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Due to variability in patient response to cancer therapy, there is
a growing interest in monitoring patient progress during treat-
ment. Apoptotic cell death is one early marker of tumor re-
sponse to treatment. Using known extracellular concentrations
of gadolinium diethylenetriamine pentaacetic acid bismethyl-
amide (Gd-DTPA-BMA) to vary the exchange regime, T1 and T2

relaxation data for acute myeloid leukemia (AML) cell samples
were obtained and then analyzed using a two-pool model of
relaxation with exchange. Leukemia cells treated with cisplatin
to induce apoptosis exhibited a statistically significant (P <
0.05) decrease in intracellular longitudinal relaxation time, T1I,
from 1030 ms to 940 ms, a decrease (P < 0.001) in the intracel-
lular water fraction, M0I, from 0.86 to 0.68 and a statistically
significant increase (P < 0.01) in transmembrane water ex-
change rate, kIE, from 1.4 s�1 to 6.8 s�1. The changes in MR
parameters correlated with quantitative histology, such as cel-
lular cross-sectional area and average nuclear area measure-
ments. The results of this study emphasize the importance of
accounting for water exchange in dynamic contrast-enhanced
MRI (DCE-MRI) studies, particularly those that examine tumor
response to therapies in which apoptotic changes occur. Magn
Reson Med 62:46–55, 2009. © 2009 Wiley-Liss, Inc.
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Due to the large number of genetic mutations involved in
cancer, and the subsequent genetic instability, there is a
wide range of response to therapy. There is therefore a
growing interest in developing individually-tailored ther-
apies in which treatment is modified according to patient
response. For example, many patients with locally-ad-
vanced or locoregional disease now receive chemotherapy
before surgery and tumor response is assessed using non-
invasive imaging. The majority of imaging methods have
used posttreatment tumor volume (1) or vascular changes
(2,3) occurring as a result of therapeutic treatment as an
indicator of response.

Many radiotherapy and chemotherapy regimens can re-
sult in cell death by apoptosis. Apoptosis precedes tumor
shrinkage and has been correlated with tumor regression
(4,5). It has been suggested (6,7) that imaging methods that

detect signs of apoptosis can determine the likelihood of
response much earlier than tumor volume measurements.

In apoptotic cell death, the cell contents are broken
down and distributed in a controlled way for destruction
by macrophages or reuse by neighboring cells (8). Charac-
teristic changes include DNA breakdown, condensation
and fragmentation of the nuclear material, alterations in
cell membrane shape for vesicle formation (membrane
blebbing), and an overall decrease in cell size. Significant
alteration in cellular architecture is readily apparent with
apoptosis.

MRI has been postulated as a structure-sensitive, nonin-
vasive modality, demonstrating sensitivity to small modi-
fications in tissue structure, such as cellular swelling in
stroke (9), inflammation (10), and necrosis (11). It is there-
fore surprising that, despite several attempts to use con-
ventional MRI to probe apoptosis, sensitivity to this pro-
cess is relatively modest (12–14). The goal of this study
was to understand the mechanisms of MR contrast in a
model system undergoing apoptosis in order to improve
MRI sensitivity and specificity in assessing tumor micro-
structure following therapy.

There have been a number of attempts to evaluate apo-
ptosis by various imaging methods. Single-photon emis-
sion computed tomography (SPECT), optical (15), or MRI
(16,17) agents for molecular imaging have been success-
fully targeted to the lipid phosphatidylserine, which trans-
locates from the inner to the outer leaflet of the plasma
membrane early in apoptosis. Moreover, it has been shown
that high-frequency ultrasound (18) measurements of
back-scattered intensity can distinguish between normal
and apoptotic cells in cell samples, tissue, and tumors. In
particular, magnetic resonance spectroscopy (MRS) has
demonstrated increased lipid mobility (19,20), which in-
dicates the presence of lipid droplets, and increased cho-
line levels (7), which indicates changes in glycolysis and
in the phosphatidylcholine synthesis pathways. MRI dif-
fusion shows promise in detecting the decreased cellular-
ity and increased extracellular water content at late stages
of apoptosis (12,13) and can indicate changes in cell mem-
brane permeability (21). Many of these methods are lim-
ited in resolution (e.g., SPECT, MRS), depth penetration
(e.g., optical, ultrasound), or the availability of targeted
contrast agents (molecular imaging). Routine clinical ap-
plication of diffusion measurements also can be limited by
low specificity, complex data analysis, and the gradient
strength required for improved sensitivity.

To date, conventional MRI relaxation measurements
have shown changes only at very late stages of apoptosis.
For example, Valonen et al. (13) have demonstrated an
increase in the transverse relaxation time constant, T2, 4 d
after induction of apoptosis. Chenevert et al. (12) have
observed an increase in T2 and a slightly smaller increase
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in longitudinal relaxation time, T1, 6–8 d after the induc-
tion of apoptosis. Duvvuri et al. (14) have reported an
increasing trend in T2 relaxation time, but noted no statis-
tically significant changes within the 36 h following treat-
ment. The low MRI sensitivity to early stages of apoptosis
is surprising given the significant changes in tissue chem-
ical and structural composition, such as breakdown in
macromolecules, changes in lipid membrane structure,
and cellular shrinkage.

One plausible explanation of such a modest sensitivity
of the standard MRI methods is the relative simplicity of
the methods used to analyze longitudinal and transverse
relaxation. The studies to date have assumed monoexpo-
nential T1 and T2 relaxation behavior, implying that a
single effective relaxation describes all water molecules in
a measured voxel. This assumption may be generally valid
since the intracellular and extracellular relaxation rates in
cells are similar and are considered to be slow relative to
the exchange of water across the plasma membrane. This
exchange regime is often referred to as the fast exchange
limit (FXL). In the FXL, the apparent T1 and T2 relaxation
times in the measured voxel, T1 and T2, are an average of
the relaxation rates of the intracellular and the extracellu-
lar water weighted by their water fractions:
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where M0I is the intracellular water fraction, M0E is the
extracellular water fraction, 1/T1I and 1/T1E are the longi-
tudinal relaxation rates of water in the intracellular and
extracellular environments, respectively, and 1/T2I and
1/T2E are the transverse relaxation rates in the intracellular
and extracellular environments, respectively.

Nevertheless, it has been shown (22) that the addition of
gadolinium-based (Gd) contrast agents may significantly
increase the extracellular relaxation rates, 1/T1E and 1/T2E,
and make the FXL assumption, and hence Eqs. [1.1] and
[1.2], invalid. Using a sufficient number of appropriate Gd
concentrations (i.e., significant range of extracellular relax-
ation times), it is possible to determine intracellular and
extracellular relaxation times, water fractions, and the wa-
ter exchange rate, revealing the intrinsic characteristics of
tissue relaxation with apoptosis.

The purpose of this study was to evaluate intracellular
and extracellular relaxation and intercompartmental ex-
change and to examine how they change in apoptotic cells.

MATERIALS AND METHODS

Sample Preparation

For this study, an acute myeloid leukemia cell line
(AML-5) was used since its apoptotic properties are well
established (18), it can be easily grown, and it can be
centrifuged into a sample that mimics a tissue environ-
ment. At the same time, investigation in vitro allows apo-
ptotic effects to be studied without the confounding effect
of the vasculature and extracellular matrix.

Approximately 1 � 108 AML-5 cells were grown at 37°C
with 5% CO2 in 32 flasks, each containing 150 ml � min-
imal media (Invitrogen Canada, Inc., Burlington, ON, Can-
ada), 25 ml fetal bovine serum (Fisher Scientific, Ottawa,
ON, Canada), and 5 ml penicillin and streptomycin (In-
vitrogen Canada, Inc.). Apoptosis was induced in one-half
of the flasks using cisplatin (10 �g/ml). Cisplatin is a
common cancer chemotherapy drug that intercalates with
DNA, impairing DNA replication and repair. The degree of
cellular apoptosis was evaluated using light and phase
microscopy.

At 36 h after cisplatin treatment, cell suspensions were
prepared in phosphate-buffered saline (PBS; Invitrogen
Canada, Inc.). In order to form samples for MRI, 700 �l of
suspended cells, to which gadolinium diethylenetriamine
pentaacetic acid bismethylamide (Gd-DTPA-BMA) (Om-
niscan; GE Healthcare) was added, were placed in MR-
compatible glass sample tubes (6-mm-diameter � 50 mm)
and centrifuged at 2900g. Each experiment consisted of
eight cell samples, four control and four treated, with a
different Gd-DTPA-BMA concentration, in the range of
0 mM to �5 mM. A layer of PBS containing Gd-DTPA-
BMA remained above the sample, which could be imaged
to determine the extracellular Gd-DTPA-BMA concentra-
tion. The experiment was repeated five times to determine
reproducibility.

MR Acquisition

All MRI experiments were performed on a 3T scanner (GE
Signa; GE Medical Systems, Milwaukee, WI, USA) using
the body coil to transmit the radiofrequency pulses and a
custom-built surface coil (2.5 cm � 4.5 cm) for the re-
ceived signal. Two coronal slices of 4-mm thickness were
acquired: one image 5 mm from the bottom of the cell
sample and one reference image in the middle of the PBS
layer above the pellet to assess relaxation times of the
media, assumed to be equal to T1E and T2E. All images had
a field of view � 8 � 8 cm2 and matrix size � 128 � 128.
To measure T1 relaxation, a standard inversion-recovery
(IR) sequence (23) was used (echo time [TE] � 11 ms,
repetition time [TR] � 2500 ms, IR time was varied at TI �
50, 100, 200, 300, 500, 700, 900, 1500 ms). T2 relaxation
data were acquired using a modified Carr Purcell Meiboom
Gill (CPMG) sequence (24) with 48 echoes (TE � 11.4 ms,
TR � 2500 ms, number of excitations [NEX] � 2, and
phase cycling of the 180° composite pulses). Crusher gra-
dients of decreasing amplitude were used around the 180°
refocusing pulses.

MR Data Analysis

Regions of interest (ROIs) within each sample tube were
manually selected for analysis. A typical ROI consisted of
15 voxels. The resulting signal-to-noise ratio within the
tubes was approximately 200 for the first echo of the
CPMG images, with some dependence on the tube location
relative to the surface coil.

Data from the cell pellet were fit using a two-pool model
of T1 and T2 relaxation (25), as shown in Fig. 1. The
intracellular (I) and extracellular (E) compartments, with
relative spin densities M0I and M0E (M0I � M0E � 1), were
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assumed to have different longitudinal T1 and transverse
T2 relaxation time constants: T1I and T2I for intracellular
water; T1E and T2E for extracellular water. The process of
water exchange between intracellular and extracellular
compartments was characterized by the exchange rates kIE

and kEI, which satisfy the equilibrium condition kIEM0I

� kEIM0E. In this model, the longitudinal (Mz) and trans-
verse (Mxy) magnetization were expressed using the cou-
pled Bloch equations with exchange between the two
pools:
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Equations [2.1]–[2.4] were solved analytically for longi-
tudinal Mz and transverse Mxy components using standard
methods for solving differential equations. The resulting
signal is a biexponential function (26):

Sz � Sz	S0,M0I,T1I,T1E,kIE
 [3.1]

Sxy � Sxy	S0,M0I,T2I,T2E,kIE
, [3.2]

where Sz and Sxy denote signals measured in the IR and
CPMG experiments, respectively, and are proportional to
the longitudinal and transverse magnetizations of the mea-
sured system. Additionally, the extracellular MRI contrast
agent Gd-DTPA-BMA alters the relaxation of the extracel-
lular water according to
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where 1/T1E
0 and 1/T2E

0 are the T1 and T2 relaxation rates in
the absence of Gd contrast agents; r1 and r2 are the relax-
ivities of Gd-DTPA-BMA; and [Gd]ECS is the concentration
of Gd-DTPA-BMA in the extracellular space.

Equations [3.1]–[3.2] describe measured IR and CPMG
data as a function of seven parameters. In our experiments,
eight IR and 48 CPMG data points were collected for four
different concentrations of Gd in the extracellular space
(8 � 48 � 4 points). Extracellular longitudinal and trans-
verse relaxation times, T1E and T2E, for each Gd concentra-
tion were determined experimentally from the PBS slice,
assuming monoexponential transverse and longitudinal
behavior. Monoexponential fits using the eight IR points
were used to evaluate longitudinal relaxation time, T1E.

SIR
E � S0

E� 1 � 	1 � a
e�TI/T1E � ae�TR/T1E� . [5]

Imperfections in the 180° pulse were accounted for us-
ing the fit parameter a to incorporate B1 imperfections. The
180° imperfections were assumed to be uniform across the
sample due to the large size of the transmit 3T GE body
coil. The B1 imperfection parameter, a, evaluated from the
PBS image fit was used as a constant in two-pool model-
fitting procedure. Similarly, the extracellular transverse
relaxation time, T2E, was evaluated from the PBS slice,
assuming monoexponential behavior:

SCPMG
E � S0

Ee�TE/T2E. [6]

For each Gd concentration, the values of T1E and T2E

were fixed in Eqs. [2.1]–[2.4] and the five remaining inde-
pendent two-pool model parameters, S0, T1I, T2I, M0I and
kIE, were fit. The IR and CPMG data were fit simulta-
neously.

For comparison of the two-pool model with the standard
relaxation analysis, the IR and CPMG data from the cell
slice for each Gd-DTPA-BMA concentration were fitted
with a monoexponential function. These were calculated
in the same manner as Eqs. [5] and [6], with the measured
apparent relaxation times denoted �T1� and �T2�. A global
fit to all Gd-DTPA-BMA concentrations was also per-
formed in the FXL, letting kIE approach infinity in Eq. [2].
This results in relaxation times given by Eq. [1], where T1E

and T2E vary according to Eq. [4].
Statistical analysis of the fitting procedure was also per-

formed. The statistical errors in each parameter due to
fitting were determined by adjusting that parameter in 1%
increments and allowing the remaining parameters to vary
to achieve a best fit to the data until

�2 � �0
2�1 �

np

N � np
F	np,N � np,0.68
� , [7]

where �2 is the reduced chi-squared value from the fit with
one fixed parameter, �0

2 is the reduced chi-squared value
with all parameters optimized, np is the number of param-

FIG. 1. Two-pool model of water relaxation in a cell pellet with
transmembrane exchange. Intra- and extracellular water fractions
M0I and M0E are represented by the sizes of the blue and gray areas,
respectively. Relaxation inside the cells occurs with time constants
T1I and T2I. Relaxation outside the cells occurs with time constants
T1E and T2E. Water exchanges from inside the cell to outside at a rate
kIE and from outside cells to inside at the related rate kEI.
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eters in the fit, N is the number of data points, and F is the
F distribution function, calculated here for a 68% confi-
dence interval (27).

Histology Processing

MRI data were compared to centrifuged cell sample micro-
structure. In particular, we evaluated average cell area and
average nuclear area from histological sections. Immedi-
ately after MRI experiments, samples were fixed in 10%
formalin for at least 96 h before being removed intact from
the glass sample tubes and embedded in 3% agarose gel.
Following paraffin embedding, three longitudinal slices
through the center of the cell sample were stained: one
with hematoxylin and eosin (H&E), one using terminal
deoxynucleotidyl transferase-mediated 2-deoxyuridine
5-triphosphate nick-end labeling (TUNEL) and one with
caspase-3 antibody (Cell Signaling Technology, Boston,
MA, USA). Slides were examined under a light micro-
scope (400� magnification).

ImageJ 1.36b (National Institutes of Health [NIH]) was
used to make measurements of cell area and nuclear area
for normal and treated apoptotic sections. For H&E-stained
slides, 30 cells were measured at each Gd-DTPA-BMA
concentration 5 mm from the bottom of the longitudinal
slice, corresponding to the location of the MRI slice. There
was no significant difference between concentrations, in-
dicating no artifact from exposure to the contrast agent.
Histology data from all concentrations were therefore av-
eraged, resulting in 120 measurements for each histologi-
cal parameter for each experimental repeat, which was
enough to achieve statistical significance. For TUNEL and

Caspase-3 sections, at least 60 cells from two different
fields of view were counted as positively- or negatively-
stained and this was used to determine the positive frac-
tion of cells. Again no difference in apoptotic fraction was
observed for different Gd-DTPA-BMA concentrations, so
data from all concentrations were averaged.

Mass Spectrometry and Flow Cytometry

To evaluate whether the contrast agent remained extracel-
lular in apoptotic cell samples, samples were centrifuged
in 5 mM Gd-DTPA-BMA and left for 1 h, the maximum
length of the scan time. Following this waiting period,
cells were washed twice in 10 ml PBS to remove extracel-
lular Gd-DTPA-BMA, frozen, homogenized, and centri-
fuged at 800g for 10 min to remove pieces of cell mem-
brane and unbroken cells. The supernatant was analyzed
by inductively-coupled plasma mass spectrometry for Gd
content. The proportion of cells dying by mitotic arrest
and mitotic catastrophe was determined by analyzing the
DNA content of the cells by flow cytometry using pro-
pidium iodide and a FACSCalibur (BD Biosciences, Mis-
sissauga, ON, Canada) (28).

RESULTS

The MRI data are presented in Fig. 2. T1 and T2 relaxation
became faster with increasing Gd concentration for both
normal and apoptotic cells. However, at high Gd concen-
tration, the relaxation appeared faster for the apoptotic
samples in comparison to untreated samples (blue points
in T1 and T2 relaxation curves). There is also relatively

FIG. 2. Representative fits of the
IR (a,b) and the CPMG (c,d) data
(points) to the two-pool model
(solid lines). Fits for control cells
are shown on the left and for ap-
optotic cells on the right. Note
that the fit lines deviate from
CPMG data where it becomes
overwhelmed by noise at late
echoes and high Gd concentra-
tions. Extracellular concentra-
tions differ slightly between con-
trol and apoptotic samples.
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good agreement between the experimental data and the
fitted model curves (solid lines) with the notable exception
of high Gd concentration T2 data (Fig. 2c and d) where
some systematic deviations are present. The two-pool
model fit the data reasonably well—the average reduced �2

for the fits to control cells was 3.8 � 1.5 and that for
apoptotic cells was 6.3 � 5.4. The high �2 values were due
mainly to the systematic misfit of the CPMG data signal at
high Gd-DTPA-BMA concentrations. The fast decay causes
the noise floor to be reached during the sequence, as seen
at late TEs in Figs. 2c and d, and these points cannot be
fitted by the two-pool model.

In comparison, fitting in the FXL (allowing kIE to ap-
proach infinity in Eq. [2], resulting in Eq. [1]) produced the
dashed lines shown in Fig. 3. The average reduced �2 for
the fits to control cells was significantly larger than that for
the two-pool model (12 � 5 for control cells and 14 � 11
for apoptotic cells).

The two-pool model parameters for the five separate
experimental trials are shown in Table 1. The average
model parameters indicated a slight decrease in intracel-
lular T1 relaxation time, T1I, from 1030 � 50 ms in control
cells to 940 � 70 ms after apoptosis was induced. The
decrease in intracellular T2, T2I, was not statistically sig-
nificant. There was a decrease in intracellular water frac-
tion, M0I, from 0.86 � 0.02 to 0.68 � 0.07. An increase in
the transmembrane water exchange from 1.4 � 0.6 s�1 to
6.8 � 3.9 s�1 was also observed.

The errors in the fit parameters due to the statistical
procedure, determined using Eq. [7], are shown beside the
values for individual experiments in Table 1. In general,

they were less than the error produced by the biological
variation, shown beside the mean values at the bottom of
Table 1. Maximum fitting errors in T1I ranged from 19 to
63 ms, compared to the biological variation of 51 ms for
control and 68 ms for apoptotic cells. Errors in fitting for
T2I were less than 3 ms for control and 5 ms for apoptotic
cells, while errors in the intracellular water fraction, M0I,
were �0.03 and �0.04, respectively. The statistical errors
were generally symmetric around the fitted parameter
value, with the notable exception of the exchange rate
constant, kIE. The lower bound of the fitting error was at
most 0.4 s�1 for control cells and was much higher (3.7 s�1)
for apoptotic cells. The upper bound for the statistical
error in the transmembrane exchange rate constant, kIE,
was 0.5 s�1 for control and 7.4 s�1 for apoptotic cells. The
upper bound of the water exchange was more difficult to
determine because a larger kIE shifted the model closer to
the FXL and decreased the dependence of the fit on kIE.
This was indicated by the larger fit error in the faster kIE of
apoptotic cells. No significant coupling between model
parameters was observed, indicating that the model was of
the minimum complexity to describe the data.

The average relaxation times, �T1� and �T2�, evaluated
from the monoexponential fits to the data in the absence of
Gd-DTPA-BMA are also given in Table 1. At this stage of
apoptosis, the average longitudinal relaxation time, T1,
was not significantly different between control and apo-
ptotic cells. The transverse average relaxation time, T2,
increased from 90 � 5 ms to 99 � 7 ms, and this change
was significantly different for these five experiments, al-
though the standard deviations overlap. The average lon-

FIG. 3. Representative fits of the
IR (a,b) and the CPMG (c,d) data
(points) to the FXL as given by Eq.
[1] (dashed lines). Fits for control
cells are shown on the left and for
apoptotic cells on the right. The fit
can approximate T1 relaxation at
low concentrations of Gd-DTPA-
BMA, but overestimates the T1 re-
laxation rate and underestimates
the T2 relaxation rate in compari-
son to the data points at higher
concentrations.

50 Bailey et al.



gitudinal and transverse relaxation times, �T1� and �T2�, for
all measured samples are plotted as a function of Gd-
DTPA-BMA concentration in the PBS in Fig. 4. At Gd-
DTPA-BMA concentrations of approximately 4 mM, the
average longitudinal relaxation time, �T1�, was 440 ms for
control cells and 200 ms for apoptotic cells (Fig. 4a). Be-
cause the extracellular Gd concentration varies with the
density of cells in the prepared suspension, only selected
concentrations have duplicate measurements. However,
the diverging nature of average relaxation rate R1 � 1/�T1�
for control and apoptotic cells is evident as Gd concentra-
tion increases. The difference in R2 � 1/�T2� was less
apparent (Fig. 4b).

The phase contrast microscope images in Fig. 5 demon-
strate the changes in the AML-5 cells following cisplatin
treatment. Flow cytometry confirmed that even as late as
48 h after treatment, 43% of cell death was due to apopto-
sis, 8% of cells were undergoing mitosis, and the remain-

ing cells were normal, confirming no cell death by mitotic
arrest or mitotic catastrophe. Histology demonstrated that
all samples exhibited apoptosis 36 h after cisplatin treat-
ment. For control cells, 4 � 2% of cells stained positive for
caspase-3 antibody compared to 58 � 8% of cisplatin-
treated cells. TUNEL staining indicated 3 � 3% of control
cells were undergoing DNA fragmentation, compared to
46 � 29% of cisplatin-treated cells. The H&E sections
indicated that 34% to 56% of cells in apoptotic samples
exhibited nuclear condensation. Figure 6 shows represen-
tative images of control (Fig. 6a) and treated (Fig. 6b)
sections and compares the morphological, quantitative pa-
rameters of histology with the MRI model parameters.

Although the determination of intracellular volume frac-
tion from histology was complicated by the change in cell
size during fixation, agarose embedding, paraffin embed-
ding, and artifact created during sample slicing, Fig. 6c
demonstrates that the intracellular water fraction mea-
sured using MRI decreased as the cell area measured from
histology decreased. This comparison assumes that the
control and apoptotic cells packed similarly in the centri-
fuged pellets and counts of cells per unit area confirmed
that there was less than 10% difference in cell density
between control and apoptotic sections.

Comparison of T1I with the nuclear area from histology
is shown in Fig. 6d. In addition to nuclear changes, break-
down and restructuring of proteins and the cell membrane,
not visible on light microscopy, are expected to influence
T1I. Nonetheless, an increasing trend is evident.

DISCUSSION

Figures 2 and 3 clearly demonstrate that the FXL cannot
adequately fit the data and that the two-pool model is a
much better approximation. Although data at low Gd-

Table 1
Two-Pool Model Parameter Values for Control (C) and Apoptotic (A) Cell Pellets*

Experiment # T1I (ms) T2I (ms) M0I kIE (s�1) �T1� (ms) �T2� (ms)

1
C 1060 � 32 71 � 1 0.87 � 0.01 1.8 �0.2/�0.2 1086 � 65 93 � 5
A 916 � 46 67 � 3 0.77 � 0.01 5.9 �1.6/�0.6 1017 � 61 90 � 4

2
C 967 � 19 60 � 2 0.86 � 0.01 2.2 �0.2/�0.2 1156 � 22 82 � 3
A 929 � 28 53 � 2 0.71 � 0.01 5.5 �0.6/�0.5 1195 � 24 95 � 4

3
C 1057 � 63 68 � 3 0.87 � 0.02 0.7 �0.3/�0.2 1241 � 50 91 � 7
A 872 � 44 47 � 5 0.63 � 0.03 5.3 �1.7/�1.2 1213 � 48 103 � 7

4
C 992 � 50 62 � 3 0.85 � 0.02 1.2 �0.4/�0.3 1141 � 34 95 � 12
A 924 � 46 51 � 4 0.61 � 0.03 13.6 �7.4/�3.7 1224 � 37 101 � 4

5
C 1087 � 63 50 � 4 0.83 � 0.03 1.3 �0.5/�0.4 1022 � 41 90 � 5
A 1053 � 47 40 � 5 0.68 � 0.04 3.9 �1.6/�1.1 1203 � 48 108 � 12

Mean
C 1033 � 51 62 � 8 0.86 � 0.02 1.4 �/� 0.6 1130 � 80 90 � 5
A 939 � 68 52 � 10 0.68 � 0.07 6.8 �/� 3.9 1170 � 86 99 � 7

P value �0.05 �0.1 �0.001 �0.01 �0.4 �0.05

*Intracellular longitudinal, T1I, and transverse, T2I, relaxation times, the intracellular water fraction, M0I, and the transmembrane water
exchange rate, kIE are presented. Also shown are the average relaxation times, �T1� and �T2�, from the monoexponential fits to the data in
the absence of Gd. Errors for individual experiments are errors in the fitting procedure due to experimental noise. The standard deviation
over all five experiments is shown in the last two rows beside the mean parameter values.

FIG. 4. Effective relaxation rates as a function of extracellular Gd-
DTPA-BMA concentration. (a) The longitudinal relaxation rate, R1 �
1/T1, for control and apoptotic cells becomes more distinct as the
concentration increases, whereas (b) the transverse relaxation
rates, R2 � 1/T2, for control and apoptotic cells remain close.
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DTPA-BMA concentrations can be fit with the FXL, at high
concentrations of Gd-DTPA-BMA, the T1 relaxation rate is
overestimated by this fitting method and the T2 relaxation
rate is underestimated. These systematic errors emphasize
the inadequacy of the FXL and the need to include ex-
change when modeling relaxation in the presence of con-
trast agent.

Cell density in the control samples was within the range
from in vivo xenograft tumors. The intracellular water
fraction of the control cells, 0.86 � 0.02, was near the
median value of 0.75 determined by Yankeelov et al. (29)
using dynamic contrast-enhanced MRI (DCE-MRI) of mam-
mary carcinoma cells transplanted into mouse hind limbs
where exchange was accounted for. Our reported value
was, however, slightly higher than the value for cellular
volume fraction of 0.67 � 0.05 determined by scintillation
counting of 99mTc-DTPA distributed in the extracellular
space of excised mammary adenocarcinoma cells that had

been transplanted into rats (30). This is surprising given
that the intracellular water fraction is expected to be
slightly less than the intracellular volume fraction due to
reduced water density inside the cell in comparison to the
extracellular matrix (21).

The transmembrane exchange rate is related to the per-
meability of the cell membrane, P, and the surface area-to-
volume ratio of the cell, Asurf/V, by (21)

kIE � P
Asurf

V
. [8]

The average diameter of the AML-5 cells was approxi-
mately 10 �m and they were spherically shaped. There-
fore, using Eq. [8], the cell membrane permeability for
normal AML-5 cells can be calculated to be (0.2 � 0.1) �
10�3 cm/s. This is 70% lower than the cell permeability of

FIG. 5. Phase contrast microscope images of AML-5 cells at the indicated time points after treatment. Characteristic apoptotic changes
are visible, including nuclear condensation (6–20 h); fragmentation (20 h); and membrane blebbing and cell size decrease (48 h). The scale
bar represents 10 �m.

FIG. 6. Representative H&E stained
sections from (a) a control cell
sample and (b) a sample treated
with cisplatin 36 h before fixation.
Correlation between MRI param-
eters from the two-pool model (y-
axis) and measurements of the
cells from histology (x-axis) are
also shown. c: The intracellular
water fraction from MRI de-
creases as the cell area de-
creases. d: The intracellular T1 re-
laxation time decreases as the av-
erage nuclear area decreases.
The condensation of the nuclear
material visible on histology oc-
curs concurrently with the break-
down of many macromolecules in
the cell.
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the leakiest cell in human body, the red blood cell (31),
and lower than that evaluated by Zhao et al. (32) using
20-�m-diameter human carcinoma (HeLa) cells (2.8 �
0.3) � 10�3 cm/s. It was also lower than that obtained by
Farinas et al. (33) for Madin-Darby canine kidney (MDCK)
epithelial cells (1.1 � 10�3 cm/s) and human tracheal cells
(5.2 � 10�3 cm/s).

The cisplatin-treated cells exhibited changes in the
model parameters that are consistent with known apopto-
tic changes and with the changes visible on histology. The
decrease in intracellular water fraction correlated with the
decrease in cell size seen in Fig. 6c. It must be noted that
the intracellular water fraction might also decrease due to
a change in water density in the cytoplasm. Cell loss and
shrinkage in apoptotic cells has also been observed to
affect diffusion imaging as an increase in the trace of the
diffusion tensor (12,13).

The slight decrease in intracellular T1 from 1030 �
50 ms to 940 � 70 ms may be due to decreased water
mobility in the cytoplasm or an altered magnetization
transfer (MT) effect caused by macromolecular breakdown
and changes in the structure of the plasma membrane. This
MT hypothesis is consistent with the observed, early-stage
apoptotic changes in spin-lock relaxation times, T1� and
T2�, which are indicative of the slower motions of large
molecules (14,34–36).

The increase in transmembrane water exchange, kIE, may
have multiple contributions. If it is assumed that cells
remain spherical and that all changes in water content are
due to a decrease in cell size, the decrease in M0I from 0.86
to 0.68 corresponds to a decrease in cell radius of 7.5%.
The resulting increase in surface area–to–volume ratio
would then account for only 8% of the increase in kIE.
Therefore, other mechanisms, such as alterations in cellu-
lar shape (increased surface area–to–volume ratio) or a
dramatic increase in cell permeability, P, are likely respon-
sible. Membrane blebbing was observed on histology for
apoptotic cells and would result in increased surface area.
Additionally, membrane integrity is lost in the late stages
of apoptosis (37), leading to increased membrane perme-
ability to water.

Since the results may indicate increased membrane per-
meability for water molecules due to apoptosis, it is pos-
sible that the apoptotic cell membrane is permeable for
relatively small molecules such as Gd-DTPA-BMA. Leak-
age into the intracellular space results in increased tissue
space accessible to Gd-DTPA-BMA. Obviously, in the case
of Gd leakage, the two-pool model described by Eqs. [2.1]–
[2.4] is no longer valid since the relaxation rates in the
intracellular space are no longer constant; they decrease
depending on the amount of Gd leaking into the cells.
Unfortunately, MRI experiments alone cannot assess
whether Gd-DTPA-BMA leaks into the cell—the nature of
the relaxation decay curves is similar to the case of a
purely extracellular contrast agent. However, wrong as-
sumptions about contrast agent localization may lead to
systematic errors of the two-pool model parameter esti-
mates. This is illustrated in Table 2, which shows a hypo-
thetical case of Gd-DTPA-BMA leakage into the intracel-
lular space. The AML control cell parameters from Table 1
are shown in the first row and leakage data was simulated
by assuming that the indicated percentages (10% and

0.7%) of Gd-DTPA-BMA leaked into the intracellular
space. A 10% leakage would therefore indicate intracellu-
lar Gd-DTPA-BMA concentrations of 0, 0.035, 0.15, and
0.49 mM. The simulated data were then refit to the original
two-pool model; these parameters are shown in the last
two rows of Table 2. The results indicate that, for 10%
leakage, the intracellular T1 and the intracellular water
fraction would be underestimated, whereas the transmem-
brane exchange rate constant would be overestimated. The
two-pool and leakage models therefore can both accurately
describe the MRI data.

In addition to mathematical simulations, possible Gd-
DTPA leakage in the measured samples was evaluated by
mass spectrometry of the cell lysates. This revealed that
the supernatant from control cells contained 0.025 mM
Gd, possibly due to imperfect washing of the cells, while
the apoptotic cell lysate contained 0.034 mM Gd. This
would correspond to a maximum leakage of 0.7% of the
extracellular Gd-DTPA-BMA across the plasma mem-
brane. As seen in Table 2, such a small amount of leakage
does not influence the two-pool model significantly, and
therefore the effects of leakage can be neglected. It must be
stated, however, that at the later stages of cellular apopto-
sis or early necrosis, partial cell-membrane breakdown is
expected, resulting in some of the Gd leaking inside the
cells and causing systematic errors in the two-pool model
estimates.

The analysis of model parameters in the apoptotic cells
explains the relatively low sensitivity of standard mono-
exponential longitudinal, T1, and transverse, T2, relaxation
measurements to early stages of apoptosis, both in the
present study and in the literature (12–14). In the case of
normal control cells in the absence of Gd-DTPA-BMA, the
transmembrane exchange rate constant, kIE � |1/T1I –
1/T1E| � 0.63 s�1, indicating that the longitudinal relax-
ation is in the FXL. Further increase in the exchange rate
due to apoptosis does not change the exchange regime and
therefore has little influence on the average relaxation,
which follows Eq. [1.1]. The observed decrease in intra-
cellular T1 relaxation time, T1I, was counterbalanced by
the decreased intracellular water fraction, M0I, in this fast-
er-relaxing compartment, resulting in negligible change in
the average T1 in the absence of Gd contrast. With the
addition of Gd-DTPA-BMA, the extracellular longitudinal
relaxation rate, T1E, became faster than T1I and began to
dominate the overall relaxation. Increased Gd concentra-
tion, and hence increased extracellular longitudinal relax-
ation rate, 1/T1E, causes a shift from the FXL to interme-
diate exchange regime (kIE � |1/T1I – 1/T1E|) in control
cells. The increased exchange rate and increased extracel-

Table 2
Two-Pool Fit to Data Simulating Leakage of the Indicated
Percentage of Extracellular Gd-DTPA-BMA Across the Plasma
Membrane to the Intracellular Compartment, Assuming no Other
Cellular Changes

Parameter T1I (ms) T2I (ms) M0I kIE (s�1)

Control 1030 60 0.86 1.4
10% Leakage 970 53 0.77 4.5
0.7% Leakage 1030 61 0.85 1.9
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lular water fraction in apoptotic cells resulted in more
water accessing the fast extracellular relaxation environ-
ment per unit time. The average T1 decreased in apoptotic
cells as a result, shown by the larger difference in �T1� at
higher concentrations of Gd-DTPA-BMA in Fig. 4a.

In contrast, the intracellular transverse relaxation rate,
1/T2I, was 16 s�1 for control cells, such that the decrease in
the intracellular water fraction, M0I, during apoptosis
caused T2 to slow. Because |1/T2I – 1/T2E| � 15 s�1 � kIE,
the water was not in the FXL with respect to T2 relaxation
and the increased exchange rate in apoptotic cells caused
�T2� to become slightly faster, but not enough to compen-
sate for the M0I changes. Therefore, a slight increase in �T2�
was seen for apoptotic cells (last column of Table 1). With
the addition of Gd-DTPA-BMA, the relaxation in the ex-
tracellular environment approached that in the intracellu-
lar environment, a shift toward the FXL, making the mea-
surements of the monoexponential T2 relaxation, �T2�, in
the presence of contrast less sensitive to the water fraction
and exchange rate changes during apoptosis, demon-
strated by the overlap in control and apoptotic points at
high Gd concentrations in Fig. 4b.

The movement from the FXL to the intermediate ex-
change regime by the addition of Gd contrast agents is an
important consideration in interpreting DCE-MRI data,
and has been previously noted (22) and accounted for in
the shutter-speed model (29,38). Failing to properly ac-
count for exchange may result in an underestimation of the
DCE model parameters Ktrans, the volume transfer constant,
and ve, the extravascular extracellular volume fraction
(29).

DCE studies used to monitor antiangiogenic therapies
have focused largely on the Ktrans parameter (39,40), which
reflects the permeability of the vasculature to the contrast
agent. However, this study indicates that ve, which de-
creased in some studies (3), could be significant in terms of
cell loss or cell shrinkage due to apoptosis.

Including the transmembrane water exchange in DCE
models is not only important for accurate evaluation of
Ktrans and ve, but the transmembrane exchange rate itself is
an important parameter that describes cell membrane in-
tegrity, and its changes may reflect apoptosis. The trans-
membrane exchange rate is therefore expected to be a key
parameter in the monitoring of apoptosis following anti-
angiogenic, chemotherapy, or radiation therapy. It is often
assumed that decreased extracellular volume fraction, ve,
indicates success of antiangiogenesis treatment and reduc-
tion in the vascular pools. However, it is possible that this
parameter increases even in the case of vascular damage.
This can occur when the processes of devascularization
are also accompanied by apoptosis or cell death.

The present study focused on in vitro cell cultures.
There are several limitations to the in vitro model that
must be considered for translation to a DCE experiment.
First, the amount of apoptosis observed in the cell pellet,
46% based on TUNEL staining, was quite high. Typical
measurements of apoptosis in tumors have a baseline of a
few percent, with a two- to six-fold increase in apoptosis
in patients responding to treatment (4,5). Sensitivity of
MRI to these lower levels of apoptosis may be a concern.
However, it should be noted that the remnants of apoptotic
cells will be cleared by macrophages in vivo, which may

result in an even larger decrease in intracellular water
fraction, M0I, than observed in vitro, increasing the sensi-
tivity of the model to lower percentages of apoptosis.

A second difference is the inability to measure T1E or T2E

directly. In vivo, the formalism of the pharmacokinetic
model can describe movement of contrast agent from the
blood pool (where contrast agent concentration can be
measured) to the extracellular space. For example, Landis
et al. (38) introduced multicompartmental model formal-
ism with exchange to analyze DCE-MRI data. Recently,
Buckley et al. (41) showed that inclusion of data at differ-
ent flip angles allows intracellular and extracellular water
compartments and exchange to be modeled. These results
showed that a multiple–flip angle method allowed Ktrans to
be determined within 10% and ve within 7%, with no loss
in accuracy compared to FXL models. The precision of the
cellular residence time (reciprocal of the exchange rate)
varied widely, from 36% in one patient up to 600%. How-
ever, these data were acquired with scan parameters that
have not been optimized for the accurate evaluation of
exchange (a limited number of exchange-sensitive small
flip angle data points were acquired). Our own preliminary
simulations indicated that interleaving of different flip
angles would allow for more precise determination of the
exchange rate, giving insight into the integrity and shape
of the cell membrane.

CONCLUSIONS

Combined analysis of the longitudinal and transverse re-
laxation data of cell samples at a range of known extracel-
lular Gd-DTPA-BMA concentrations allows estimation of
intrinsic characteristics of water in the extracellular and
intracellular compartments and the exchange rate constant
between these tissue compartments. The changes in these
parameters are indicative of and are consistent with
known alterations in cell microstructure during apoptosis
and reveal apoptotic changes and thus allow early detec-
tion of tumor response to therapy.
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