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a b s t r a c t

Diffusion of spins between physical or virtual, communicating compartments having different states of
longitudinal magnetization leads to diffusion-driven longitudinal relaxation. Herein, in two model sys-
tems, the effects of diffusion-driven longitudinal relaxation are explored experimentally and analyzed
quantitatively. In the first case, longitudinal relaxation in a single slice of a water phantom is monitored
spectroscopically as a function of slice thickness. In the second case, mimicking vascular flow/diffusion
effects, longitudinal relaxation is monitored in a two-compartment, semi-permeable fiber phantom. In
both cases, apparent longitudinal relaxation, though clearly multi-exponential, is well-modeled as bi-
exponential.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The remarkable performance capabilities of modern MR scan-
ners are redefining the limits of spatial resolution, signal sensitiv-
ity, and data interpretation. Data are often of such high quality that
subtle signal characteristics, ones that could previously be safely
ignored, must now be recognized in accurate signal-modeling
and parameter estimation. This is especially true when testing
signal models against ‘‘ideal’’ data obtained from phantoms and
phantom-like systems.

This laboratory has, for some time, been interested in signal
models that describe systems characterized by coherent and inco-
herent displacement motions, e.g., flow, perfusion, and diffusion.
Despite the multi-compartment complexity of most tissues, data
modeling is typically performed using relatively simple mathemat-
ical representations of the signal. The utility of the resulting para-
metric maps depends upon the validity of the underlying
simplifying assumptions, which can be difficult to assess. Recently,
while pursuing control experiments with phantoms, we encoun-
tered diffusion-driven relaxation, a phenomenon that could, if
unrecognized, compromise data interpretation.

Diffusion of spins between physical or virtual, communicating
compartments having different states of longitudinal magnetiza-
tion leads to diffusion-driven longitudinal relaxation [1–5]. The
population of spins in one physical or virtual compartment will
ll rights reserved.
demonstrate altered longitudinal relaxation when exchanging,
via diffusion, with a population of spins of different magnetization
state from a communicating second compartment.

Herein, deviations from mono-exponential longitudinal relaxa-
tion due to diffusion-driven relaxation are examined in two limit-
ing cases. In the first case, a sample consisting of a single physical
compartment is divided, by slice selection, into two virtual com-
partments. Experiments are performed in which signal is only de-
tected from one compartment – the selected slice. In the second
case, a two-compartment, semi-permeable fiber phantom is
constructed. Experiments are performed in which, due to time-
of-flight flow effects, signal is only detected from one of the two
compartments – the extra-lumenal compartment. The effects of
diffusion between virtual and physical communicating compart-
ments are observed and modeled, and the implications of diffu-
sion-driven relaxation are discussed.
2. Materials and methods

2.1. Longitudinal relaxation rate constant determination

All longitudinal relaxation rate constants were measured with a
modified fast inversion recovery (MFIR) pulse sequence [6]. MFIR is
a variation on the standard inversion recovery experiment, in
which images are collected at different inversion times (TI), where
the repetition time (TR) is fixed at a value that is shorter than re-
quired for full recovery of longitudinal magnetization. This method
realizes a portion of the time savings of fast inversion recovery
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(FIR), for which both TI and TR are varied in concert in order to fix
the pre-delay, but, unlike FIR, can be modeled even in the presence
of imperfect flip angles by the following three parameter equation,

SðTIÞ ¼ Aþ B expð�R1 � TIÞ; ð1Þ

where S(TI) is the signal intensity for inversion time TI and R1 is the
longitudinal relaxation rate constant, the inverse of the time con-
stant, T1 [7,8].

Images and spectra were collected on scanners employing Ox-
ford Instruments 4.7-T horizontal-bore magnets (Oxford Instru-
ments; Oxford, UK) interfaced with Agilent/Varian DirectDrive™
consoles, and Agilent/Varian/Magnex gradient coil assemblies
(Agilent Technologies, Santa Clara, CA, USA). All samples were posi-
tioned with the long axis of the sample (capillary tube) parallel to
B0. Experiments were carried out at the ambient temperature in
the bore of the magnet (�21 �C).

2.2. Slice thickness experiments

Apparent longitudinal relaxation was monitored in a water-
filled, 1.0-mm ID capillary tube via a slice-selective (transverse to
the tube’s long axis), spin-echo, MFIR spectroscopy experiment.
To observe the effect of diffusion on the measurement, experi-
ments were performed with four different slice thicknesses (TH):
1.00, 0.500, 0.250 and 0.125 mm. Crafted 90� and 180� pulses, sim-
ilar in shape to Shinnar-Le Roux pulses, were used to minimize
imperfections in slice profile [9,10]. To this same end, symmetric
left and right crusher (‘‘butterfly’’) gradients were implemented
with both the inversion and refocusing 180� pulses.

For all slice thicknesses, the acquisition parameters were:
TR = 20.0 s, TE = 10.67 ms, and spectral width (SW) = 4006 Hz. To
compare data at similar signal-to-noise ratio (SNR), the number
of transients (NT) was varied: NT = 1 (TH = 1.00 mm), 4
(TH = 0.500 mm), 16 (TH = 0.250 mm), and 64 (TH = 0.125 mm).
In addition, a single relaxation data set was acquired at higher
SNR with TH = 10.0 mm and NT = 4, a slice thickness greater than
the active region of the coil. Thirty logarithmically-spaced TI values
ranging from 0.01 to 15 s were employed throughout.

Signal amplitudes were calculated from the total integrated
intensity of the water 1H resonance via in-house programs devel-
oped using Matlab (Mathworks; Natick, MA, USA). Relaxation data
were modeled as exponential functions by Bayesian analysis meth-
ods developed in our lab (Bayesian Analysis of Common NMR Prob-
lems; http://bayesiananalysis.wustl.edu/index.html) [11,12].

2.3. Non-permeable and semi-permeable fiber phantom design

A non-permeable hollow fiber (polyurethane catheter;
ID = 300 lm, OD = 400 lm) or semi-permeable hollow fiber (poly-
sulfone dialyzer; ID = 200 lm, OD = 280 lm) was suspended
through the middle of a capillary tube (ID = 1.0 mm) and held in
place with epoxy applied at the ends of the capillary tube. (Note:
in this paper, semi-permeable denotes a material allowing free dif-
fusion of water and allowing, but potentially slowing, diffusion of
aqueous Gd-based contrast agents; and non-permeable denotes a
material completely blocking diffusion of both water and aqueous
Gd-based contrast agents.) The phantom consisted of two physical
compartments, the lumen, i.e., the interior of the fiber, and the
extra-lumenal space, which includes the fiber wall and the extra-
fiber region. The phantom design allowed controlled flow of media
in the fiber lumen. The semi-permeable hollow fiber, similar to
those used in hollow-fiber bioreactors, was harvested from a com-
mercial dialyzer (Optiflux F-160NR; Fresenius Medical Care AG &
Co., Bad Homburg, Germany). As the extra-lumenal space was
closed and water is an incompressible fluid, there were no pressure
gradients across the transverse axis of the phantom (i.e., between
lumenal and extra-lumenal compartments).

Lumenal flow was achieved via a peristaltic pump. Flow rates
were periodically measured just downstream of the phantom to
assure constant flow velocities throughout the experiment.
2.4. Non-permeable and semi-permeable fiber phantom experiments

For both the semi-permeable and non-permeable fiber phan-
toms, T1 maps were obtained with and without aqueous flow at
0 and 1 mM concentrations of Omniscan (gadodiamide; Gd-
DTPA-BMA; GE Healthcare, Piscataway, USA). A flow rate of
0.4 mL/min was maintained during experiments requiring flow. If
plug flow is assumed, this flow rate corresponded to a lumenal
velocity of 0.2 mm/ms, translating to clearance of lumenal spins
within TE/2 when TE = 10 ms and TH = 1 mm. Experiments with
aqueous gadodiamide solution allowed sufficient equilibration
time to ensure homogeneous distribution of gadodiamide (1 mM)
throughout all compartments (i.e., the lumenal and extra-lumenal
compartments had the same concentration of gadodiamide).

Four single-slice images (transverse to the fiber’s long axis)
were acquired to monitor longitudinal relaxation, with TI values
0.002, 0.080, 2.500, and 8.000 s for 0 mM gadodiamide experi-
ments and 0.002, 0.025, 0.080, 0.250 s for 1 mM gadodiamide
experiments. To ensure images at each TI had approximately the
same SNR, variable numbers of transients (NT) were averaged for
each image, corresponding, respectively, to the different TI values:
NT = 8, 16, 32, and 8. To assure that no steady-state transverse
magnetization was present during the MFIR experiment, the short-
est value of D = TR � TI was set equal to three times the transverse
relaxation time constant (T2) of the bulk (non-flowing) solution:
TR = 13.5 s for 0 mM gadodiamide experiments and 0.8 s for
1 mM gadodiamide experiments [8]. (Note: T2 was measured inde-
pendently for 0 mM and 1 mM gadodiamide solutions via spectro-
scopic methods with a standard CPMG sequence.) All images were
acquired with the following parameters: TH = 1 mm; TE = 10 ms;
in-plane field of view, 5.12 � 1.28 mm2; in-plane voxel dimen-
sions, 20 � 20 lm2.

Modeling of the data was carried out using signal intensities
from phased (absorption mode) images [13,14]. Parameters A, B,
and R1 (Eq. (1)) were estimated from the phased images by non-
linear least-squares analysis in Matlab. The image acquired at the
longest TI was used for thresholding prior to modeling the relaxa-
tion data. R1 values were only estimated for those voxels in which
the signal intensity was greater than five times the standard devi-
ation of the noise.

To identify regions corresponding to the fiber wall, proton-
density weighted, gradient-echo images of the semi-permeable
fiber phantom were acquired without flow (TR = 500 ms;
TE = 9.7 ms; NT = 256; and flip angle, a = 20�). These images were
collected with the same field of view, slice thickness, and in-plane
voxel dimensions as the images acquired for R1 analysis.

A region of interest (ROI) consisting of voxels with different R1

values would be expected to exhibit non-mono-exponential relax-
ation behavior. To examine this phenomenon, an ROI covering one
sixteenth of the entire image (0.64 � 0.64 mm2) was selected with
the fiber at its center; lumenal voxels were discarded (976 voxels
selected after thresholding). For each extra-lumenal voxel within
the ROI, mono-exponential relaxation recovery curves (Eq. (1))
were derived based on the measured voxel intensities at the four
TI values. These simulated relaxation recovery data sets, one for
each voxel within the ROI, were averaged to derive a single
relaxation recovery data set for the ROI as a whole, sampled at
ten logarithmically-spaced TI values ranging from 0.017 to 15 s.
Bayesian analysis was then applied to this derived, single ROI
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relaxation data set to compare the probabilities of mono-, bi-, and
tri-exponential models [11].
3. Results

3.1. Slice thickness experiments

As shown in Fig. 1, the MFIR relaxation time course observed for
a 1-mm thick slice was well-modeled as mono-exponential, yield-
ing an estimated T1 essentially equal to that estimated for the bulk
sample, 2.8 s vs. 2.7 s, respectively. However, deviation from
mono-exponential relaxation became increasingly apparent as
slice thickness decreased. This can be illustrated using standard
deviations of the residuals from these fits as a goodness-of-fit met-
ric (Table 1). Further, Bayesian analysis was used to determine the
probabilities of mono-, bi-, and tri-exponential models for each
data set. A mono-exponential model was the most probable for
data obtained at slice thicknesses of 1.00 and 0.500 mm, and a
bi-exponential model was most probable for data obtained at slice
thicknesses of 0.250 and 0.125 mm (Table 1). This bi-exponentiality
is clearly illustrated in Fig. 2 (TH = 0.125 mm). Apparent longitudi-
nal relaxation time constants, computed from mono-exponential
and bi-exponential fits to the MFIR data obtained from slices with
different thicknesses, are shown in Table 2. The apparent longitu-
dinal relaxation time computed from a mono-exponential fit
decreases as slice thickness decreases (Table 2).

Within a thin slice, the observed relaxation time course was
non-mono-exponential. While such time-course data are well-
modeled as bi-exponential (Fig. 2, Tables 1 and 2), neither of the
bi-exponential decay time constants corresponds to the ‘‘true’’ lon-
gitudinal relaxation time constant. For example, bi-exponential
modeling of MFIR data from a 0.125-mm thick slice yielded
time-constant estimates of 2.2 ± 0.2 s and 0.17 ± 0.02 s with com-
ponent fractional amplitudes of 0.68 and 0.32, respectively. Both
time-constant estimates are substantially different from the bulk
sample T1, 2.7 s.
3.2. Fiber phantom experiments

3.2.1. Non-permeable fiber
For the non-permeable fiber phantom, water 1H T1 maps of the

region surrounding the fiber (extra-fiber space) in the presence or
absence of gadodiamide solution (0 and 1 mM) were homoge-
neous, with a mean relaxation time constant that agreed with
spectroscopic (non-imaging) measurements (�3 s and �0.2 s,
respectively). In the presence of lumenal flow, the lumenal water
Fig. 1. Slice selection experiment: thick slice (TH = 1.00 mm). (A) Signal intensity vs. inve
to a mono-exponential model: SI(TI) = 1.012–1.744e�TI/2.76. (B) Residuals from panel A v
spin-echo signal intensity decreased to the noise level, indepen-
dent of gadodiamide concentration (0 and 1 mM).

3.2.2. Semi-permeable fiber/absence of flow
For the semi-permeable fiber phantom in the absence of flow,

water 1H T1 maps in the absence or presence of gadodiamide solu-
tion (0 and 1 mM) were homogeneous. As expected, T1 was mark-
edly shortened in the presence of 1-mM gadodiamide solution
(�0.2 s). In response to the observation that the T1 of water in
the fiber wall was the same as in the other compartments, magne-
tization-transfer (MT) experiments were performed (data not
shown) that revealed no MT between fibers and water. Proton-
density-weighted images and the individual images acquired for
T1-mapping clearly defined the region of the fiber wall (e.g.,
Fig. 3, panel C).

3.2.3. Semi-permeable fiber/presence of flow/absence of gadodiamide
For the semi-permeable fiber phantom in the presence of flow

but without gadodiamide, apparent T1 values varied as a function
of voxel distance from the lumen boundary. Fig. 3 shows a T1

map, as well as a gradient-echo image identifying fiber-wall posi-
tion. Compared to T1 measured in the absence of flow, the presence
of lumenal flow results in shorter T1 values in voxels near the fiber,
an effect most pronounced within the fiber wall. Moving radially
away from the fiber wall, voxel T1 values lengthen, returning to
95% of that observed in the absence of flow at a distance of
120 lm from the outer edge of the fiber wall. The lengthening of
T1 was well fit by a mono-exponential dependence on radial dis-
tance from the fiber wall. The exponential coefficient k governing
this spatial change in T1 (modeled from the combined data shown
in Fig. 3, Panel B; solid line) was 0.018 ± 0.003 lm�1 (or equiva-
lently, 0.36 ± 0.05 voxel�1).

As described in Section 2, an ROI covering one sixteenth of the
entire image (0.64 � 0.64 mm2; 976 voxels after thresholding to
remove lumenal voxels) was selected, with the fiber at its center,
and the relaxation time course for this entire ROI was derived from
knowledge of the individual voxel T1 values, Fig. 4. The derived ROI
relaxation time-course data were preferentially modeled as bi-
exponential. Bayesian model selection probabilities (P), expressed
as natural log P, were �7.78, �0.232, �1.63, and �4.95 for mono-
, bi-, tri- and quad-exponential models, corresponding to probabil-
ities of �0%, 79%, 20%, and 1%, respectively.

3.2.4. Semi-permeable fiber/presence of flow and gadodiamide
For the semi-permeable fiber phantom in the presence of lume-

nal flow and gadodiamide (1 mM), variation in voxel T1 with dis-
tance from the fiber was not observed, i.e., T1 was homogeneous
rsion time (TI); squares are experimental data values and the solid line corresponds
s. inversion time. (Note: inversion time axis is logarithmic.)



Table 1
Goodness-of-fit, expressed as the residual standard deviation, assuming either mono-exponential or bi-exponential fits to the data, for different slice thicknesses. A decrease in
the residual standard deviation corresponds to a better fit. A decrease in the ratio of the values corresponds to the mono-exponential being preferred (more probable model).

rresidual TH = 1.00 mm TH = 0.500 mm TH = 0.250 mm TH = 0.125 mm

Mono-exp 0.0196 ± 0.0005 0.0169 ± 0.0004 0.047 ± 0.001 0.110 ± 0.003
Bi-exp 0.0197 ± 0.0005 0.0156 ± 0.0006 0.029 ± 0.001 0.033 ± 0.001
Ratioa 1.0 1.1 1.6 3.3
Probabilitymono

b,c �3.8 � 10�3 �7.1 � 10�3 �8.5 �8.5
Probabilitybi

b,c �8.5 �8.5 �2.8 � 10�2 �9.2 � 10�3

Probabilitytri
b,c �8.5 �8.5 �3.7 �4.9

a The ratio of the standard deviation of the residual with a mono-exponential fit to the standard deviation of the residual with a bi-exponential fit.
b Probabilities are those estimated by Bayesian analysis.
c Expressed as log base e of the probability.

Fig. 2. Slice-selection experiment: thin slice (TH = 0.125 mm). (A) Signal intensity vs. inversion time; squares are data values, the solid line corresponds to a mono-
exponential model: SI(TI) = 0.84–1.79e�TI/1.2 and the dashed line corresponds to a bi-exponential model: SI(TI) = 0.95–1.40e�TI/2.2 � 0.65e�TI/0.17. (B) Residuals from panel A vs.
inversion time; circles denote the mono-exponential model and triangles the bi-exponential model. (Note: inversion time axis is logarithmic.)
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throughout. However, as for the no-flow case, voxel T1 values were
shortened markedly (�0.2 s) compared with the situation in which
gadodiamide was absent (�3 s).
4. Discussion

Perfusion-sensitive MR methods, such as arterial spin labeling
(ASL) and dynamic contrast enhanced (DCE) MRI, are valuable
techniques for the detection and staging of illness and disease.
However, these techniques only reach their full potential when de-
rived parameter estimates are quantitative (i.e., accurate and pre-
cise). When using a signal model employing a single R1 value
(i.e., mono-exponential longitudinal relaxation), both ASL and
DCE-MRI implicitly assume the presence of well-mixed compart-
ments. Errors in parameter estimates occur with deviations from
mono-exponential relaxation. As described previously by others,
such deviations are observed for systems in which the detected
signal arises from multiple, internally well-mixed compartments
that are not in fast exchange [15–17]. The examples presented in
this paper demonstrate that deviations from mono-exponential
longitudinal relaxation can also be detected when the signal arises
from a poorly mixed single compartment, due to diffusion of spins
Table 2
Apparent longitudinal relaxation time constants, assuming either mono-exponential or b
compared with the ‘‘true’’ T1 value of 2.708 ± 0.002 s.

T1,app TH = 1.00 mm TH = 0.500 m

Mono-exp 2.76 ± 0.05 s 2.56 ± 0.04 s
Bi-exp 3 ± 1 s 2.7 ± 0.5 s

1.1 ± 0.8 s 0.5 ± 0.5 s
from a communicating second compartment (physical or virtual).
In many ways, these deviations are similar to those resulting from
inflow [18].

The slice-thickness experiment separated a homogeneous
phantom (single physical compartment) into two virtual compart-
ments, consisting of spins either initially inside or outside the se-
lected inversion slice. Signal was then observed only from
magnetization inside the selected inversion slice. Deviations from
mono-exponential longitudinal relaxation were most dramatic
when TH = 0.125 mm (Fig. 2). These deviations were not due to er-
rors in slice profile, which were themselves minimized by crusher
gradients and shaped RF pulses, as residual errors in slice profile
would not result in non-mono-exponential relaxation with MFIR
[7]. Rather, non-mono-exponential longitudinal relaxation oc-
curred due to diffusion of a population of thermal-equilibrium-
state spins (non-inverted bulk magnetization) from the second,
virtual compartment into the selected slice and, correspondingly,
diffusion of a population of non-thermal-equilibrium-state spins
(inverted bulk magnetization) out of the slice. Decreasing the slice
thickness decreased the number of spins initially in the slice,
increasing the population of detected spins originating from out-
side the slice relative to the population of detected spins originat-
ing and remaining inside the slice. With decreasing slice thickness,
i-exponential fits to the data, for different slice thicknesses. These values are to be

m TH = 0.250 mm TH = 0.125 mm

2.00 ± 0.09 s 1.2 ± 0.1 s
2.9 ± 0.4 s 2.2 ± 0.2 s
0.6 ± 0.1 s 0.17 ± 0.02 s



Fig. 3. Semi-permeable fiber (absence of gadodiamide). (A) Longitudinal relaxation time-constant (units expressed as s) map of the phantom with lumenal flow. (B)
Longitudinal relaxation time constant vs. voxel position from a single line of the image as indicated in panel A where the data selected are within the outlined narrow
rectangle. A mono-exponential fit (solid line in panel B; left side, 2.54–2.1e�0.018�; right side, 2.64–2.3e�0.018�) and gray shading rectangles denoting the location of the fiber
walls are also shown. (C) Proton-density-weighted gradient-echo image of the same phantom, without lumenal flow, included for visualization of the fiber wall. (The artifact
at the bottom of the image is from the susceptibility effect of an out-of-slice air bubble attached to the wall of capillary tube.) (D) Signal intensity vs. voxel position from a
single line of the image shown in panel C, where the selected data are within the outlined narrow rectangle. Gray shading rectangles denote the location of the fiber wall.
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Bayesian model selection analysis increasingly favors (more prob-
able model) a bi-exponential characterization of the relaxation
data, Table 1. Indeed, for the 0.250 and 0.125 mm thick slices, Bay-
esian model selection overwhelmingly favors the bi-exponential
relaxation model compared to mono- or tri-exponential models.
Likewise, consistent with the Bayesian model selection, qualitative
examination of the residuals, presented in Table 1, illustrates that
there is no improvement in bi-exponential vs. mono-exponential
fitting of the thick-slice relaxation data, but marked improvement
for the thin-slice relaxation data. Concomitantly, when a mono-
Fig. 4. Semi-permeable fiber (presence of flow, absence of gadodiamide) derived ROI
values, the solid line corresponds to a mono-exponential model: SI(TI) = 0.99–1.8
1.00–1.7e�TI/2.5 � 0.13e�TI/0.82. (B) Residuals from panel A vs. inversion time; circles de
inversion time axis is logarithmic.)
exponential model is used to fit the data, absolute error (i.e., the
deviation of the computed longitudinal relaxation time from its
true value) increases as slice thickness is decreased.

This example of diffusion-driven longitudinal relaxation is ex-
pected to result in a broad distribution of relaxation rates, with
spin populations at the very edge of the slice having the greatest
diffusion-driven-contribution to relaxation and those spin
populations in the middle of the slice having the least diffusion-
driven-contribution to relaxation. Although a broad distribution
of relaxation rates is expected, the single-slice-relaxation
data. (A) Derived ROI signal intensity vs. inversion time; squares are derived data
e�TI/2.3, and the dashed line corresponds to a bi-exponential model: SI(TI) =
note the mono-exponential model and triangles the bi-exponential model. (Note:
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spectroscopy data (sum of all spin populations) are remarkably
well-modeled as ‘‘simply’’ bi-exponential, even for the thinnest
slice examined (TH = 0.125 mm). It is worth noting that for the
thinnest slice, TH = 0.125, neither exponential time constant,
2.2 ± 0.2 s nor 0.17 ± 0.02 s, corresponds to the true spin–lattice
relaxation time constant, 2.7 s. Furthermore, the measured frac-
tional amplitudes and component time constants depend upon
slice thickness. As slice thickness increases and diffusion-driven
relaxation becomes less significant, the fractional amplitude of
the rapidly relaxing component decreases toward zero, the time
constant for the slowly relaxing component approaches that of
the true spin–lattice relaxation time constant, and relaxation ap-
pears mono-exponential (Table 2).

While the manner in which a bi-exponential function can well-
approximate signals that are, a priori, more complex, is a recurring
theme in MR data analysis, diffusion-driven bi-exponential relaxa-
tion is not limited to experiments utilizing thin slices, as is demon-
strated herein with thick slices and the semi-permeable fiber
phantom.

Control experiments with the non-permeable fiber phantom in
the presence and absence of flow and the semi-permeable fiber
phantom in the absence of flow were well-characterized by spa-
tially homogeneous, mono-exponential relaxation maps of the ex-
tra-fiber space (more precisely, in the case of the semi-permeable
fiber phantom, extra-lumenal space). Further, imaging-derived
voxel T1 values agreed with T1 values obtained by spectroscopic
methods. Likewise, the semi-permeable fiber phantom in the pres-
ence of flow and 1 mM gadodiamide was well-characterized by a
spatially homogeneous, mono-exponential, relaxation map of the
extra-lumenal space with voxel T1 values markedly shortened
(�0.2 s) from values obtained in the absence of gadodiamide
(�3 s). Thus, (i) in the absence of flow or (ii) in the presence of flow
but the absence of diffusion-driven magnetization exchange or (iii)
when relaxation in a directly detected compartment is sufficiently
rapid relative to exchange between compartments (vide infra), irre-
spective of the presence of flow or diffusion-driven magnetization
exchange, extra-fiber relaxation is spatially uniform and mono-
exponential in nature.

The situation is quite different for the case of the semi-
permeable fiber phantom in the presence of flow, but the absence
of gadodiamide. Here, spatially-inhomogeneous relaxation is ob-
served for the extra-lumenal space, with T1 values dependent on
the distance from the lumenal boundary (see Fig. 3 panel B, mod-
eled curve). Recall that no signal is observed for spins remaining
within the lumen because of time-of-flight, spin-echo signal sup-
pression. Variations in T1 are, therefore, due to diffusion of
thermal-equilibrium-state spin populations from the lumenal
compartment to the extra-lumenal compartment and concomitant
diffusion of partially saturated spin populations from the extra-
lumenal compartment to the lumenal compartment. T1 shortening
is most pronounced in the fiber wall and dies away with increasing
radial distance from the lumen boundary. This effect is indepen-
dent of slice thickness.

The summed signal from an ROI with the fiber at its center (see
Section 2) will include voxels having different T1 values and, thus,
will be characterized, a priori, by multi-exponential relaxation
behavior. Nevertheless, the derived ROI data are seen to be fit pref-
erentially to a bi-exponential model. It is worth noting that neither
resulting exponential time constant, 2.5 s nor 0.82 s, corresponds
to the true spin–lattice relaxation time constant, 2.7 s. Likewise,
the fractional amplitudes and component time constants will vary
with the size and position of the ROI relative to the fiber location.

Returning briefly to the case of the semi-permeable fiber in the
presence of flow and gadodiamide, recall that, for parallel kinetic
processes, rate constants (not time constants) are additive. The
presence of 1 mM gadodiamide dominates water relaxation to
the extent that the additional relaxation pathway provided by dif-
fusion-driven exchange makes only a minor, essentially undetect-
able, contribution. For example, consider the innermost voxels
associated with the fiber wall (i.e., voxels immediately adjacent
to those in the fiber lumen), where diffusion-driven relaxation con-
tribution is maximal (Fig. 3.). In the absence of gadodiamide but in
the presence of flow, the longitudinal relaxation rate constant
increased from 0.38 s�1 to 1.88 s�1, an additive diffusion-driven
contribution of 1.50 s�1. In the presence of 1 mM gadodiamide
and flow, this additive diffusion-driven relaxation contribution is
predicted to increase the rate constant from 4.3 s�1 to 5.8 s�1, a
decrease to the time constant of 0.06 s. However, for the semi-
permeable fiber in the absence of flow but in the presence of
gadodiamide, the average T1 in the extra-lumenal space was
0.23 ± 0.06 s. Thus, in the presence of 1 mM gadodiamide, the
expected maximal relaxation contribution from diffusion in
the presence of flow falls within the error of the measurement in
the absence of flow (i.e., is undetectable).
5. Conclusions

As scanner technology advances, MR experiments performed
with phantoms allow for the testing and modeling of biophysical
phenomena with unprecedented accuracy and precision. The two
‘‘simple’’ phantoms and associated experiments described herein
are part of such an effort, relating to dynamic contrast enhance-
ment and flow/perfusion measurement protocols. However, even
such simple phantoms and relatively uncomplicated MR protocols
yield multi-exponential relaxation data. Further, the data – while a
priori clearly multi-exponential – are well approximated as bi-
exponential, a consistent theme with MR relaxation data of realis-
tic SNR.

These experiments specifically highlight the effects of diffusion-
driven exchange on careful relaxation measurements and serve as
another cautionary reminder about the risks of over-interpretation
of bi-exponential data [19,20]. When bi-exponential signals are ob-
served in MR, it is tempting to ascribe physical/physiologic signif-
icance – such as unique compartments – to the component
fractional amplitudes and decay-rate constants. As demonstrated
in both the thin-slice and single-fiber experiments, this need not
be the case.
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