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Quantitative Magnetization Transfer Studies

of Apoptotic Cell Death

Colleen Bailey,"?* Kimberly L. Desmond,'? Gregory J. Czarnota,'™ and Greg J. Stanisz'*

Magnetization transfer measurements were performed on
samples of acute myeloid leukemia cells at early (36 h post-
cisplatin treatment) and late (48 h posttreatment) stages of
apoptosis. Magnetization transfer ratio was calculated and a
two-pool model was fitted to data at two powers and 16 off-
set frequencies of saturation pulse. No parameters changed
significantly at early stages of apoptosis. At late stages,
changes in magnetization transfer ratio were not significant,
but quantitative model parameters showed a decrease in
macromolecular proton fraction, Myg, and an increase in the
T, relaxation time of free water. Analysis also indicated an
increase in the ratio R x Myg/R1a, Where R is the exchange
rate between free water and macromolecular protons and Rqa
is the T, relaxation rate of free water. Changes in the magnet-
ization transfer spectrum were largely attributable to differen-
ces in the free water pool and did not occur any earlier than

changes in the average T, relaxation time, Ti,,s. Magn
Reson Med 66:264-269, 2011. ©2011 Wiley-Liss, Inc.
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Apoptotic cell death is an important indicator of the effi-
cacy of cancer therapy (1,2) and imaging markers of apo-
ptosis have the potential to monitor patient response
throughout treatment. Apoptotic cell death produces
changes at the molecular and cellular levels. These
include breakdown of proteins and changes in synthesis
levels, which can be observed by '*C spectroscopy (3),
changes in the size of the intracellular and extracellular
free water pools as observed with MR contrast agents
(4) and diffusion measurements (5,6), changes in pH
(7), and changes in lipids detected by molecular imaging
(8—10) and NMR spectroscopy. In particular, spectroscopy
studies have attributed an increase in the CH,/CHj; signal
intensity ratio to an increase in mobile lipids (11-13).
Magnetization transfer (MT) is an MRI technique for
indirect detection of macromolecular protons. Protons
processing at a frequency that is offset from the water
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proton resonance are saturated by a radiofrequency (RF)
pulse and signal from free water protons is reduced
through exchange between the two proton pools (macro-
molecular and free water). The fraction of free water
signal lost following a saturation pulse at a single offset
frequency gives the MT ratio (MTR).

Because exchange can occur multiple times during RF
saturation, MT can produce much larger effects than
direct measurements by spectroscopy, although MTR at a
single offset frequency is less specific. Specificity can be
improved by quantitative MT, which models the changes
produced by saturation of the water pool across a range
of offset frequencies.

Previously MT has shown sensitivity to cellular-level
changes including myelin content (14), ischemia (15),
and development of tumors, necrosis, and hemorrhage
(16). The biochemical and morphological changes of apo-
ptosis may, in theory, alter the MT spectrum because of
changes in the number of exchangeable macromolecular
protons and size of the free water pool, the dynamics of
the macromolecular pool, and the exchange rate (which
is affected by multiple factors including accessibility of
the exchange site and, for small molecules where chemi-
cal exchange is a significant contributor to the MT effect,
the pH (17)). This study examines the MT effect in an in
vitro model of apoptotic cell death by both MTR and
quantitative MT modeling.

MATERIALS AND METHODS
Cell Culture and Sample Preparation

Flasks of acute myeloid leukemia cells (AML-5) were
grown in suspension, each with 150 mL « minimal
media (Invitrogen Canada Inc., Burlington, Canada), 25
mL fetal bovine serum (Fisher Scientific, Ottawa, Can-
ada), and 5 mL penicillin and streptomycin (Invitrogen
Canada Inc.). Flasks were kept at 37°C and 5% CO, until
they reached confluence (~10° cells). Cells have a dou-
bling time of ~1.3 days.

Four flasks were treated with 10 pg mL™" cisplatin
36 h before imaging. Cisplatin is a chemotherapy drug
that impairs DNA replication and repair, producing apo-
ptotic changes observable by both light and phase micros-
copy. Four flasks were treated with cisplatin 48 h before
imaging. Four flasks were left untreated as controls.

Just before imaging, samples were prepared by combi-
ning the volumes of the four flasks in a treatment group
and centrifuged at 988g using a fixed angle centrifuge
(Beckman Coulter, Brea, CA). Excess medium was
removed and cells were resuspended in a small volume
(~1 mL) of phosphate-buffered saline (Invitrogen Canada
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Inc.). This volume was transferred to a 4-mL flat-bot-
tomed centrifuge tube (Sarstedt, Niimbrecht, Germany)
for quantitative MT experiments. Tubes were centrifuged
for 2 min at 2000g and 6 min at 2900g using a swinging
bucket centrifuge (Thermo Electron Corp., Asheville, NC)
to produce a sample for imaging with similar cell density
to a tissue environment (~70% by volume). The experi-
ment was carried out four times (n = 4) to determine
reproducibility.

MR Data Acquisition

MR data were acquired at 1.5 T (GE Signa, Milwaukee,
WI) using a quadrature head coil. Axial slices were cen-
tered lengthwise through the tubes.

T, relaxation data were acquired using a two-dimen-
sional inversion recovery sequence (18) with 128> acqui-
sition matrix, pulse repetition time = 2500 ms, and echo
time = 11 ms. Nine separate inversion times were used:
50, 100, 200, 300, 500, 700, 900, 1200, and 1500 ms.

A three-dimensional spoiled gradient echo sequence
(pulse repetition time = 200 ms, echo time = 4 ms) pre-
ceded by an off-resonance Hanning-windowed Gaussian
saturation pulse (19) (pulse width = 82 ms) was used to
acquire the MT spectrum. Data were acquired for two
peak powers (wq/2m = 427 or 243 Hz) at 16 offset fre-
quencies spaced logarithmically from 0.12 to 200 kHz. A
15° on-resonance excitation pulse was used to read out
the signal. For all offset frequencies, this acquisition
scheme achieves steady-state (defined as <0.1% change
between pulse repetitions) within 20 repetitions, toward
the outer edges of k-space.

MT images were acquired in a 64® matrix with a field of
view 8-12 x 8-12 cm?® (resulting in in-plane resolution
1.25-1.88 x 1.25-1.88 mm?) and 4.5 mm slice thickness.

Data Analysis

Regions of interest were automatically selected from pix-
els at the bottom 10 mm of the sample tube and in the 8
mm centered horizontally in the tube to avoid partial
volume effects. The signal-to-noise ratio was calculated
by dividing the mean signal in the 200 kHz offset, 427
Hz peak power image by the mean signal in an empty
region of interest outside the samples.

The signal in the region of interest for the nine inver-
sion recovery images was fitted to

5=35 [1 — (14 a)e"™/ T 4 gg= TR/ Tl | 1]

where S, is the equilibrium signal that would be meas-
ured if all magnetization were transferred into the trans-
verse plane, Ti.s is the average, observed T; relaxation
time in the voxel, and a accounts for imperfections in
the 180° pulse.

Quantitative MT data were fit to a two-pool model of
MT (20). Macromolecular protons (pool B) are saturated
with RF irradiation. Magnetization from the free water
pool (pool A) and the macromolecular pool exchanges
with a rate R. Each pool has a different proton fraction
(Mpa and Myg), T, relaxation rate (R, and R,g), and T,
relaxation time (T,5 and T,p).
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The time constant T,p characterizes the width of the
macromolecular line shape, which was assumed to be
super-Lorentzian for these experiments, as specified for
tissues (21). The fraction of free water protons, Mys, was
normalized to 1 by convention and the macromolecular
longitudinal relaxation rate, Rz, was fixed to 1 s as an
approximation because the fit is insensitive to it (22).
According to Henkelman et al. (22), the longitudinal
relaxation rate of the liquid pool, Ria, can be calculated
from the independently measured, longitudinal relaxa-
tion time, T4qps.

The change in the magnetization is then described by
a series of differential equations given by Sled and Pike
(20, see their Egs. 1-4). Apart from the precalculated R,
value and the fixed values Mys = 1 and Ryg = 1 s 7,
there remain four free model parameters to fit: R, Myg,
Tya, and T,p. In addition, the ratio of parameters charac-
terizing free water magnetization lost through exchange
to those describing the recovery by T, relaxation, R x
Myp/R; A, was calculated as a measure of overall MT.

MTR was calculated for the 427 Hz peak power and
2.32 kHz offset frequency:

MTR = SZOD — SZBZ ’ [2]

SZOO

where Sy and S, 3, are signals from the MT sequence at
offset frequencies A = 200 kHz and A = 2.32 kHgz,
respectively.

Fitting errors in each of the four independent model
parameters were determined by adjusting the parameter
of interest and allowing the remaining parameters to
vary until

X > X1+ F(ny,N — n;,,0.68)|, (3]

e
N —n,
where x? is the reduced x* value from the fit with one
fixed parameter, x3 is the reduced x* value with all pa-
rameters optimized, n, is the number of parameters in
the fit (n, = 4), N is the number of data points (N = 32),
and F is the F distribution function, calculated here for a
68% confidence interval (23).

Histology

Following MR data collection, the tubes containing the
cell samples were placed in 10% formalin for at least 1
week. Samples were then pushed intact out of the tubes
and embedded in 3% agarose. Following paraffin embed-
ding, 5 pm-thick longitudinal slices were cut and stained
with hematoxylin and eosin (H&E). The number of apo-
ptotic cells as a fraction of the total number of cells in the
microscope field of view was determined for three fields
near the center of the slice (559-859 cells counted for each
sample). Apoptotic cells in stained slides were deter-
mined as those where nuclear condensation and fragmen-
tation were visible and confirmed using TUNEL staining.

RESULTS

The average signal-to-noise ratio of the 200 kHz MT
images was 108 * 1 for data sets with 12 x 12 cm? field
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FIG. 1. MT curves for cell samples with no treatment (control), 36,
and 48 h after treatment with cisplatin for w¢/27 = 427 Hz peak
power. Lines represent fits to the data. The standard deviation of
the signal across the selected region of interest is demonstrated
by the error bars on the 48 h treatment points. Errors for control
and 36 h time points were similar.

of view and 48.5 * 0.2 for 8 x 8 cm?® field of view.
The MT data from a sample experiment are shown
in Fig. 1. The solid lines are the fits to the data. There
was excellent agreement between the fitted model and
experimental data.

The average fit parameters across experiments and
observed longitudinal relaxation time, Tjeps, are shown
in Fig. 2. A two-tailed unpaired t-test indicated that
differences between apoptotic and normal control sam-
ples become significant (P < 0.05) for three quantita-
tive MR parameters—observed longitudinal relaxation
time, Tjops, macromolecular proton fraction, My, and
transverse relaxation time of the free water pool, Top—
at 48 h after cisplatin treatment. Although some
trends, such as a decrease in Myg and an increase in
T,a, were evident in the earlier data 36 h after cispla-
tin treatment, the biological variation between the
experiments leads to larger standard deviations such
that the averages are not significantly different from
control samples.
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FIG. 3. Average parameters quantifying the MT effect. a: The av-
erage MTR at 2.32 kHz offset frequency for w¢/2w = 427 Hz peak
power as calculated from Eqg. 2. b: The ratio of R x Mgg, an
approximation of magnetization lost due to exchange with satu-
rated protons, to Rqa, the recovery rate of magnetization due to
T, relaxation. Error bars represent standard deviations across the
four experiments and * indicates P < 0.05.

The average fit errors (the limits of the parameters to
keep the fit within the 68% confidence interval, as given
by Eq. 3) were of the same order or smaller than the
standard deviations across the four experiments for the
macromolecular proton fraction, Myg, and the transverse
relaxation time of free water, T,5. For the MT exchange
rate, R, and the macromolecular relaxation time, T,g, fit
errors were larger than the standard deviation. For R and
T,a, the upper limit of the fit error was larger than the
lower limit. Errors were symmetric for the other two
parameters.

The MTR is shown in Fig. 3. An increase in the aver-
age MTR is evident but not statistically significant. In
the MT literature, the ratio R x Myg/R,a is often used as
a fitted parameter. This ratio follows the same trend as
the maximum MT effect (21) and indicated an increase
that was statistically significant at 48 h and approached
significance (P = 0.09) at 36 h.

Figure 4a—c presents a sample set of H&E stained
slides for each experimental time point. A summary of
the counts across all experiments is presented in Fig.
4d. Control cell samples demonstrated an apoptotic
fraction of 0.03 * 0.01 when compared with 0.35 =
0.24 for cells 36 h after cisplatin treatment and 0.68 *
0.14 for cells 48 h after treatment, based on counts
from H&E staining. TUNEL staining showed an apopto-
tic fraction of 0.02 = 0.01 for control cells, 0.23 = 0.20
for apoptotic cells at 36 h and 0.33 * 0.10 for apoptotic
cells at 48 h.
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FIG. 2. Average fit parameters. a: Monoexponential fit to the inversion recovery data for Ty.ps Using Eq. 1. The average fit parameters
for the fit to the two-pool model of MT from (20): (b) exchange rate R, (c) macromolecular proton fraction Mog, (d) T, relaxation time of
free water T,a, and (e) T, relaxation time of the macromolecular pool assuming a super-Lorentzian line shape T,g. Error bars represent
standard deviations across the four experiments and * indicates P < 0.05.
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FIG. 4. Representative images of H&E-stained slides for (a) control cell samples, as well as (b) those 36 h postcisplatin treatment and
(c) 48 h postcisplatin treatment. (d) The average apoptotic fraction across all experiments, as determined from counts of those cells
showing condensed nuclei following H&E staining as a fraction of the total number of cells. The scale bar represents 50 pm.

DISCUSSION

We are not aware of other published studies using MT
specifically to examine apoptosis. However, similar
rotating frame relaxation studies that applied spin-lock-
ing RF pulses before signal readout showed prolonged
T,, following treatment to induce apoptosis (24-27),
which is consistent with an increased MT effect.

The fit error is of the same order or smaller than the
standard deviation for the macromolecular proton frac-
tion, Myg, and the transverse relaxation time of free water,
T4, indicates that these parameters can be fitted reliably.
The large fit error in the MT exchange rate R has been
previously observed (28), but the difficulty in fitting the
macromolecular transverse relaxation time, T,g, is un-
usual. The instability in the fit may be preventing changes
in R and T,p during apoptosis from being observed.

As demonstrated by the relative sizes of the error bars
in Fig. 2, the standard deviations across experiments
tended to be largest for the 36 h treatment time point.
This is because of variation in the level of apoptotic
response related to the inherent biological instability of
this cell line. The apoptotic fraction 36 h after cisplatin
treatment ranged from 15 to 80% across the four sam-
ples, which is reflected in the error bars on the 36 h
time point in Fig. 4d. This suggests that the cellular-level
changes affecting the MT signal occur near this time
point, producing larger error bars as the time course of
apoptosis shifts slightly with later passages of the cells
being used.

As shown in Fig. 2, the longitudinal relaxation time,
Tiobs, the MT macromolecular fraction, Myg, and the
transverse relaxation time of the free water pool, T,a,
were significantly different between the acute myeloid
leukemia cell samples 48 h after treatment and controls.
The increase in T, is consistent with similar measure-
ments made previously on the same cell line at 3 T at
the 36 h time point (4), as well as the late-stage apoptotic
changes observed in vivo in rat glioma at 2 T (5) and

4.7 T (26), although those changes were largely attributed
to a change in water density that cannot be mimicked
fully with this in vitro model.

Although the fraction of macromolecular protons, Myg,
appears to decrease, this number is, by definition, rela-
tive to the fraction of free water protons, My, which has
been normalized to one in all cases here. Therefore, the
observed decrease may be due to an increase in the free
water content rather than a loss of macromolecular
exchange sites. For example, previous studies using this
in vitro model demonstrated an increase in the extracel-
lular water fraction from 14 to 32% (4). For a constant
intracellular water fraction (which is not entirely accu-
rate; there is a small decrease in cell size during apopto-
sis), this would alter the Myg value from 4.4% for con-
trols to 3.5% simply because of increase in extracellular
water. The value of Myp in this study at the 36 h time
point was 3.8 * 1.2 %, indicating that the observed
change may be due largely to increased free water con-
tent rather than a decrease in the number of macromolec-
ular exchange sites.

Although the fitted curves all qualitatively appear like
those of Fig. 1, with the 36 h apoptotic time point falling
below controls and the 48 h time point falling below
both of these, the change in MTR was not statistically
significant at the 2.32 kHz offset frequency. The sensitiv-
ity was improved by incorporating information across
frequencies and calculating R x Myg/Ria. The R x Myp
factor describes the decrease in water signal because of
exchange with saturated protons from the macromolecu-
lar pool, whereas R;5 describes the competing recovery
effect because of T; relaxation of the free water pool.
Although Myp contributes a small decrease to the ratio,
the decrease in Ry, is the dominant contributor, produc-
ing an increase in R x Mgyp/Rya and increasing the MT
effect observed in the curve.

Thus, although there is a change in the MT spectrum,
the model parameters that change significantly are
largely related to the free water pool: a decrease in Rqp
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and an increase in T,. Even the change in Myp may be
due to an increase in free water, decreasing the relative
number of macromolecular protons.

There are several considerations in translating this work
in vivo. First, the apoptotic fractions observed here, 0.35
*+ 0.24 at early stages of apoptosis and 0.68 * 0.14 at late
stages are larger than those typically seen in vivo. Studies
in responding patients have shown a 2-6-fold increase
over the baseline apoptotic values of a few percent (1),
which will decrease the sensitivity of this method.

The extracellular volume fraction may also differ. In
vivo, cells shrink within the space they originally occu-
pied and there may be an influx of water. In this in vitro
model, cells are centrifuged after undergoing the mor-
phological changes of apoptosis, minimizing the effect of
water influx. Furthermore, there is no clearance by mac-
rophages in vitro. Changes in extracellular water fraction
are due only to changes in cell size and in cell packing
from cell shape changes. The change in extracellular
water fraction in vivo may, therefore, be larger, increas-
ing the sensitivity of the MT parameters related to the
free water pool.

However, methods such as diffusion, T, and T,, which
are sensitive to the amount of extracellular space and
water content (5,6), may be more straightforward meth-
ods of detecting apoptosis, with lower RF energy deposi-
tion and potentially shorter measurement times. This is
demonstrated by the Ty, values in this study (Fig. 2a),
which show a statistically significant increase at the
same point in the apoptotic process as the MT changes
become observable. MT at higher fields, where the T;
relaxation time tends to be longer, might increase sensi-
tivity to the macromolecular pool and thus to intracellu-
lar changes that provide complementary information to
water content changes during apoptosis.

CONCLUSIONS

This study showed an increased MT effect in cell sam-
ples undergoing apoptosis. The effect is not significant at
the measured signal-to-noise ratio levels until late apo-
ptotic stages, 48 h after induction of cell death in this
study, the point at which nuclear fragmentation and
membrane blebbing become evident. Quantitative fittings
of the MT spectrum indicate a significant increase in the
T, of free water and a decrease in the relative fraction of
macromolecular protons, which may be due in part to
water influx. This indicates that MT may be a marker of
apoptosis and allow early detection of the efficacy of
cancer therapies, but the MT changes largely reflect
changes in the free water pool.
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