
Journal of Magnetic Resonance 156, 52–63 (2002)
doi:10.1006/jmre.2002.2527

Deconvolution of Compartmental Water Diffusion Coefficients
in Yeast-Cell Suspensions Using Combined T1

and Diffusion Measurements

Matthew D. Silva,∗ Karl G. Helmer,∗ Jing-Huei Lee,† Sam S. Han,∗ Charles S. Springer, Jr.,†,‡
and Christopher H. Sotak∗,§,¶,1

∗Department of Biomedical Engineering, Worcester Polytechnic Institute, Worcester, Massachusetts 01609; †Chemistry Department,
Brookhaven National Laboratory, Upton, New York 11973; ‡Department of Chemistry, State University of New York, Stony Brook,
New York 11794; §Department of Chemistry and Biochemistry, Worcester Polytechnic Institute, Worcester, Massachusetts 01609;

and ¶Department of Radiology, The University of Massachusetts Medical School, Worcester, Massachusetts 01655

Received September 7, 2001; revised March 8, 2002; published online May 31, 2002

An NMR method is presented for measuring compartment-
specific water diffusion coefficient (D) values. It uses relaxography,
employing an extracellular contrast reagent (CR) to distinguish in-
tracellular (IC) and extracellular (EC) 1H2O signals by differences
in their respective longitudinal (T1) relaxation times. A diffusion-
weighted inversion-recovery spin-echo (DW-IRSE) pulse sequence
was used to acquire IR data sets with systematically and indepen-
dently varying inversion time (TI) and diffusion-attenuation gra-
dient amplitude (g) values. Implementation of the DW-IRSE tech-
nique was demonstrated and validated using yeast cells suspended
in 3 mM Gd-DTPA2− with a wet/dry mass ratio of 3.25 : 1.0. Two-
dimensional (2D) NMR data were acquired at 2.0 T and analyzed
using numerical inverse Laplace transformation (2D- and sequen-
tial 1D-ILT) and sequential exponential fitting to yield T1 and water
D values. All three methods gave substantial agreement. Exponen-
tial fitting, deemed the most accurate and time efficient, yielded
T1 : D (relative contribution) values of 304 ms : 0.023 × 10−5 cm2/s
(47%) and 65 ms : 1.24 × 10−5 cm2/s (53%) for the IC and EC
components, respectively. The compartment-specific D values de-
rived from direct biexponential fitting of diffusion-attenuation
data were also in good agreement. Extension of the DW-IRSE
method to in vivo models should provide valuable insights into
compartment-specific water D changes in response to injury or
disease. C© 2002 Elsevier Science (USA)

Key Words: relaxography; diffusigraphy; contrast reagent; yeast-
cell suspension; water apparent diffusion coefficient.
INTRODUCTION

Andrasko considered the idea that an NMR signal arising
from biological tissue can be a mixture of signals from water or
metabolite molecules exchanging between the intracellular (IC)
and extracellular (EC) spaces (1). Therefore, the signal mea-
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sured by standard NMR techniques may contain information
that is weighted by NMR (e.g., relaxation times) and physi-
cal (e.g., diffusion coefficients) parameters of the two compart-
ments. To better understand changes of these parameters in re-
sponse to pathology, it would be useful to clearly separate and
assign the contributions from each compartment, IC and EC, and
determine if one or both are responsible for any overall NMR
signal change.

Application of diffusion-weighted NMR techniques to in vivo
systems was first demonstrated by Wesbey et al. (2) and Le
Bihan et al. (3). Moseley et al. (4) demonstrated a decline in the
apparent diffusion coefficient (ADC) of cerebral tissue water
during ischemia, and this discovery has established ADC mea-
surement as an effective technique for detecting acute stroke.
However, the mechanism of this change is not yet fully under-
stood. It is unclear whether the ischemic ADC decrease is related
to changes in the IC space, EC space, or both. Previous studies
have shown that water ADC changes in biological systems can
result from changes in the cellular membrane permeability, rela-
tive changes in the volume fractions of the IC and EC spaces, or
combinations of these (5, 6). Recent studies have also suggested
that IC molecular diffusion in cerebral tissue also may be depen-
dent on cytosolic streaming, an energy-dependent process that
is retarded during ischemia (7). In order to provide additional
insights into the mechanism of water ADC changes in response
to ischemic injury, there is a pressing need for methodology
that would provide compartment-specific information concern-
ing water diffusion.

This paper presents an NMR method for measuring
compartment-specific diffusion coefficients. It employs relax-
ography (8, 9), using a contrast reagent (CR) to distinguish
between the IC and EC water proton signals based on dif-
ferences in their respective longitudinal (T1) relaxation times.
This method is based on relaxography utilizing a numerical in-
verse Laplace transform (ILT) (10–12) of longitudinal relaxation
data to produce a distribution of relaxation times that can be
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multimodal, depending on the number of populations in the
sample. If this so-called “relaxogram” displays two distinct re-
laxation time peaks, a discrete ILT regression converges on the
continuous distribution means. Comparable results can also be
obtained by fitting the data to a biexponential function using
a constrained nonlinear least-squares algorithm (9, 13, 14). In
this case, the biexponential model can accurately find the same
distribution means that are derived from the relaxogram.

A diffusion analogue of relaxography (diffusigraphy (15))
can be performed by acquiring a series of diffusion-weighted
NMR data while systematically varying values of the diffusion-
weighting parameter (b value) defined below. The appropriate
numerical ILT of such data can also produce a multimodal ADC
distribution (a diffusigram (15)) that can facilitate discrimina-
tion of compartmental signals (15, 16). Alternatively, those data
could also be subjected to discrete exponential analysis to ex-
tract the compartment-specific ADC values. The earlier 1D dif-
fusigraphic results (15) were encouraging in that, at least for
cell suspensions (1, 15, 17), the large ADC differences may be
sufficient to allow discrimination without the necessity for CR.
However, most intact tissue has a considerably higher cell den-
sity than can be generally achieved with suspensions of cells
in vitro and thus is not likely to exhibit such large differences in
diffusion coefficients. Consequently, an alternative approach is
needed to quantify compartment-specific ADC values in cases
where the respective compartmental ADC values may be similar.

Relaxography can be combined with other types of NMR
measurements (e.g., image spatial encoding (8)) to acquire ad-
ditional information from the separate compartmental signals.
For the NMR method presented herein, relaxography is com-
bined with diffusion encoding to measure compartment-specific
ADC values from NMR signals that have been separated using
CR-aided relaxography. The NMR method, based on a diffusion-
weighted, inversion-recovery spin-echo (DW-IRSE) pulse se-
quence, was used to acquire a series of diffusion-weighted,
inversion-recovery data sets at different b values. The result-
ing two-dimensional (2D) NMR data set can be subjected to a
2D ILT analysis to produce a relaxo-diffusigram. Alternatively,
the 2D NMR data set can be analyzed by sequential 1D analyses,
using either numerical ILT or sums of discrete exponentials. If
the longitudinal relaxation dimension is analyzed first, the water
ADC can then be accurately calculated for each compartment
from the second 1D analysis. The implementation of the DW-
IRSE NMR method is demonstrated using yeast cells suspended
in CR-containing medium. This reasonably well-characterized
model system is useful for conveying the nuances of the tech-
nique and facilitating the quantitative validation of the method.

THEORY

Bloch Equations for DW-IRSE Pulse Sequence

Figure 1 shows a diffusion-weighted, inversion-recovery spin-

echo (DW-IRSE) pulse sequence. The dependence of the nuclear
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FIG. 1. Diffusion-weighted inversion-recovery spin-echo (DW-IRSE) pulse
sequence. T1-weighting is performed by varying the inversion time (TI) and
maintaining a constant echo time (TE). For the isotropic yeast-cell suspension
sample, diffusion gradients were applied simultaneously along three orthogonal
gradient directions (Gx , G y , Gz). The diffusion gradient pulse parameters are
diffusion gradient separation (�), strength (g), and duration (δ).

magnetization on the T1 and T2 relaxation times and the diffusion
coefficient (D) for the spin-bearing molecule in a homogenous
sample excited by the DW-IRSE pulse sequence can be derived
from the Bloch equations,

M(T1, T2, D) = M0

(
1 − 2αe− TI

T1

)
e− TE

T2 e−γ 2δ2g2 D[�−(δ/3)], [1]

where M(T1, T2, D) is the magnetization measured at a particular
inversion time (TI), echo time (TE), diffusion gradient pulse
separation (�), diffusion gradient strength (g), and diffusion
gradient duration (δ). The equilibrium magnetization is denoted
by M0, α (ranging from 0 to 1) is the efficiency of the inversion
pulse, and γ is the gyromagnetic ratio. The quantity γ 2δ2g2[�−
(δ/3)] is often referred to as the b value (18).

For measurements made at a constant TE, Eq. [1] can be
rewritten to express M with the constant T2 relaxation effects
being subsumed with M0 to give M ′

0:

M(T1, D) = M ′
0

(
1 − 2αe− TI

T1

)
e−γ 2δ2g2 D[�−(δ/3)]. [2]

When the IR data are collected at a given TE and diffusion-
weighting, the T1 relaxation time and equilibrium magnetization
can be calculated by fitting with

M(T1) = M ′′
0

(
1 − 2αe− TI

T1

)
, [3]

where M ′′
0 contains the effects of both transverse relaxation and

diffusion. To measure the molecule’s D value, the IR data col-
lection can be repeated at different diffusion g values at constant
TE. At each constant g value, the DW-IRSE data set is then fitted
with Eq. [3] for M ′′

0 , T1, and α. The value of D can be calculated
from the dependence of M ′′

0 on γ 2δ2g2[� − (δ/3)].
For a sample containing two components in exchange equi-

librium, for example, signals from the IC and EC compartments

having different relaxation times and self-diffusion coefficients,
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Eq. [1] can be modified to include the signals arising from each
component,

M(T1a, T1b, T2a, T2b, Da, Db)

= M0a

(
1 − 2αe− TI

T1a

)
e− TE

T2a e−γ 2δ2g2 Da [�−(δ/3)]

+ M0b

(
1 − 2αe− TI

T1b

)
e− TE

T2b e−γ 2δ2g2 Db[�−(δ/3)], [4]

where M0a and M0b are the apparent equilibrium magnetiza-
tions of components a and b, respectively, and T1a and T1b are
the respective apparent longitudinal relaxation time values. The
respective apparent transverse relaxation times are given by T2a

and T2b, while Da and Db are the respective component apparent
diffusion coefficients. The inversion efficiency, α, is assumed to
be the same for both components.

As shown in Eq. [2], experiments conducted at a constant TE
can be rewritten to express M with constant transverse relaxation
effects as

M(T1a, T1b, Da, Db)

= M ′
0a

(
1 − 2αe− TI

T1a

)
e−γ 2δ2g2 Da [�−(δ/3)]

+ M ′
0b

(
1 − 2αe− TI

T1b

)
e−γ 2δ2g2 Db[�−(δ/3)]. [5]

For DW-IRSE experiments conducted with constant
diffusion-weighting as well as TE, the respective T1 relaxation
times and component magnetizations can be determined from a
biexponential fitting of the data with

M(T1a, T1b) = M ′′
0a

(
1 − 2αe− TI

T1a

)
+ M ′′

0b

(
1 − 2αe− TI

T1b

)
[6]

and solving for M ′′
0a , M ′′

0b, T1a , T1b, and α. Then, as shown
previously, the component diffusion coefficients (Da and Db)
can be calculated from the dependence of M ′′

0a and M ′′
0b on

γ 2δ2g2[� − (δ/3)]. The fractions of the signal from compo-
nent a, fa , and component b, fb, can be calculated from the
magnetizations at g = 0, M ′′

0a(0) and M ′′
0b(0), that is, when no

diffusion-weighting is applied:

fa = M ′′
0a(0)

M ′′
0a(0) + M ′′

0b(0)
[7a]

and

fb = M ′′
0b(0)

M ′′
0a(0) + M ′′

0b(0)
. [7b]

This two-site approximation assumes that components a and b

are the only signal sources in the sample (i.e., fa + fb = 1).
T AL.

Relaxographic NMR Timescales

Because T1, T2, diffusion, and equilibrium exchange all have
important effects in these experiments, we define here the trans-
verse and longitudinal timescales. The transverse relaxographic
timescale is given by the expression |(r2o − r2i)[CRo] + (R2o0 −
R2i0)+γ 2δ2g2(Do − Di)|−1, where the rx are the relaxivities, D
represents the apparent diffusion values, and the Rx are the re-
laxation rate constants [(Tx )−1]. The o and i subscripts designate
the EC (outside) and IC (inside) spaces, respectively, which, for
the Rx and D properties, signify the values in the absence of ex-
change. This expression reduces to the intrinsic transverse relax-
ographic timescale (|R2o0−R2i0|−1) in the case of [CRo] = 0 (no
CR) and g = 0 (diffusion gradient amplitude set to zero). Note
that it is the combination of intrinsic relaxation rate constants, the
CR concentration, and the difference in the IC and EC diffusion
values that set the transverse relaxographic timescale. Therefore,
the relevant exchange regime will be determined by comparison
of the exchange time with this combination of all three of these
quantities. When g 	= 0, we refer to the transverse relaxographic
timescale as the “diffusigraphic” timescale with the understand-
ing that the effects of the CR addition and the intrinsic transverse
relaxation rates are still present. The longitudinal relaxographic
timescale is given by |r1o[CRo] + (R1o0 − R1i)|−1.

METHODS

Yeast Preparation

Approximately 1.5 g of common dry baking yeast (Saccha-
romyces cerevisiae, Fleishmann’s Yeast, Inc., Oakland, CA) was
rehydrated at room temperature in a 50-mL centrifuge tube with
35 mL of distilled H2O. The yeast suspension was bubbled with
medical-grade air, and, after a starving period of 3 h, the suspen-
sion was centrifuged for 8 minutes at 3500 rpm (IEC-Centra8
Centrifuge, International Equipment Co.). The supernatant was
discarded, and the packed yeast cells were resuspended in
a solution of 3 mM gadopentate dimeglumine (Gd-DTPA2−,
Magnevist, Berlex, Wayne, NJ) and centrifuged. The cells were
washed three times with the 3-mM Gd-DTPA2− solution. Af-
ter the final washing, the packed yeast cell pellet was weighed
and the wet/dry mass ratio adjusted to 3.25 : 1.0 with an addi-
tional amount of the 3-mM Gd-DTPA2− solution. Preliminary
experiments indicated that this ratio value and this [CR] yielded
a cell suspension with an IC : EC 1H2O apparent magnetiza-
tion ratio ( fb : fa) near unity and that was viscous enough to
remain suspended (i.e., there was no settling) during the ex-
periment. After wet/dry mass ratio adjustment, the cells were
resuspended with agitation. Approximately 0.2 mL of the Gd-
doped yeast-cell suspension was then transferred to a standard
1.0-mL syringe and placed in a radiofrequency (RF) coil and po-
sitioned in the magnet. Experiments were performed on 7 sepa-
rate yeast-cell preparations. For comparison, an experiment was
conducted on one CR-free yeast-cell sample. The preparation of

this sample was the same except the yeast cells were washed and
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resuspended (wet/dry mass ratio adjusted to 3.25 : 1.0) with dis-
tilled H2O.

NMR Experiments

All data were acquired with a GE CSI-II 2.0T/45-cm imag-
ing spectrometer operating at 85.56 MHz for 1H and equipped
with ±20 G/cm self-shielded gradients. NMR measurements
were performed on the entire yeast sample using a 7.25-mm
diameter, 8-turn solenoid transceiver RF coil. The magnet-
bore temperature was 17◦C. NMR data were acquired using
the DW-IRSE pulse sequence (Fig. 1). Thirty-two inversion
times (TI), with logarithmic temporal spacing (TI = TI0 ∗ an−1,
TI0 = 5.0 ms, a = 1.257, n = 32) and two signal averages, were
used to measure each T1-relaxation curve. Other acquisition
parameters were � = 46.5 ms, δ = 6.0 ms, TR = 6.1 s, and
TE = 55.0 ms. Diffusion-weighting was accomplished using
half-sine-shaped magnetic field gradient pulses simultaneously
applied in three orthogonal directions with effective amplitudes
(g) of 2.6 to 31.18 G/cm, incremented in steps of 2.6 G/cm
(12 diffusion gradient strengths). The use of half-sine-shaped
diffusion gradient pulses requires a modification to the equa-
tions shown under Theory. In this case, the diffusion-weighting
term, the b value (18 ), was modified from γ 2δ2g2[� − (δ/3)]
to γ 2δ2(2/π )2g2[� − (δ/4)]. Half-echoes were acquired with a
spectral width of ±5 kHz and 8192 data points.

Data Analysis

Raw DW-IRSE data were transferred to a PC and processed
using software written in the C programming language (Borland
International, Inc., Scotts Valley, CA). The phase-corrected
water resonance in each spectrum was fitted to a Lorentzian
function and the peak height was extracted. The resulting data
were analyzed by three different methods: (I) An entire 2D data
set (TI and g incrementations) from a preparation was submit-
ted for a 2D numerical ILT analysis using the program CONTIN
(8–12, 15, 16, 19). This produced a 2D contour plot (19) with
T1 for one dimension and D for the other. (II) The TI recov-
ery at each g value was subjected to an independent numer-
ical ILT analysis. This yielded a stacked plot of longitudinal
relaxograms with g as the vertical dimension (9). (III) The IR
curve obtained at each diffusion gradient value was separately
fitted with both the monoexponential (Eq. [3]) and biexponen-
tial (Eq. [6]) models using 3- and 5-parameter (respectively)
constrained, nonlinear least-squares Levenberg–Marquardt fit-
ting algorithms written in the Interactive Data Language (IDL,
Research Systems, Inc., Boulder, CO) (9, 13, 14). Fitting con-
straints were defined such that no fitted relaxation time parameter
could be negative or greater than twice the bulk water relaxation
time constant. Data were separately fitted with both the monoex-
ponential and biexponential equations because at high diffusion
weighting the signal contribution of the fast-relaxing component
becomes negligible and the composition of the IR curve changes

from two components to one (9).
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To determine this transition, both discrete exponential models
were tested on every data set. To determine the most appropriate
model to describe the IR data at each diffusion-gradient value,
F-statistics were calculated. The F-statistic is a measure of
model appropriateness based on the ratio of the sum of residual
squares of the fitted data of each model weighted by the number
of degrees of freedom for the model. In general, if two variables
U and V have independent χ2 with degrees of freedom νU and
νV , respectively, the F-statistic is the distribution of the random
variable F , which is defined as

F = U/νU

V/νV
. [8]

For this application, the F-statistic was used to test the hypothe-
sis that the biexponential model is statistically different than the
monoexponential model. Equation [8] was modified to

F = SSE/νE

SSF/νF
, [9]

where SSF is the sum of squares of the residuals and νF is the
number of degrees of freedom for the full biexponential model
in Eq. [6]. SSE is the sum of squares of the residuals and νE is
the number of degrees of freedom for the extra terms of the biex-
ponential model as compared to the monoexponential model in
Eq. [3] (SSE = SSmono − SSF ). As the IR data sets change from
biexponential to monoexponential, the F-statistic (F in Eqs. [8]
and [9]) approaches zero, indicating that the monoexponential
model is statistically equal to the biexponential model; therefore,
the biexponential hypothesis is not true and the monoexponential
model is the most appropriate. The output of the fitting program
was: (1) M ′′

0 , T1, and α from a single-component fitting with
Eq. [3]; (2) M ′′

0a , M ′′
0b, T1a , T1b, and α from a two-component

fitting with Eq. [6]; and (3) the F-statistic.
Finally, the natural logarithms of the fitted M ′′

0a and M ′′
0b values

were plotted versus the γ 2δ2(2/π )2g2[� − (δ/4)] values, and
Da and Db were calculated using a nonweighted, linear least-
squares regression fit to the equation,

ln

(
M ′′

0i

M ′′
0i (0)

)
= −γ 2δ2 (2/π )2 g2[� − (δ/4)]Di , [10]

where subscript i denotes a or b. Assuming the two compo-
nents are the only sources of signal, M ′′

0a(0) and M ′′
0b(0) were

used to calculate the normalized fractional contributions when
g = 0. The fractional contributions of components a and b are
denoted fa and fb, respectively, and were calculated as the ratio
of M ′′

0a(0) or M ′′
0b(0) to the total signal according to Eqs. [7a]

and [7b]. For consistency, signal a is equated with the fast re-
laxation component and signal b with the slow component. We
refer to this third method as sequential 1D analyses (longitudinal

relaxation analysis followed by diffusion decay analysis).



E
56 SILVA

2.6 G/cm 
 
 
 
 
 
31.18 G/cm 

-50000

-40000

-30000

-20000

-10000

0

10000

20000

30000

40000

50000

0 1000 2000 3000 4000 5000 6000

Inversion Time, TI [msec]

Si
gn

al
 I

nt
en

si
ty

 [
a.

u.
]

FIG. 2. DW-IRSE data set for a representative yeast-cell suspension in 3 mM
Gd-DTPA2− with signal intensity plotted versus inversion time, TI, logarithmi-
cally spaced from 5.0 to 6002.9 ms for 12 diffusion gradient strengths ranging
from 2.6 to 31.18 G/cm (b values of 3172, 12,688, 28,549, 50,754, 79,303,
114,196, 155,434, 203,016, 256,942, 317,212, 383,827, and 456,786 s/cm2, re-
spectively). As the diffusion-weighting is increased, the asymptote (M0) of the
measured signal intensity decreases. At high diffusion-weighting, the asymp-
totes (M0) of the measured signal intensity curves become closer together as the
recovery changes from a two- to one-exponential time function due to quenching
of the fast-diffusing component by the strong diffusion gradients.

RESULTS

A set of DW-IRSE curves from a representative preparation
(No. 6) is shown in Fig. 2, with signal intensity plotted versus
inversion time, TI, for 12 diffusion gradient strengths (g) rang-

ing from 2.6 to 31.18 G/cm (b values of 3172, 12,688, 28,549,
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FIG. 3. Contour plots of the relaxo-diffusigrams resulting from 2D numerical ILT analyses of data sets of the type seen in Fig. 2: (a) from a preparation with
extracellular [GdDTPA2−] = 0 mM; (b) from a preparation with extracellular [GdDTPA2−] = 3 mM. The ordinates measure the logarithm of T1, in ms. The

levels have relative values: 1 : 2 : 3.2 : 4.8.)
abscissae measure the logarithm of D, in cm2/s. The four contour levels have the r
T AL.

50,754, 79,303, 114,196, 155,434, 203,016, 256,942, 317,212,
383,827, and 456,786 s/cm2, respectively). Notice that the dy-
namic range of the IR data decreases with increasing gradient
strength. This is because the signal from the faster diffusing
component is attenuated by the diffusion gradient to a greater
extent than that from the slower diffusing component (9). Above
some b value, the fast-diffusing component will be completely
attenuated before the signal acquisition, and the IR curve will
be best described by the single component model. Further, note
that the g-induced change in signal intensity at a given TI is not
uniform (i.e., the spacing between data points becomes closer
at high gradient strengths). This again is due to the differen-
tial attenuation of the fast-diffusing component relative to the
slow-diffusing component.

Contour plots in Fig. 3 present results from 2D numerical
ILT analyses (method I). The vertical, relaxographic dimen-
sions measure the logarithm of T1 with units of ms. The hor-
izontal, diffusigraphic dimensions measure the logarithm of D
with units of cm2/s. The left plot (Fig. 3a) presents the results
from the preparation with [CR] = 0 mM. This plot shows two
peaks whose T1 : D coordinates are 496 ms : 0.033×10−5 cm2/s
(25%) and 496 ms : 1.22×10−5 cm2/s (75%), respectively. (The
coordinates given are those of the peak maxima, and the per-
centage contributions represent the relative peak volumes. The
four contour levels seen in the left plot have relative values:
1 : 1.6 : 6 : 12.) The right plot (Fig. 3b) presents the results from
a preparation (No. 6) with [CR] = 3 mM. It shows two peaks
whose T1 : D coordinates are 272 ms : 0.033×10−5 cm2/s (48%)
and 61 ms : 1.22×10−5 cm2/s (52%), respectively. (The contour
elative arbitrary values of 1 : 1.6 : 6 : 12 in (a) and 1 : 2 : 3.2 : 4.8 in (b).
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FIG. 4. A stacked plot of selected longitudinal relaxograms obtained at
different b values. These result from the 1D numerical ILT of the inversion
recovery data for the data in Fig. 2. The abscissa measures the logarithm of T1,
in ms. The b values range from 3172 s/cm2 (top) to 456,786 s/cm2 (bottom).
The incrementation is given in the text.

Figure 4 presents a stacked plot of the longitudinal relaxo-
grams (the abscissa measures the logarithm of T1, in ms) for
different b values (obtained from data analysis method II), for
the same 3-mM CR preparation (No. 6) of Figs. 2 and 3b. The
series of T1 relaxograms was obtained from the 1D ILT of the cor-
responding IR curves shown in Fig. 2. The b values range from
3172 s/cm2 at the top to 456,786 s/cm2 at the bottom, with the
incrementation listed above. The average positions (and areas)
of the EC and IC peaks are 64 ms (54% at b value = 0) and
307 ms (46% at b value = 0), respectively. A subsequent numer-
ical ILT diffusigraphic analysis, conducted on the areas of the
Fig. 4 EC and IC peaks, yielded D values of 1.29 × 10−5 cm2/s
and 0.032 × 10−5 cm2/s, respectively.

The results for the final data analysis method (III) were ob-
tained from the same data set shown in Figs. 2–4 (preparation
No. 6) and illustrate the sequential 1D analyses using discrete
exponential fittings. Figure 5 shows a comparison of the bi-
and monoexponential fittings for the data acquisitions with the
2.6 G/cm (minimum) and 31.18 G/cm (maximum) diffusion-
gradient pulses. The natural logarithm of the magnetization
function is shown for easier visualization of the data nature.
The IR data acquired at a diffusion-weighting of 2.6 G/cm (�)
are fitted with both the biexponential (—) and monoexponential
(---) models. The biexponential fitting is clearly more appro-

priate for these data and this is statistically supported with an
DIFFUSION COEFFICIENTS 57

F-statistic  0. Also in Fig. 5, the IR data acquired at the much
larger diffusion-weighting of 31.18 G/cm (×) are fitted with both
the biexponential (—) and monoexponential models. For this
data set, the monoexponential fitting (---) is not visible because
it is coincident with the biexponential fitting. In this case, the
monoexponential model is more appropriate (F-statistic ∼ 0).

Each IR curve in the Fig. 2 data set was fitted with the bi-
exponential model to determine M ′′

0a , M ′′
0b, T1a , T1b, and α, and

also with the monoexponential model to determine M ′′
0 , T1, and

α. The fitting of each of the 12 IR curves was performed in-
dependently (fitting constraints and initial parameters were the
same for each iteration). For this representative preparation, the
average calculated fast-relaxing T1 value (T1a) was 65 ± 2 ms
and the average slow-relaxing T1 value (T1b) was 304 ± 5 ms.

From the model fittings, M ′′
0 , M ′′

0a , and M ′′
0b were extracted at

each g value and plotted versus the b value. Figure 6 shows M ′′
0 ,

M ′′
0a , and M ′′

0b (arbitrary units) derived from the data of the rep-
resentative preparation used for Figs. 2–5. The triangles (�) and
the open circles (�) are the calculated magnetization values for
the fast-relaxing (M ′′

0a) and the slow-relaxing (M ′′
0b) components,

respectively, from the biexponential model. The closed circles
(�) are the fitted M ′′

0 values from the monoexponential model.
Note that as the b value is increased, the contribution of the fast-
relaxing component (M ′′

0a) vanishes, and the fitted M ′′
0 values

asymptotically approach M ′′
0b. Fitting errors were apparent in

the biexponential model for b values greater than 300,000 s/cm2

(for obvious reasons) and these points have been omitted from
Fig. 6.

The natural logarithm or the � and � curves in Fig. 6 were
each fitted using Eq. [10] to calculate the fractional contributions
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FIG. 5. Biexponential (—) and monoexponential (---) model fittings to IR
data sets obtained with diffusion-weighted gradient amplitudes of 2.6 G/cm (�)
and 31.18 G/cm (×) for the yeast-cell sample of Fig. 2. The natural logarithm
of the relaxation functions (20) is shown to aid in visualizing the data charac-
ters. The 2.6-G/cm data set (�) is best described by the biexponential model;
note the monoexponential fit (dashed line) markedly deviates from the experi-
mental points. The monoexponential model and the biexponential model match
the IR data for the set acquired at a diffusion-weighting of 31.18 G/cm (×),
which indicates that the biexponential model “over fits” this data set and the

monoexponential model is most appropriate.
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TABLE 1
Apparent Compartmental Relaxation Times (T1a and T1b) with Standard Deviations (σ), Diffusion Coefficients (Da and Db), and Frac-

tional Contributions ( fa and fb) without Diffusion Attenuation (i.e., g = 0) from Experiments on Seven Separate Yeast-Cell Suspensions
Determined with Sequential 1D Exponential Analyses

T1a (σ ) T1b (σ ) Da Db fa (g = 0) fb (g = 0)
Preparation [ms] [ms] [×10−5 cm2/s] [×10−5 cm2/s] [unitless] [unitless]

1 65 (2)a 291 (4)a 1.22d 0.026e 0.54 0.46
2 67 (1) 301 (3) 1.26 0.026 0.53 0.47
3 67 (2) 289 (3) 1.11 0.024 0.54 0.46
4 65 (3) 292 (2) 1.22 0.021 0.54 0.46
5 64 (2) 294 (3) 1.20 0.020 0.59 0.41
6 65 (2) 304 (5) 1.24 0.023 0.53 0.47
7 65 (2) 294 (4) 1.10 0.021 0.51 0.49

Overall 65 (2)b 295 (6)b 1.19 (0.06)c 0.023 (0.002)c 0.54 (0.02)c 0.46 (0.02)c

a The intraexperiment σ is from the T1a and T1b values obtained from the 9 (out of a total of 12) DW-IR data sets fitted to the biexponential model (Eq. [6]).
b σ is calculated from the means and σ of the experiments on the 7 preparations.
c σ is calculated from the means of the experiments on the 7 preparations.
d Linear regression R2 > 0.80 for fit of M ′′ versus the b value.
0a
e Linear regression R2 > 0.98 for fit of M ′′ versus the b value.
0b

(at g = 0) and the component diffusion coefficients. For these
data, the fractional contribution of the fast-relaxing component
(�), fa , was 0.53, and the fractional contribution of the slow-
relaxing component (�), fb, was 0.47. The diffusion coefficient
of the fast-relaxing component, Da , was 1.24 × 10−5 cm2/s,
and the diffusion coefficient of the slow-relaxing component,
Db, was 0.023 × 10−5 cm2/s. The R2 linear regression coeffi-
cients (Eq. [10]) for Da and Db were 0.80 and 0.99, respectively.
Table 1 contains the results from sequential 1D exponential anal-
yses of the experiments on all seven different yeast-cell prepa-
rations. The T1 values are presented as the means and standard
deviations (σ ), which were calculated within each preparation,
and over all preparations.

Finally, given the significant difference in Da and Db in the
yeast-cell preparation and the consequent slow-exchange dif-
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FIG. 6. The normalized calculated M ′′
0a , M ′′

0b , and M ′′
0 values for the rep-

resentative data set shown in Fig. 2. The triangles (�) and the open circles
(�) are the fast-relaxing M ′′

0a and slow-relaxing M ′′
0b components, respectively,

calculated using the biexponential model. The solid circles (�) are the M ′′
0 val-

′′
ues calculated using the monoexponential model. Note that M0 approaches the
slow-relaxing, slow-diffusing component (IC) described by M ′′

0b .
fusigraphic conditions, a direct 1D diffusigraphic analysis of
the b-space decay was conducted to further validate the diffu-
sion coefficient values obtained using analysis methods I–III. If
a 1D diffusigraphic analysis of the b-space decay data from a
CR-free sample is conducted, two diffusigraphic peaks are ob-
tained (15). For the data in Fig. 2, magnetization values at the
longest TI value (i.e., under fully relaxed conditions and thus
without any T1 weighting) were fitted versus the b value using
the discrete biexponential approach. The resulting diffusion co-
efficients were Da = 1.17 ± 0.003 × 10−5 cm2/s (56 ± 3%) and
Db = 0.017 ± 0.004 × 10−5 cm2/s (44 ± 3%), which are also in
good agreement with the mean values in Table 1.

DISCUSSION AND CONCLUSIONS

This paper presents an NMR method for measuring
compartment-specific water diffusion coefficients. The method
is based on relaxography (8), employing an EC CR to distin-
guish the IC and EC water signals based on differences in their
respective T1 relaxation times. By incorporating diffusion en-
coding into the relaxography experiment, compartment-specific
ADC values can be measured from compartmental signals that
have been separated and identified in the relaxographic domain.
The NMR method has been implemented using a DW-IRSE
pulse sequence (Fig. 1), which was used to acquire a series of
diffusion-weighted, IR data sets (at different b values) from yeast
cells suspended in 3 mM Gd-DTPA2− (Fig. 2). The wet/dry mass
ratio of the yeast (3.25 : 1.0) and the CR concentration were in-
tentionally optimized to clearly demonstrate the performance of
the NMR method as well as facilitate the quantitative validation
of the technique.

The large differences in diffusion coefficients between the
IC and EC space of yeast-cell suspensions do make it possi-

ble to measure the compartment-specific diffusion coefficients
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directly, without the need for CR (15, 17 ) or use of the DW-
IRSE method. However, for the work reported here, these fea-
tures were used to advantage to further validate the values of
the compartment-specific diffusion coefficients derived from
the DW-IRSE method. Furthermore, for in vivo applications
in tissue, accurate compartment-specific diffusion coefficients
(as well as compartment sizes) have yet to be convincingly mea-
sured by direct biexponential fitting of the diffusion-attenuation
curves. In these cases, the DW-IRSE approach should yield ac-
curate compartment-specific ADC values, even when the re-
spective compartmental ADC values may be quite similar and
difficult to assign unambiguously.

In the absence of CR, the intrinsic IC and EC 1H2O T1 values
by themselves are not sufficiently different to allow discrim-
ination of these compartments (Fig. 3a), especially when the
timescale they represent is compared with the time for the equi-
librium transcytolemmal exchange of water (8). However, by the
natural restriction of CR to the EC space, the T1 relaxation time
of the EC compartment 1H2O can be decreased such that the
relaxation time constants of the IC and EC space 1H2O signals
differ by more than a factor of three (Fig. 3b). Simulations have
shown that this is the minimum difference necessary to decon-
volve correctly a sum of exponentials with a signal-to-noise ratio
(SNR) ∼50 by fitting with a biexponential model (13, 14). The
addition of 3-mM CR to the yeast-cell suspension resulted in ap-
proximately a factor of five difference (an EC T1 of 0.061 s vs an
IC T1 of 0.272 s) in the apparent 1H2O T1 relaxation times of the
signals from the two compartments (see also data in Table 1).
Note that both peaks in Fig. 3b are shifted to smaller T1 val-
ues by the CR, although it is quite clear that the peak with the
larger D value is significantly more displaced. This is expected
since the CR acts as a shift reagent in relaxographic space and
the transcytolemmal water exchange is facile (8). By contrast,
the compartmental diffusion coefficients remain essentially un-
changed upon addition of the CR. This result is very encouraging
and is consistent with diffusion coefficient measurements made
on homogeneous water phantoms doped with different CR con-
centrations, where the presence of CR by itself does not alter the
diffusion coefficient of water molecules (unpublished results).

The contour plots shown in Fig. 3 are also useful for visu-
alizing the qualitative differences between the two samples as
a function of CR concentration. Since Gd-DTPA2− is known
to be restricted to the extracellular space in this model system
(8), it is obvious that the most shifted peak should be assigned
to the EC signal. This confirms one’s intuition with regard to
the relative magnitudes of the compartmental water D values in
cell suspensions. However, since tissue generally has a higher
cell density than is achievable in cell suspensions in vitro, the
compartmental assignments may not be as obvious in that case,
and plots such as those in Fig. 3 could prove to be an important
tool for the unambiguous analysis of tissue data.

As shown in Fig. 3 (and Table 1), the IC water apparent D is
much smaller than the EC water apparent D due to the diffusion

restrictions imposed by the small size of the yeast cells, which we
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estimated using a standard light microscope to be ∼7 µm in outer
diameter. For a spherical shape, the intracellular diameter (dIC)
of the yeast cell can be estimated from the apparent diffusion
coefficient and the diffusion time, as shown by Tanner (17 ):

dIC =
√

20Dtdiff. [11]

Using values for tdiff of 45 ms and DIC = 0.023 × 10−5 cm2/s
(mean value from Table 1) for these experiments, Eq. [11] yields
a dIC value of 4.6 µm, which is in good agreement with the
value of 4.0 µm reported by Tanner (17 ). The presence of the
impermeable cell membrane and small cell size explains why
the DIC is so small. By contrast, water diffusing in the EC envi-
ronment of cell suspensions should have a D value closer to that
of free water. At 17◦C (the temperature for our yeast-cell dif-
fusion measurements), the diffusion coefficient of bulk water is
approximately 1.8 × 10−5 cm2/s. The reduction in the EC water
D relative to the bulk value is presumably caused by restric-
tions in this concentrated cellular suspension due to the close
proximity of the external surfaces of cell membranes. Also, in
this particular case, EC water includes water in the periplasmic
spaces, which are quite confined (20). Still, the diffusion coef-
ficients here differ by a factor of 40, a situation not likely to be
encountered in tissue.

The stacked plot of the longitudinal relaxograms as a function
of the b value (Fig. 4) is particularly useful for visualizing the rel-
ative differences in diffusion attenuation between the two com-
ponents. With increased diffusion weighting, the fast-relaxing
(which is also the fast-diffusing) component is increasingly at-
tenuated and ultimately quenched at higher diffusion-gradient
strengths. It has been thoroughly demonstrated that in the pres-
ence of CR the peak at smaller T1 represents the EC signal (8).
Thus, Fig. 4 shows very clearly that it is the EC signal that is
attenuated with increasing b value, as we reported earlier with
a preliminary version of Fig. 4 (9). By contrast, the intracellu-
lar signal exhibits relatively little attenuation (∼10%) over this
range of b values, due to the severe restriction effects imposed
by the small intracellular diameter of the yeast cells. It is impor-
tant to note that the positions of the T1 distributions in Fig. 4 are
consistent with those in the relaxographic dimension of Fig. 3
(as expected since the ILT analysis was used in both cases).
Furthermore, the subsequent 1D ILT diffusigraphic analysis of
the areas of the EC and IC T1 distributions in Fig. 4 yielded
compartment-specific diffusion coefficients that were also com-
parable to those derived from the diffusigraphic dimension of
Fig. 3.

Figure 5 shows the results for the final data analysis method
(III) applied to the same data set analyzed by ILT methods I
and II in Figs. 3 and 4, respectively. It should be noted that re-
sults obtained from the discrete exponential fitting of the data
obtained at the minimum and maximum b values in Fig. 2 are
consistent with the comparable ILT results in Fig. 4. For ex-

ample, for the 2.6-G/cm (minimum b value) data set in Fig. 5,
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the IR data are best fitted with a discrete biexponential. The
two T1 values derived from this analysis are in good agree-
ment with the means of the two T1 distributions obtained by
the 1D ILT analysis of the corresponding data set in Fig. 4.
By contrast, for the 31.18-G/cm (maximum b value) data set
in Fig. 5, the longitudinal relaxation data are best fitted using
a monoexponential model. This is consistent with the corre-
sponding maximum-b-value data set in Fig. 4, where the fast-
diffusing, fast-relaxing T1 component is completely quenched at
this diffusion-sensitive gradient strength, leaving only the signal
from the slow-diffusing, slow-relaxing T1 component.

Figure 6 shows the results from the discrete exponential ana-
lysis of each IR curve in Fig. 2, which yields diffusion-weighted
M ′′

0a and M ′′
0b values (for each T1 component, T1a and T1b) as a

function of the b value. The longitudinal relaxation data were
fitted with both bi- and monoexponential functions to determine
which model best described the data. At b values of insuffi-
cient magnitude to completely quench the fast-diffusing, fast-
relaxing T1 component, the biexponential model provided the
best fit to the data. At higher b values, the fast-diffusing, fast-
relaxing T1 component was completely quenched (again, as seen
in Fig. 4 as well as the maximum b value data in Fig. 5), and
the monoexponential function was the most appropriate fitting
model for estimating M ′′

0 . As seen in Fig. 4, with increasing
diffusion-weighting, the fast-diffusing, fast-relaxing T1 compo-
nent in Fig. 6 is increasingly attenuated by the strong gradient
and is ultimately quenched at b values above 300,000 s/cm2. It is
important to note that the average T1b (the slow-relaxing, slow-
diffusing component of the two-component signal) obtained
from the biexponential analysis is 304 ± 5 ms, which statistically
matches the T1 value derived from the monoexponential fitting
model at high b values (306 ± 1 ms). Since the system is well de-
scribed with one component at high diffusion-gradient strengths,
the fact that these T1 values are the same gives confidence that
the same water population is being measured for both cases.

Notice that in Fig. 6, the change in M ′′
0a and M ′′

0b values as a
function of the b value exactly parallels the change in the corre-
sponding areas under the EC and IC T1 distributions shown in
Fig. 4. As was the case for the data in Fig. 4, the signal from
the IC water (M ′′

0b) was not significantly attenuated (∼10%)
over this range of b values due to significantly restricted water
diffusion in the IC space. The compartment-specific diffusion
coefficients calculated from the slopes of the natural logarithm
of the diffusion attenuation curves in Fig. 6 (and summarized in
Table 1 for all seven yeast-cell preparations) are in good agree-
ment with the results from the diffusigraphic analysis of the
data in Fig. 4 (method II) as well as those in the Fig. 3 2D
plot (method I). Furthermore, the compartment-specific diffu-
sion coefficients obtained by all three analysis methods are in
good agreement with the results obtained by direct 1D diffusi-
graphic analysis of the b-space data (diffusigraphy (15)) in the
absence of T1 weighting. This result provided further confidence
in the validity of the results obtained using the DW-IRSE NMR

method as well as data analysis methods I–III.
T AL.

Methods I and II (used to analyze the data in Figs. 3 and
4, respectively) employ numerical, continuous relaxography (8)
to assay T1 relaxation time differences in the compartmental
signal contributions. That is, numerical ILT analysis (10–12)
is used to calculate the continuous relaxation time distribu-
tions from a sample. A disadvantage of this approach is that
the ILT method requires a measured value of M0 for the sam-
ple, which results in long experiment times. Fitting the IR data
with the 5-parameter biexponential model (method III) does not
require an M0 estimate since it is a fitted parameter, thus allow-
ing smaller TI and TR values to be used, resulting in reduced
experiment times. Consequently, implementation of the NMR
method with subsequent analysis using method III was deemed
to be the most time-efficient experimental approach to these
studies.

Another aspect of the numerical ILT method is that the width
of the relaxographic peak representing a given compartment can
be significantly affected by user-supplied input parameters to the
fitting procedure and inappropriate choices may interfere with
the separation of peaks from different compartments. The biex-
ponential fitting relaxographic method avoids this limitation as it
fits for the means of the relaxation time distributions determined
by the ILT method (9). Furthermore, the sequential 1D exponen-
tial fitting approach (method III) may be a more quantitatively
useful data analysis method since it avoids uncertainties associ-
ated with estimating the areas and positions of the distributions
derived from the numerical ILT analysis. Finally, method III is
more computationally efficient than ILT and results in signif-
icantly reduced calculation times, particularly when compared
to the 2D ILT data analysis method.

We have explored the limitations of the biexponential fitting
method through data simulation. For a two-compartment system,
the optimal data conditions call for signal contributions (M0a

and M0b) in a ratio of 1 : 1, a T1 relaxation time difference of
at least three (T1b > 3T1a), and a SNR greater than 20 (13). The
data presented in this paper exceed these criteria: The fractional
signal contribution (M0a : M0b) was 0.54 : 0 : 46 or 1.2 : 1.0; T1b

was 4.5 times T1a ; and the SNR for a 0.2-mL sample exceeded
500. Extension of this method to an in vivo biological system
would require careful optimization to establish the appropriate
CR concentrations and SNR conditions.

Studies by Labadie et al. (8) and Stanisz et al. (24) have shown
the efficacy of using MR CRs to discriminate the IC and EC
water signals in a biological sample by virtue of their relaxation
time differences. These studies demonstrated that the addition
of the CR alters the relaxation time constants (T1 and T2) of both
the EC and IC water signals even though, because of the molecu-
lar size, hydrophilicity, and electrical charge of the Gd-DTPA2−

anion, the CR remains in the EC space. Equilibrium exchange
of water molecules between the IC and the EC environments
complicates the measurement of the absolute (i.e., exchange-
less) compartmental T1-relaxation times because mixing of the
compartmental water increases the number of molecules that

contact the CR. However, it has been shown that the addition of
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a sufficient concentration of CR can move the system from the
fast-exchange regime (FXR) toward the slow-exchange regime
(SXR) (8, 20, 27 ) by reducing the relaxation time of the signal
from the EC space water, thereby reducing this exchange effect.
One reason for selecting the yeast-cell strain used in these ex-
periments is that the transmembrane exchange is relatively slow
as compared to other biological systems, such as red blood cell
suspensions (5), and even other yeast strains (8, 17, 20). In this
study, confidence that the yeast-cell suspension was in the SXR
on the longitudinal relaxographic timescale was supported by
the F-statistic analysis method, which determined that the bi-
exponential IR model most appropriately described the data for
small diffusion gradient values.

In earlier work, it was found that a yeast sample, prepared as
in this paper, with a wet/dry mass ratio (w/d) of 3.47 made a
cell suspension in which the fraction of water that was intracel-
lular was 0.36 (8). Thus, it is a reasonable linear extrapolation
to assume that the smaller w/d value use here (3.25) yields a
slightly larger intracellular water fraction of 0.38. Thus, the ratio
of IC : EC water here is 0.38 : 0.62, a value approaching 2 : 3.

However, there are a number of factors that affect the rela-
tive magnitudes of the compartmental 1H2O signals (M0a : M0b)
actually measured in any given NMR experiment. First, there
can be a differential relaxation effect: for example, there is
a nonnegligible amount of T2-weighting in our acquisitions
(TE = 55 ms). Since each compartment has a different T2 value,
the signal-intensity ratio for the two compartments will vary de-
pending upon the relative difference in T2 values for a given
experimental echo time. Even in the CR-free sample, the overall
1H2O T2 is 0.290 s; and, therefore, the amount of T2 attenuation
at a TE value of 0.055 s would not be insignificant. In this case,
is reasonable to assume that the intrinsic T2 of the IC signal
is somewhat smaller than that of the EC signal for the CR-free
sample. Upon addition of the CR, however, the EC T2 is likely to
become significantly reduced with relatively less consequence
for the IC T2 value. To the extent that they differ, this would lead
to a decrease in the relative contribution from the EC compart-
ment for a given TE value. Second, there can be an effect due
to the fact that the water is in equilibrium exchange between the
IC and EC compartments. In earlier work, it was found that the
mean intracellular lifetime of a water molecule, τb, was 0.67 s for
the same strain of yeast studied at ambient temperature (8, 17 ).
It is reasonable to assume that it is similar here. Since 0.62 of
the water is extracellular, the mean extracellular lifetime, τa , is
1.1 s: the exchange is in equilibrium. The exchange rate constant
is thus [(τb)−1 + (τa)−1] = 2.4 s−1, and the exchange time is
the reciprocal of this, 0.42 s. If the exchange time was not suffi-
ciently large on the diffusigraphic timescale (the slow-exchange
limit (SXL)), the relative contribution of the component exhibit-
ing the larger D value (EC here) would be diminished and the
measured smaller D elevated above its true value (1 ).

In the absence of CR, we observe an IC : EC signal ratio of
only ∼1 : 3 (Fig. 3a). This suggests that the T2 effect is domi-

nant, and that the system is probably near the SXL on the dif-
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fusigraphic timescale employed here. For a τb of 0.67 s, this is
reasonable (1). It is important to note, however, that the CR-free
system is simultaneously in the fast-exchange limit (FXL) on
the longitudinal relaxographic timescale (8). This is evidenced
here by the fact that the T1 values of the two peaks in Fig. 3a
are identical, and the magnitude (0.50 s) is surely too small for
the EC 1H2O signal in the absence of exchange. Thus, while the
CR-free system is surely also in the FXL on the intrinsic trans-
verse timescale, its rendering into the SXL on the diffusigraphic
timescale enables differential transverse relaxation to dominate
the relative contributions.

When CR is added, the M0a : M0b ratio rises to ∼1 : 1, as
found by all three methods (Fig. 3b, Fig. 4, Table 1). (Indeed,
the samples were deliberately “titrated” to this condition.) This
is probably dominated by a reversal of the T2 effect. Though the
addition of the paramagnetic CR to the EC space decreases the
T2 values of both the EC and IC signals because of the transcy-
tolemmal susceptibility gradient created, this is greater for the
EC signal (these cells are roughly spherical) and there is an addi-
tional hyperfine catalysis of the EC signal transverse relaxation.
Thus, while the overall T2 value is reduced to 0.058 s (quite
near the TE value) by 3-mM extracellular CR, we can assume
that much of this comes disproportionately from the EC signal,
and its relative contribution is thereby reduced. At the same
time, though the exchange kinetics are unaltered by the CR, the
system is now rendered into SXR on the longitudinal relaxo-
graphic timescale (8, 20): two peaks appear in the T1 projection
of Fig. 3b. The peak with the larger T1 is also shifted because
of the transcytolemmal water exchange. A [CR] of 3 mM is not
sufficient to move the system to the SXL, however, and in the
SXR, the relative contribution of the EC signal is diminished
(8, 20).

Other NMR methods have attempted to separate the IC and
EC water diffusion coefficients in in vitro and in vivo biological
samples. Early experiments by Andrasko (1) and Tanner (17)
suggested that the nonmonoexponential behavior of the diffu-
sion attenuation curve in human red blood cell and yeast-cell
preparations respectively resulted from two water populations
with different diffusion coefficients. However, nonmonoexpo-
nential attenuation may arise from restricted diffusion within a
continuous compartment, distinct compartments with different
diffusion coefficients, or some combination of both (21); and
in all cases, water exchange between compartments can further
complicate interpretation of the diffusion measurement (1). Pre-
vious work analyzing rat brain 1H2O signals attempted to fit
diffusion attenuation curves to biexponential models that repre-
sent the water diffusion coefficients in IC and EC spaces (16,
22). However, when the diffusion coefficients of the two spaces
were considered in the absence of exchange and restrictions, the
fitted volume fractions did not agree with the known compart-
mental fractions (22, 23). Because nonmonoexponential atten-
uation curves have been found in single compartment systems
with barriers to diffusion (21), the presence of restricting barri-

ers in tissue must also be considered in any successful model.
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In this case, the use of a CR to confirm assignments of diffusi-
graphic peaks could prove invaluable. However, its effects on
differential relaxation must be carefully considered, as above.

Recent work has demonstrated some success with analytical
models of water dynamics in red blood cell suspensions and in
simulations that include 1H2O relaxation, tortuosity, restricted
diffusion, compartmental exchange (membrane permeability),
and cell geometry (24, 26). These and other studies have used
combined T2-relaxation and diffusion methods to describe bi-
ological tissue using the two-compartment (IC and EC) model
(22–24). However, as we have seen, T2 is sensitive to hyper-
fine, bulk magnetic susceptibility and exchange effects. If not
properly accounted, these can contribute to misevaluation of the
actual compartmental volume fractions (22 ).

Using CR in a well-understood yeast-cell suspension, we have
successfully demonstrated an NMR method for clearly assigning
and measuring compartmental apparent diffusion coefficients
based on differences in the respective T1 relaxation times of two
compartmental 1H2O signals. The application of this method
to an animal model could be used to study the in vivo com-
partmental (IC and EC) relaxation time constants and ADCs
of tissue such as muscle or brain. Further, tissue changes re-
sulting from injury or disease could be measured with respect
to each compartment individually. Specifically, since Moseley
et al. (4) demonstrated a decline in the ADC of cerebral tissue
water after cerebral ischemia resulting from stroke, there has
much speculation regarding the mechanisms causing the ADC
decline. Since it is possible to alter the relaxation time constants
of the cerebral EC compartment using intracerebroventricular
injection of CR (27), it is possible to employ this approach to
assign the observed ADC components, determine the cerebral
IC and EC apparent 1H2O T1 relaxation times, and the water
ADC values (28). This could lead to better understanding of the
underlying mechanism responsible for the water ADC changes
during cerebral ischemia.
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