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Abstract

The ability to generate in vivo maps of lactate may have significant diagnostic utility in staging
and treatment planning of a wide variety of cancers. The double selective multiple quantum filter
technique (SelMQC) has been shown to be effective for non-localized detection of lactate with
little or no interference from other signals. Here the SeIMQC technique has been combined with
longitudinal Hadamard slice selection and chemical shift imaging to yield slice selective images of
lactate. The technique is shown to be effective in phantoms and in WSU-DLCL2 xenografts
implanted in flanks of SCID mice. Tumors exhibited an annulus of elevated lactate concentration
surrounding a necrotic tumor core.
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Introduction

It is widely recognized that aerobic glycolysis is a hallmark of cancer (1). The primary
function of this metabolic pathway is believed to provide building blocks for cell replication
(2), although glycolysis also plays a minor role in supporting tumor energy metabolism.
Tumors have also been shown to have compromised perfusion and exhibit high interstitial
fluid pressure compared to normal tissues due to the absence of functioning lymphatics,
increased vascular permeability, and rapid proliferation of cells in confined spaces (3).
These properties often result in elevated steady-state lactate levels within tumors. Elevated
lactate levels have therefore been proposed as markers for tumor diagnosis (4), the presence
of hypoxia (5), therapeutic resistance (1), response to therapy (6-9) and poor prognosis
associated with neoplastic disease (10,11). Although tumor lactate concentrations may be
determined from biopsy, the metabolism of tumors is known to be heterogeneous and point
sampling may not be representative of overall tumor metabolism. A technique for mapping
lactate distributions within the tumor is therefore highly desirable.

Magnetic resonance spectroscopy (MRS) has long been recognized as being capable of non-
invasive detection of lactate levels. However, MRS techniques are complicated by the fact
that the lactate methyl resonance chemical shift falls in the same range as that for lipids.
Thus the lactate signal is often obscured by the lipid signal unless some spectral editing
method is employed. Lactate editing techniques can be broadly categorized as being
difference techniques (12-17) or multiple quantum (MQ) filters (18-25). The difference
techniques suffer from the fact that any instability in the specimen (patient) or instrument
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between acquisitions degrades the level of cancellation resulting in spurious signals. Of the
various MQ lactate editing techniques, the doubly frequency selective multiple quantum
coherence transfer (SelMQC) technique (26) has several advantages. The method detects the
lactate signal in a single shot making it less susceptible to motion and instability than
difference and phase cycling methods. The utilization of two frequency selective pulses
tuned to the lactate methyl and methyne resonances makes the protocol highly specific for
lactate, requiring no water suppression beyond the MQ filter.

The present report investigates the feasibility of using the SeIMQC method to generate maps
of lactate in vivo. Two-dimensional spatial encoding can easily be incorporated into the
SelMQC pulse sequence by introduction of chemical shift imaging gradients in one of the
evolution periods of the sequence. However, addition of slice selection is complicated by the
fact that every pulse in the sequence is frequency selective. Furthermore, multiple quantum
coherence is generated by the second pulse in the sequence. The use of spatially selective
RF pulses for coherence transfer is known to negatively impact the efficiency of the
coherence transfer leading to signal loss (19,21). Slice selection must therefore be achieved
before the second pulse in order to avoid this penalty in signal to noise ratio. One solution to
this problem is to replace the first pulse in the sequence with a spectral-spatially selective
pulse envelope (27). However, these pulses are highly sensitive to errors in the relative
timing of the gradient and RF channels making them difficult to implement. Furthermore,
the spectral selectivity of such pulses is limited.

An alternative solution is to achieve slice localization prior to the first pulse in the SelIMQC
sequence using longitudinal Hadamard encoding (28). This technique employs inversion
pulses to encode spatial information into axial magnetization prior to the lactate selective
sequence. Application of a Hadamard transform to the acquired data then yields the
localized spectra. Hadamard encoding has previously been shown to be an effective method
for slice selection when used in combination with two-dimensional chemical shift imaging
(CSI) techniques (29). Two dimensional Hadamard localization has also been shown to be
effective when used in combination with multiple quantum lactate editing techniques (30).
Here, a technique that combines the SeIMQC-CSI sequence with Hadamard slice selection is
described. The utility of the technique in generating maps of lactate levels is demonstrated in
phantoms and subcutaneous tumors in mice.

Pulse Sequence

The pulse sequence employed in the current study (Fig-1) consists of longitudinal Hadamard
encoding in the slice direction followed by the previously published SeIMQC pulse
sequence (26). The SeIMQC sequence consists of four frequency selective pulses with the
first and third applied at the lactate methyne resonance (4.1 ppm) and the second and fourth
applied at the methyl resonance (1.3 ppm). Coherence selection is achieved with gradient
pulses g1 and g2 that have relative amplitudes of 1:2. Crusher gradients pulses, gc, are also
included in order to suppress unwanted coherence pathways. Optional pre-encode and read
gradients on the slice axis were incorporated into the sequence (Fig 1, dashed lines) in order
to allow for direct observation of the slice selection profiles. Alternatively, CSI phase-
encoding gradients may be enabled in the first evolution period for in-plane spatial
encoding. For additional details about the SeIMQC sequence, the reader is referred to the
original description (26).

Two versions of the protocol were implemented with second and fourth order longitudinal
Hadamard encoded slice selection, respectively. Slice selection was achieved using 2N
inversion pulses based on the hyperbolic secant envelope, where N is the number of slices.
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The slice selection pulses were designed in pairs having inverted response profiles. This
method of using 2N pulses to generate N’th order Hadamard encoding minimizes T,
interference with the localization and allows the protocol to be run at a reduced repetition
time (TR). The simplest of the spatial encoding pulses employed was a null pulse. The
remaining multi-band spatially selective pulses, p(t), were generated from linear
combinations of single-band pulses (31) as described by

p
p () =[ sechpt] l+"‘Z:exp zAa)j
J [1]

where the time parameter, t, runs from -z to =, p determines the adiabaticity of the envelope,
p determines the bandwidth, P is the number of bands in the profile, Awj is the frequency
offset for the j’th band and i=/-1. Techniques for minimization of the pulse power in the
multi-band pulses (32) were not necessary because the number of bands was small and peak
power was not a limiting factor. The parameters used to generate the seven pulse envelopes
used for fourth order Hadamard encoding are listed in Table 1. A subset of these pulses was
employed for the two-slice protocol.

Phantom and Animal Studies

All MR studies were performed on a 9.4T vertical bore spectrometer (Varian Inc, Palo Alto,
CA) equipped with a 55 mm ID gradient tube (Resonance Research Inc., Billerica, MA)
with a maximum gradient strength of 25 Gauss/cm. Phantom studies were performed using a
10 mm high-resolution multi-nuclear probe (Doty Scientific Inc., Columbia, SC). Animal
studies employed a home-built 13x13 mm (diameter x length) resonator constructed
specifically for observation of xenografts in small animals. Gaussian pulse envelopes of 8
msec duration were used for all frequency selective pulses. A pulse width of 5 msec was
employed for all Hadamard encoding pulses. Coherence selection gradients of amplitude g1
=6 and g2 = 12 G/cm and crusher of gc=5 G/cm were employed.

A phantom was constructed consisting of two concentric cylinders (10 and 5 mm O.D. NMR
tubes) with a 100 mM solution of lactic acid (Fisher Scientific) in normal saline in the inner
cylinder and mineral oil in the outer annulus. Lactate slice selection profiles were generated
by enabling the read gradients on the slice axis (dashed lines, Fig 1). Other acquisition
parameters for the slice profile studies were; slices = 4, thickness =2 mm, TR = 0.6 sec and
averages = 32. Imaging studies of the phantom were planned such that the imaging plane
was tilted relative to the axis of the phantom. Under these conditions the position of the
phantom cross section varies with respect to slice position making the effectiveness of slice
selection apparent in the images. Gradient echo scout images (TR = 0.1 sec, TE = 3 msec,
flip angle = 20°, slices = 2, field of view = 1,6x1.6 cm, thickness = 1 mm, matrix =
128x128) were acquired for comparison with the CSI data. The Hadamard slice selection
(HS)-SelMQC-CSI protocol was then run (TR = 0.6 sec, matrix = 32x32, data points = 512,
spectral width = 4000 Hz, averages = 2*Hadamard order = 4, total acquisition time = 68
min) with the same slice orientation and thickness parameters used in the gradient echo
study.

The Institutional Animal Care and Use Committee (IACUC) approved the animal protocol.
Diffuse large B-cell lymphoma cells (WSU-DLCLZ2) were cultured as described elsewhere
(33). SCID mice (National Cancer Institute) were inoculated in the rear flank with 107 cells
in 0.1 ml of Hanks’ Balanced Salt Solution (Invitrogen/Gibco, Carlsbad, CA) at age 5-7
weeks. Tumors became palpable within a few weeks. MR exams were performed when
tumors reached a volume of approximately 500 mm3 (as determined with calipers) that
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typically required about 40 days post-inoculation. Animals were prepared for MR exams by
induction of general anesthesia by free breathing of 1% isoflurane in oxygen delivered
through a custom-built nose cone. An optical temperature probe (Luxtron, Mountain View,
CA) was inserted rectally and provided thermostatic control of a home-built warm air
source. The output of this device was directed over the animal, which maintained the
animal’s core body temperature at 37° + 2°. The animal was mounted in the coil such that
the subcutaneous tumor projected into the resonator. The coil was inserted into the magnet
and gradient echo images were generated as described previously. Global shimming on the
tumor was performed and line widths of 40-100 Hz were typically achieved. Slice selective
spectra were acquired (no in plane spatial encoding) using the fourth order Hadamard slice
selection SelMQC protocol and the same acquisition parameters used in the phantom
studies. A second order Hadamard slice selection SelMQC-CSI sequence was then
performed (TR = 0.6 sec, matrix = 16x16, data points = 512, spectral width = 4000 Hz,
averages = 8*Hadamard order = 16, total acquisition time = 41 min, slice thickness = 2
mm). At the conclusion of the study, the animal was removed from the coil and observed
during recovery from anesthesia.

Data Analysis

Results

All data analysis was performed off line using codes developed in the IDL (ITT Visual
Information Systems, Boulder, CO) programming environment specifically for this purpose.
The difference between pairs of CSI data sets generated with inverted Hadamard encoding
profiles were calculated for each acquired pair. The Hadamard transform was then applied to
the resulting CSI data sets, followed by zero filling in spatial domains to 64x64 and three-
dimensional Fourier transformation. Lactate metabolite maps were then extracted from the
resulting slice selective two-dimensional CSI data sets by calculating the integral of the
signal intensity over a bandwidth of 100 Hz centered on the lactate methyl resonance. The
resulting maps were saved for further analysis.

The specificity of the SeIMQC sequence for lactate is demonstrated in Fig 2 which
compares a single pulse spectrum of the lactate/lipid phantom to one generated with the
SelMQC sequence with all spatial localization disabled. The water (4.7 ppm) and lipid
resonances (0.5 — 1.8 ppm) are easily identified in the single pulse spectrum. However, the
lactate resonances (4.1 and 1.3 ppm) are orders of magnitude smaller than the lipid and
water signals and are therefore not seen in the spectrum. The SeIMQC sequence easily
detects the lactate with no interference from the other resonances. All of the lipid resonances
are suppressed to below noise levels while a small residual water signal is detected. Note
that the outer elements in the methyne quartet (4.1 ppm) are inverted relative to the center
two lines due to scalar evolution during the SeIMQC pulse sequence.

Experimentally determined magnitude slice selection profiles generated with the lactate/lipid
phantom are depicted in Fig 3. The overall envelope of the response profiles is indicative of
the axial variation in the sensitivity of the RF probe for the SeIMQC sequence. The probe
used in the phantom studies was a Helmholtz pair design and thus has relatively poor By
homogeneity as is evident in the profiles. Magnitude profiles are employed to avoid
problems associated with adjusting first order phase corrections; however, this results in
positive signals across the profiles. The transitions between equilibrium and inverted
magnetization are evident in the plots as sharp dips in the profiles. The sign of the
magnetization following Hadamard encoding is indicated for each band in the figure using +
(equilibrium) and - (inverted) symbols. The desired response profiles were generated in
every case with sharp transitions between the bands.
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The effects of T4 recovery during the delay between the slice encoding pulses and the start
of the SeIMQC portion of the sequence are evident in the figure as a slight reduction in
signal intensity in the inverted bands relative to the expected profile (arrows, Fig 3b & d).
These effects are canceled by taking the difference between profiles having inverted
symmetry in their inversion pattern. This correction is demonstrated for the (+--+) - (-++-) =
2(+--+) profile in Fig 4a. The vertical scale for the profile displayed in Fig 4a is half that
used in Fig 3. Note that this correction method also suppresses the signal from outside the
slab. The slice selection profiles generated by application of the 4’th order Hadamard
transform to the corrected profiles are depicted in Fig 4b. The vertical scale in the slice
profiles in Fig 4b has been increased relative to that in Fig 4a to account for the 4-fold gain
in signal intensity provided by the Hadamard transform. Good localization is achieved for
all four slices with very little signal outside of the slice.

Theoretically, the slice selection profiles are a convolution of the Hadamard pulse response
profile with the lactate filter provided by the SelMQC sequence. As demonstrated in Fig 2,
both the methyne and methyl resonances of lactate are detected by the SeIMQC sequence.
The localization for the lactate methyne resonance for a particular volume of tissue is
therefore shifted in the slice direction relative to that for the methyl resonance for the same
volume of tissue. The region in which the methyne profile is expected to be seen for slice
three is displayed in figure (Fig 4b, inset). Some of the methyne signal is detected; however,
the intensity is relatively low. This is due to the fact that the SeIMQC sequence detects the
methyne resonance with a 180° phase difference between the inner and outer lines of the
quartet (Fig 2). Convolution of this anti-phase multiplet with the broad slice localization
profile results in partial cancellation of the methyne signal. Note that this misregistration of
the methyne resonance does not pose any problems in the CSI studies because the
resonances are easily resolved in the spectral domain. Typically only the methyl resonance
is evaluated in the CSI studies due to its much larger signal intensity.

Typical results from the phantom imaging studies are depicted in Fig 5. Both the inner
cylinder and the outer annulus are clearly depicted in the gradient echo images (Fig 5a & b).
Note that the vertical position of the two images is shifted relative to each other due to the
slice orientation. Also evident in the images is a slight variation in signal intensity due to
inhomogeneous RF coil sensitivity. The lactate images generated with the HS-SelMQC-CSI
protocol (Fig-4c & d) are well correlated in the gradient echo images. The lactate signal in
the inner cylinder is detected with high signal to noise, and the lipid signal in the outer
annulus is suppressed to below detection limits. The vertical position of the images is also
well correlated with the gradient echo images suggesting effective localization in the slice
direction.

The slice planning used in the fourth order slice selective lactate spectra of tumors is
depicted in Fig 6a. The first slice was positioned such that it is tangent to the surface of the
tumor. The second and third slices pass through the tumor and the fourth slice was within
the mouse body. The resulting spectra (Fig 6b) are consistent with expectations. The
complete lack of signal in the first spectrum suggests that the signal from that slice is
effectively localized outside of the tumor. The remaining slices have significant signal at the
lactate methyl and methyne chemical shifts and residual water signal is below detection
limits. The observed lactate signal is maximum in the third slice which passes approximately
through the center of the tumor.

Typical results from a lactate imaging study of a tumor xenograft are shown in Fig 7. The
gradient echo, T1 weighted images of the tumor exhibit a hypo-intense region near the center
that is likely due to necrosis. This hypo-intense core is surrounded by tissue that appears
homogeneous in the T; weighted images with some evidence of vasculature (Fig 7a & b).
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The 10 mM lactate reference phantom is visualized in both slices; however, there is
evidence of air bubbles within the phantom (arrow). The lactate images clearly demonstrated
heterogeneity within the tumor. The lactate levels are below detection limits in the core of
the tumor and are elevated in the region surrounding the core. Comparison of Fig 7a and ¢
indicates that the region of suppressed lactate levels is significantly larger than the hypo-
intense region in the T1 weighted images. The lactate reference phantom is detected in one
of the lactate images (Fib 7d, arrow). The larger area of the phantom in the lactate images
relative to that in the gradient echo images is due to the lower in plane spatial resolution and
larger slice thickness (2 mm) employed in the lactate study. Its absence in the other slice
(Fig 7c) is likely due to the previously mentioned air bubbles. The intensity of the phantom
signal is comparable to that in the tumor suggesting that the tumor lactate levels are in the
5-10 mM range. The SNR of the lactate signal is in the range of 2-4 as is evident in the
image profile (Fig 7e).

Discussion

Previous studies have been reported that employ the SelMQC protocol in combination with
surface coil localization to generate estimates of total tumor lactate (6,34,35). Although
theses studies have demonstrated correlations between lactate levels and response to
therapy, these measurements almost certainly provide an incomplete picture. Lactate levels
in tumors are a trade-off between the rate of lactate production (glycolysis) and the rate of
lactate clearance via perfusion. The total tumor lactate measurements provided by surface
coil localization can not distinguish between changes in tumor volume and changes in
lactate concentration within specific regions of the tumor. Heterogeneity of tumor perfusion
has been demonstrated using dynamic imaging techniques. The level of tissue perfusion
determines the rate of lactate clearance, and therefore similar levels of heterogeneity are
expected in the lactate distribution. This competition between lactate generation and
clearance leads to an in vivo lactate distribution that is not well correlated with other MR
observable parameters. This is demonstrated in Fig 7 where the region of lactate suppression
in the tumor core extends significantly beyond the necrotoic region observed in the gradient
echo images. A complete understanding of in vivo lactate levels in tumors thus requires
mapping of its distribution. Furthermore, heterogeneous tumor response within a tumor has
been detected by diffusion and T, weighted imaging. This raises the critical question of
whether response detected by decreases in lactate corresponds with response measured by
MRI methods. This question, as well as correlation with histological indices of response, can
be addressed by imaging the lactate distribution within the tumor.

The HS-SelMQC-CSI technique presented in the current study has been shown to be an
effective method for generating slice selective maps of lactate both in phantoms and in vivo.
These studies have also demonstrated the anticipated heterogeneity in lactate distribution in
tumor xenografts in mice. The observed low lactate levels in the central regions of the tumor
are consistent with a necrotic tumor core.

Ideally one would like to generate maps in which the observed lactate signal intensity is
proportional to the concentration of lactate in the tissue. The current study employed an
external reference sample that can be used to generate order of magnitude estimates of the
lactate present in the tissue. A comparison of tissue lactate signal intensity with that of the
reference phantom suggests that tissue lactate levels are in the 0-15 mM range. However,
this estimation ignores partial volume effects and assumes that the lactate longitudinal
relaxation rates are the same in both the phantom and tissue. The in vivo relaxation time of
the lactate methyl protons has previously been reported to be 1.4 sec at 4.7 T (36) and is
expected to be slightly longer at the field strength employed in the current study. Clearly the
TR of 0.6 sec employed in the present study is insufficient to achieve equilibrium
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magnetization between shots, and the resulting maps are, therefore, heavily T, weighted. If
one assumes that the lactate T4 is homogeneous, it is possible to convert the data generated
in the present study to concentration; however, such analysis is beyond the scope of this
presentation.

One limitation of the longitudinal Hadamard encoded slice selection technique presented
here is that the number of slices acquired must be a power of two, 2N, Alternatively, the
normalized Hadamard method (37) may be employed in which case the number of slices
must be N2 — 1. The combination of these two methods allows for acquisition of from one
to four slices. Studies with more than four slices are simply not practical since the
acquisition times are excessive. Another concern with Hadamard encoding is that any
motion that occurs in the slice selection direction over the duration of the experiment can
lead to slice contamination. In most cases these issues can be addressed by proper restraint
of the target tissues.

The technique presented here is the first demonstration of effective slice selection in
combination with the SeIMQC method of lactate detection. Translation of this protocol to
the clinical environment is expected to play an important role in advancing our
understanding of the response of tumor metabolism to therapy.
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Figure 1.
The HS-SelMQC-CSI pulse sequence consists of Hadamard slice encoding followed by

crusher gradients and the SelMQC sequence. Phase encoding gradients were inserted in the
first evolution period to achieve in-plane spatial encoding. Optional pre-encode and read
gradients on the slice axis (dashed lines) are provided for generation of lactate slice selection
profiles.
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Spectra of the lactate/lipid phantom generated with a pulse acquire sequence (a) and the
non-localized SelMQC sequence (b) are shown. The spectra are displayed on different scales

due to the much lower signal intensity in the lactate edited spectrum.
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Figure 3.
The experimentally observed magnitude response profiles generated by the spatial encoding
pulses described in Table 1 are depicted; - - - - (@), + - - + (b), - -++ (c) and + - +- (d).

Selection bands having reduced signal intensity due to partial saturation effects are indicated
by arrows.
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The T effects on slice localization are suppressed by calculating the difference between
profiles generated with opposite symmetry as shown for the (+--+) - (-++-) = 2(+--+) profile
(a). Application of the Hadamard transform to the corrected profiles yields the slice
selection profiles (b). The signal from the lactate methyne resonance is largely suppressed
due the antiphase components of the multiplet as shown for slice 3 in the inset.
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Figure 5.
The phantom structure is clearly depicted in the gradient echo, T, weighted scout images (a,

b). Lactate images generated with the HS-SelIMQC-CSI protocol exhibit strong signal from
the lactate solution in the inner cylinder with no signal from the lipid in the outer annulus (c,
d).
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Figure 6.

Slice selective spectra were planned such that the first slice was in free space, the center two
passed through the tumor, and the last slice was within the mouse body (a). Slice selective
spectra show no signal in the first slice, and a maximum lactate intensity in the third slice

(b).
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Figure 7.
T, weighted gradient echo images of a tumor xenograft had a hypo-intense core surrounded

by homogeneous tissue (a, b). The lactate signal was suppressed in the tumor core (c, d) and
the region of this suppression was larger than the hypo-intense region observed in the
gradient echo images. The lactate reference phantom was evident in only one of the two
slices in both the gradient echo (b) and lactate (d) images (arrows). A profile of the lactate
image along the white line in (d) shows the SNR of the lactate images (e).
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Parameter values used to generate spatially encoded adiabatic RF pulse envelopes.

Table-1

Profile B (rad/sec) p Ao (rad/sec) Ao, (rad/sec)
---- 1.98 4 0

+--+ 1.98 2 0

++-- 1.98 2 20.5

-4+ 1.98 1 10.25 -30.5

-+ +- 1.98 1 30.75 -30.75
--t+ 1.98 2 -20.5

+-+- 1.98 1 -10.25 30.6
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