom quantification: peak area under peak (top left), peak maximum (top right),
solution of known peak position (bottom left), and fit error (bottom right). Low fit error shows

) the estimate of quantification accuracy.
lactate concentration
Cref as:

C=C"™ x lesz A

X_

Aref
where A and A™ are the measured areas under the fitted peaks in tumor and in the
reference phantom, respectively. The correction factor for T1 and T2 differences
between phantom and in vivo data is:

le,T2 = eXP{TE( ! - 1 H ﬁ—eXp(—TR/Tl phantom)]

T T eaCTRT )]

2 vivo 2 phantom

2D data: 2D CSI data were imported into 3DiCSI and superimposed onto T2 images.
Voxel spectra were then exported in ASCII format and lactate peaks were fitted with a
Gaussian function in Matlab. The area under the lactate peak was calculated and the
lactate concentration was computed voxel-by-voxel using phantom substitution method
(Figure 3).



Statistical analysis was performed using SPSS (SPSS 10.0, SPSS, Chicago, IL).
A repeated-measures analysis of variance (ANOVA) was used to test difference in
tumor growth between different mouse models. [Lac], T1 and T2 values were compared
between groups of slow growing and fast growing, HER2 positive and HER2 negative,
triple negative tumors and rest of tumors. The mean and standard deviations of lactate
concentrations, T1, and T2 values for each tumor cell line were compared using t-test.
Lactate concentrations were compared between pre and post treatment.

Image feature extraction from 2D T2 images:

Image software for segmentation: Prior to the extraction of features from T2-weighted
images, for the segmentation of tumor, we used a useful software package called MIJ
(http://bigwww.epfl.ch/sage/soft/mij/) that enables to link between ImageJ/Fiji and
Matlab. From the segmented tumor image obtained using ImageJ, we extracted image
features.

Image features: For analysis of mice model data, we extracted the lactate concentration
for a tumor slice and whole tumor from MR spectroscopy data. Also, the volume of
tumor slice and whole tumor volume were extracted. In addition, we extracted statistical
features including kurtosis and skewness and image texture features including contrast,
correlation, energy, homogeneity, and entropy. From a co-occurrence matrix created
based on raw image intensity values, five texture features were computed, which are
defined as follows:

1) Contrast: }; ;li — jlI*p(,))
2) Correlation: Zi,j”p(l:)%
x0y
where p,, u, and o, o, denote the mean and standard deviations of the row and
column sums of the matrix, respectively.
3) Energy: ¥ ;p(i,/)*

4) Homogeneity: Zi,j%

5) Entropy: — ;i p(i,j) log,[p(i, j)].

Classification of mice models: For classification of mice models, we employed linear
discriminant analysis (LDA) and logistic regression approaches. Linear discriminant
analysis (LDA) is a traditional statisitcal method based on feature reduction. We used
LDA for multiclass classification of different mice models. The classifical LDA faces a
problem known as singularity where the number of features is much larger than the
number of samples. However, in our problem, since the number of samples is larger
than the number of features, we simply employed the classfical LDA. Logistic regression
is widely used for statistical analysis of binary data. In this study, we dichotomized the
data into two groups: group 1 (MCF7+BT474) (fast growing, non-triple negative) versus
group 2 (MDA213+MDA435) (slow growing, triple negative). The formula for logistic
regression is
1

P= 1+ exp (-Y)
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where Y takes the form of linear regression. In this analysis, group 1 and group 2 were

coded as 0 and 1, respectively.

Results:

Lac spectroscopic studies were carried out using MCF-7(0-800 mm?), MDA-MB-231(0-
600 mm°®), MDA-MB-435 (0-650 mm3), BT-474 (0-900 mm®) mammary tumors with
different molecular profiles (Table 1). We collected non-localized Lac signal from 1D

and slice localized 1D and
2D chemical shift imaging
data.

We implemented the SS-
SelMQC using higher order
binomial  pulses (SS1-
SelMQC) as described in
methods for lactate
detection with better Lip
suppression and compared
with SS-SelMQC [1]

Table 1. Molecular classification of breast tumors

Cell line Immunoprofile
MCF7 ER+,PR+,HER2-
BT-474 ER+,PR+,HER2+
MDA-MB-231 ER-,PR-,HER2-
MDA-MB-435 ER-,PR-,HER2-

ER, estrogen receptor; PR, progesterone receptor; HER2, human
epidermal growth factor receptor 2; ER/PR/HER?2 status were
mentioned according to the histopathology reports with the
published literature.

(Figure 4). The lactate signal enhancement was consistent wrt SelIMQC [2] sequence.

Subsequently, T1-

and T2-versions of
this sequence for T;
and T
measurements to
facilitate absolute Lac
guantification.

Lactate detection in
4T1 mice tumors and
its relation to LDH-A
levels and metastatic

potential: Lactate
detection and

guantification

methods were also
implemented for
studying mice breast
tumor cell lines such
as 4T1 and 67NR.

Figure 4: 2D CSI of 30mMol Lactate/lipid (a)SS-SelMQC (b) SS1-SelMQC
sequence for in plane resolution of 1.25x1.25 mm2 at 4.7T using
FOV=20mm slice thickness is 5mm, TR=2s Number of scans=8 and
acquisition time= 76 minutes. Better lipid suppression at outer layer of tumor
is noted.

This work demonstrated lactate as a biomarker for tumor aggressiveness in fast
growing 4T1 mice breast tumors compared to 67NR [5]. Lactate concentrations were
related to LDH-A levels and they were increased when associated with metastasis [5].
We observed reduction in lactate levels by knocking down the LDH-A pathways in 4T1

breast tumors [6].
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In our attempt to study the ﬂ
relation between Lac signal and (
the tumor aggressiveness, we \ \
calculated [Lac] in all four J
mammary tumor models (Table. K

1). A representative stacked plot JJ
of slice-localized lactate signal in (7

MCF7 tumors as a function of /
increasing  tumor  volumes ﬂ Wt WA

(Figure 5) was shown. /
J\Ww M a

Using T1- and T2- versions of e

SS1-SelMQC pulse sequence, 2 A -

Tl and T2 values were 2-3-4-5 ppm

calculated for in vivo MCF, BT-

474, MDA231 and MDA435 Figure 5. In vivo Lac spectra of MCF-7 tumor
breast tumors. A representative  with slice thickness is 5mm at various tumor
stacked plot of T1 and T2 decay  Vvolume (a) 150 mm®, (b) =330 mm?® and (c) =750
of lactate signal was shown mm?; TR=3s; Number of scans=16 and acquisition
(Figure 6). We found no time= 48 minutes.

significant correlation of T1

\Mwﬂme ¢
b

values in tumors
with different

expression levels of
ER, PR and HER2
levels (Figure 7).
2o ) i

significantly lower in
triple negative
tumors  compared
with other tumors.
These factors lead
to correction factors

in calculating

lactate e

concentrations. For o

quantification of | Figure 6. A representative MCF tumor with volume of 300 mm?

lactate 1D and 2D | jn yivo Lac spectra: In vivo (MCF-7 tumor) Lac signal recovery
data sets, external | ofT,.5S-SelMQC with variable inversion time 0.1, 0.2, 0.4,
spherical phantom | o6 0.8, 1.0,1.5, 2, 4, 6, 8 and 10s. (Top). In vivo (MCF-7
with 15 mM lactate | y,1op) | ac signal decay To-SS-SelMQC with 2*TE(0.08 to

solution was —used | g 425 with 0.02 s increments (Bottom). The calculated T 1.6 s
as a reference. and T, 0.16 s.
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250 I HER? Pos 25- I HER? Pos
[ HER2 Neg [ HER2 Neg
I ER/PR Pos Il ER/PR Pos
[ ER/PR Neg [ ER/PR Neg
200 =t 20+ TN
Ll __LLs
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£ 100+ F 104
504 0.5
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Figure 7. Comparison of T1 (A) and T2 (B) values in breast mammary tumors with different
growth rates and protein expression levels. T1 and T2 values are defined as (mean *
standard deviation); MCF-7, BT-474, MDA-231 and MDA-435 tumors were classified into
HER2 Pos, HER2 Neg, ER/PR Pos, ER/PR Neg, Triple negative (TN), and Triple positive
(TP) groups. No significant differences were observed in T1 values between any two
groups (P < 0.05). *Significant differences in T2 were observed between ER/PR pos
versus ER/PR neg groups (p = 0.02), TN versus TP (p = 0.0667), and HER2 pos versus
HER2 neg (p = 0.2398).

We calculated concentrations from 1D signal using external reference phantom of
15mM lactate. For 2D

data sets, lactate
concentrations were a5
estimated, which are ]
similar to 1D slice Lac 30] u * MDA231
- - A BT474
concentrations and . L. « MDA435
histology correlation was % 25 ap® o = MCF7
done. For all tumor = Lo, = a .
models, lactate S 204 o -+
. &) ] oy B, 4
concentrations [Lac] £ s R ALY
were calculated using g ] -t,xl
external reference 8 104 Y o™ . am ®
method. The [Lac] in 2 o 3 4 =
MCF-7, BT-474, MDA- = 5] L PO L=
MB-231 and MDA-MB- - ¢
435 tumors were 0 ——— 77—
measured with respect 0 200 400 600 3800 1000  12(
to tumor volume Volume (mm ™)
(Fié:;ure. 8)-bThiS.W0rk tis Figure 8: [Lac] with increasing tumor volumes.
under submission to
magnetic resonance in

medicine.
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Representative 2D lactate color maps overlaid on T2 images were generated for BT-
474 tumor at three different tumor volumes (Figure 9A). Combined with the histology
correlations (Figure. 9B) and texture features from T2 images (Table 2), results are

finalized and in the process of submission.

Figure 9A. Lactate area under the peak plotted as color map with increasing tumor
volumes in BT-474 tumors shown by grey T2 images. Area under the peak will be
converted into millimole concentrations using external reference data. Tumor
volumes: (left) 200 mm3 (middle) 450 mm3 (right) 718mma3.

Tumor Tumor

I
Sice W Whole i
Volume Volume

L3 [k
(mm3) i (mm3) La]

Slice Whole Contast Comelfon  Energy  Homogenelty Entrcpy Kurtoss Sewnes

W BAO&oaM 12 0w 1% JE I
176 B3 a0 n o 0% Y 18 W1
19760 571 1 DB 0y L 13 JAVR
WMnos B 8n 0B 1% 0 1% 1% 18
PACK N Y I 1% 08 13 1%
Wk OBILOW 1B A 1% 0l 15 W LB
me 8% woouno A [ ) 03 w1y
JEN A A ) B 1% 0 09 w1y
LT P R A B 09 W14
BU 0y W uyo o 0 e K] w18
1%7% 646 X 78 0B 1% 01 13 1% 18
mwH 85 W B 06 1% 0l 036 w1l
FINEIE YE T 1 1% 0 18 w1
195 65 10 B4 1 [ 19 w13
R e & AN 0y 0 0 1% w18
Wy 2n B OBR W 0 Lk 1% %1l
LT It T U O O T 15 1%

Table 2. Texture features of BT-474
tumors as a function of tumor volume.

Figure 9B. In vivo T1l-weighted/lactate MRS imaging (left) and
ex vivo H&E histologic staining with superimposed LDH-A
immunostaining (red) from the same xenograft tumor (right).
Orientation of tumor sections was maintained with respect to
MRI imaging using angiocatheters inserted post-imaging as
fiduciary markers. LDH-A immunostaining and imaging was
carried out using 10mm frozen tumor sections. Subsequent
H&E staining was preformed using the same section. Regions
of LDH-A expression show a general correspondence with
regions of high lactate concentration (e.g. lower right quadrant),
and is absent from regions of low tumor lactate (e.g upper left
quadrant). An exact spatial correspondence is not expected
due to large differences in the respective resolution of each
method (5mm MRS vs 10mm IHC). However, the data shown is
consistent with there being a spatial relationship between LDH-
A expression and elevated levels of lactate within the tumor.
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In LDA analysis, we tested three scenarios with the different number of groups using
leave-one-out cross-validation (LOOCV): four groups (MCF7 vs BT474 vs MDA213 vs
MDAA435), three groups (MCF7 vs BT474 vs [MDA213+MDAA435]), and two groups
(IMCF7+BT474] vs [MDA213+MDA435]). Note that MDA213 and MDA435 are triple
negative models. The following three tables show the results of classification for four,
three, and two groups. In the case of classification with triple-negative and non-triple-
negative, considerable accuracy was obtained with 77.3%.

Four groups

MCF7 BT474 MDA231 MDA435

MCF7 6 11 0 8

BT474 5 6 0 6
MDA231 0 0 9 7
MDA435 1 3 4 22

Three groups

BT-
MCF7 474 MDA231+MDA435

MCF7 8 11 6

BT-474 5 6 6
MDA231+ MDA435 3 5 38
Two groups

MCF7+BT474 MDA231+MDA435
MCF7+BT474 28 14
MDA231+MDA435 6 40
. . . . CV-LOO Model Order Estimation

In analysis using logistic 07 ‘ : :
regression, we used the loocv
approach to find the best model. 0-65¢ 1
The following graph shows g os6;
Spearman’s correlation  E |
coefficient (Rs) for different 5
model orders (Figure 10). Here 'z 05
the model order represents the  E 4 5|
number of model features ﬁ
(degree of complexity of the @ 04| Figure 10 T
model). The graph represents 0.35 |
that the best model has three
features. 1 2 3 4 5 6

Model order
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Once we found the best model, we applied it to our dataset. The following logistic
regression model with three features including Tumor Slice [Lac], Tumor Whole Volume,
and Homogeneity was found to be the best model:

Y=-0.243 x Tumor Slice [Lac] —0.0104 x Tumor Whole Volume + 78 x Homogeneity —
66.4.

This model shows significant predictive power with Rs=0.67 (p < 0.0001) and area
under the receiver operating characteristic (ROC) curve (AUC) = 0.89.

To investigate the predictive power without using texture features, we built another
logistic regression model using only Tumor Slice [Lac] and Tumor Whole Volume. We
achieved Rs=0.54 (p < 0.0001) and AUC = 0.812 with the following logistic regression
model:

Y=-0.257 x Tumor Slice [Lac] — 0.0055 x Tumor Whole Volume + 4.61.

In comparison of two models found
above, it is obvious that there was
great performance improvement SR
using the homogeneity feature, :
especially in Rs.

Treatment. We have treated the
breast tumors with targeted drugs.
From the control data it is visible
that lactate concentrations are high
within tumor volumes of 150-200
mm3. So we started treating the
mice at this tumor volume.
Representative data on MDA-435
tumors treatment with  Avastin
demonstrated that lactate levels
were decreased at the 2" day of
treatment with no visible reduction
in the tumor volume (Figure 11).
Results demonstrate that lactate

Figure 11. 2D chemical shift imaging
lactate spectra from 5mm sagittal slice
within MDA-435 tumor (tumor volume=
160 mm3) as a function of Avastin
treatment- 0" day (left) and 2™ day (right).
Reduction in the lactate levels are visible
at the 2" day of the treatment.

can be an early biomarker in
treatment. Similar effect was observed in MDA-231 tumors with Avastin treatment
(Figure 12). At 2" day after the treatment, lactate levels were decreased with no visible
reduction in the tumor volume. In MCF7 tumors, we did not observe any significant
effect as a function of Herceptin or Avastin treatments.
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Figure 12. Lactate (Lac) concentrations (TOP PANEL) and tumor volumes
(BOTTOM PANEL) in MDA-MB-231 tumors as a function of Avastin treatment at
o™, 2" 7th, and 14" day (TOP PANEL).
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We did the analysis for tumor tissue histology pre- and post treatments. We are in the
process of presenting this work for NMR in biomedicine to describe the correlation of
the 2D lactate voxel-by-voxel maps and texture features to explain tumor heterogeneity
and treatment response.

KEY RESEARCH ACCOMPLISHMENTS:

1. SS-SelMQC with 1331 binomial pulses was developed for efficient Lac detection
in the presence of frequency shifts. T1- and T2- versions were designed to derive
the relaxation correction factors.

2. [Lac] can be used as a marker to differentiate slow growing from fast growing
breast tumors. Lactate concentrations are low in slow growing tumors and high in
fast growing tumors.

3. T2 may act as a marker for differentiation of these triple negative aggressive
tumors. T2 relaxation constant was shorter in triple negative tumors compared
with rest of tumors.

4. We have developed predictive models using novel image features and tested our
predictive models with them extracted from MR, PET, and CT images. Texture
features have added predictive power to classify these tumors (triple-negative
versus non-triple negative).
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[Lac] seems to be an early marker for studying treatment response. Treatment
response was detected within 48 hours of treatment.

REPORTABLE OUTCOMES:
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