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Abstract

Accurately characterizing pore morphology is of great interest in a wide range of scientific
disciplines. Conventional single-Pulsed-Field-Gradient (s-PFG) diffusion MR can yield
compartmental size and shape only when compartments are coherently ordered using the g-space
approaches that necessitate strong gradients. However, the double-PFG (d-PFG) methodology can
provide novel microstructural information even when specimens are characterized by
polydispersity in size and in shape, and even when anisotropic compartments are randomly
oriented. In this study, for the first time, we show that angular d-PFG experiments can be used to
accurately measure cellular size and shape anisotropy of fixed yeast cells using relatively weak
gradients. The cell size, as measured by light microscopy was found to be 5.32+0.83 um, while the
results from the non-invasive angular d-PFG experiments yielded a cell size of 5.46+0.45 um.
Moreover, the low shape anisotropy of the cells could be inferred from experiments conducted at
long mixing times. Finally, similar experiments were conducted in a phantom comprised of
anisotropic compartments that were randomly oriented, showing that angular d-PFG MR provides
novel information on compartment eccentricity that could not be accessed using conventional
methods. The angular d-PFG methodology seems promising for accurate estimation of
compartment size and compartment shape anisotropy in heterogeneous systems in general and
biological cells and tissues in particular.
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Introduction

Application of pulsed-field-gradients (PFGs) can directly sensitize the magnetization arising
from NMR-observable nuclei to molecular displacement, thereby enabling manifestation of
diffusion processes in the NMR signal decay (1). Endogenous fluids undergoing restricted
diffusion within pores and interstices of porous media can be used as excellent reporters on
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geometrical features of the restricting milieu, enabling non-invasive characterization of
important microstructural information in many opaque systems such as neuronal tissues (2),
isolated cells (3), porous materials (4) and even rocks (5).

Conventional single-PFG (s-PFG) diffusion MR methods employ a single pair of diffusion
gradient vectors G with duration 8, which are separated by a diffusion period A. The
important quantity characterizing the diffusion weighting is the wavevector g, where
g=(2n)"1y3G. Conventional s-PFG approaches are useful for obtaining compartment size
especially when monodisperse pores are coherently organized using the diffusion-diffraction
phenomenon (6). When monodisperse pores are anisotropic and coherently placed, the
diffusion-diffraction patterns are also extremely sensitive to compartment orientation, thus
offering information on anisotropy of the coherently organized compartments (7). Indeed,
diffusion-diffraction experiments were conducted on various systems including RBCs (8,9),
narrowly distributed emulsions (10), and even on single crystals using electron spin
resonance (ESR) (11). However, these diffusion-diffraction patterns vanish in more
heterogeneous specimens characterized by size polydispersity and/or orientation
distributions. In such cases the g-space approach (12,13) can then be used to estimate
compartment sizes. The g-space approach entails sampling the normalized signal decay,
E(q) up to high g-values and then Fourier transforming the data. The resulting displacement
probability distribution functions (PDFs) can be used to estimate the displacement profile in
a given component (14). While the utility of size contrast has been shown in the past in
many applications (15-18), recent ex-vivo g-space imaging (QSI) studies of the spinal cord
employing very high g-values using extremely strong gradients provided striking evidence
suggesting that size contrast can provide “virtual histology” (19,20). However, these striking
results were obtained using extremely strong gradient pulses. In addition, relatively many g-
values need to be collected thus rendering the methodology rather demanding.

Diffusion Tensor Imaging (DTI) (2), which is conducted at lower g-values, can be used to
infer on ensemble anisotropy (EA) when anisotropic compartments are coherently
organized; indeed, DTI is used with great success to depict white matter microstructure and
to perform fiber tracking in the CNS (21). However, another significant drawback of s-PFG
methodologies is that they fail to accurately depict compartment anisotropy when eccentric
compartments are randomly oriented since the local diffusion directors are completely
averaged within the excited volume, creating macroscopic isotropy.

The double-PFG (d-PFG) methodology is emerging as a novel means to overcome these
inherent limitations of s-PFG NMR. The d-PFG sequence (22) is an extension of s-PFG,
employing an additional pair of diffusion sensitizing gradients. The d-PFG sequence
therefore, spans a large parameter space, including the gradient vectors G, and G, their
respective durations 81 and d,, and the diffusion periods each gradient pair spans, namely A
and A, (Figure 1A). Another important parameter unique to d-PFG MR is the duration
between the two diffusion periods, namely the mixing time (t,), which can either have a
finite value (Figure 1A) or can be set to zero (Figure 1B). Early d-PFG work focused on
comparing the signal decay up to high g-values when G4 and G, were either parallel or
perpendicular, thus offering a glance towards the eccentricity of compartments such as yeast
cells (22,23), liquid crystals (24) and even in grey matter and spinal cord in MR imaging
(25,26); other early d-PFG experiments focused on different acquisition schemes such as
two dimensional diffusion-diffusion correlation approaches (27,28).

Two unique features of d-PFG, which have no parallel or analogue in s-PFG MR, are the
angle ¥ between the two gradient pairs G; and G, and the mixing time between diffusion
periods which can be combined to devise the angular d-PFG methodology, first suggested
theoretically by Mitra (29). In this methodology, the orientation of G4 is set in a certain
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direction, and the orientation of G is varied along the angle ¥ (Figure 2A) while keeping
the diffusion periods, mixing time and the g-value for this angular d-PFG experiment
constant (in the angular d-PFG experiment |q|=]g1/=|dz|, where gi=((21) " 1y8G;), i.e. the
magnitude of the gradients is kept constant and equal). The d-PFG NMR diffusion signal as
a function of W (hereafter referred to as E(¥)) at a given g-value and mixing time was
predicted to give rise to angular dependencies that offer novel and unique microstructural
information. When diffusion is restricted, the angular dependence at t;;=0 ms was
theoretically predicted to yield a bell-shaped function, from which the pore size could be
measured; importantly, these bell shaped functions were predicted even at low g-values
(where 2ng*a<1, where “a’ is the pore dimension) thus offering a novel means for size
measurements using mild gradient conditions (29). Considering the potential of
compartment size as a useful source of contrast in CNS tissues, this could be important since
g-space approaches necessitate very high g-values to be reached, i.e. strong gradients need
to be implemented (especially in light of the need to fulfill the short gradient pulse (SGP)
approximation in these approaches).

Recent theoretical advances provided exact solutions to the diffusion attenuated MR signal
decay for arbitrary timing parameters (30,31), and subsequently the theory was extended
beyond the 2rga<1 regime to a general framework for diffusion in NMR (32). Further
theoretical progress (33) suggested that besides compartment size, compartment shape
anisotropy can also be obtained from d-PFG MR conducted at different mixing times since
different anisotropy mechanisms contribute to the NMR signal at different mixing times
(tm): at short ty,, the d-PFG NMR signal comprises contributions from (1) microscopic
anisotropy (1A), (2) compartment shape anisotropy (e.g. the deviation of pores from perfect
spheres), and (3) ensemble anisotropy (EA, the coherence of packing of anisotropic pores)
(for a general treatment of these scenarios see (33)). Therefore, the angular d-PFG MR
experiment can depict microscopic anisotropy at short t., as long as restricted diffusion
occurs, regardless of the compartment anisotropy and organization. By contrast, at long
mixing times, the effects of uA are decoupled from the signal, and therefore only
compartment shape anisotropy dominates the angular dependence even when anisotropic
compartments are randomly oriented (Figure 2B) or spherical (Figure 2C). The result is that
for spherical compartments (Figure 2C), which are isotropic, no W-dependence is predicted
resulting in a flat E(P) profile, while for locally anisotropic pores that are randomly oriented
(Figure 2B), modulated curves that depend solely on compartment eccentricity were
predicted (33). Although the modulation in E(¥) was not predicted to afford refined
information on the actual pore shape (for example cylinders and ellipsoids of the same
length and radius would yield similar E(¥) modulations (33)), the ability to infer on the
presence on the anisotropy on the microscopic scale in the absence of EA implied that
angular d-PFG MR can be of importance in characterizing randomly oriented porous media
and biological tissue. It should be noted that in case EA exists, it can also be detected in the
long t,, regime.

While E(g) d-PFG MR measurements using collinear and orthogonal gradient vectors were
performed previously up to high g-values, showing that compartment shape could be
inferred in yeast cells (23) and in liquid crystals (24), the bell shaped E(¥) dependencies
were only recently observed experimentally at low g-values in both MR spectroscopy (34)
and in MR imaging experiments (35,36), and the effect of experimental parameters on the
bell shaped functions was studied and accounted for (34), even when a freely diffusing
component was included (37). Very recently, the modulated E(¥) curves at long t,, were
experimentally observed for the first time in a controlled system containing a porous
medium comprised of randomly oriented cylindrical pores (37) using bipolar-d-PFG MR
sequences (Figure 1C-D) that are preferable when severe susceptibility effects are present.
Other simulations support the idea that angular d-PFG MR can yield novel microstructural
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information: notably, a tensor approach to angular d-PFG NMR was introduced, where
rotationally invariant measures of anisotropy could be extracted (38—41). In previous
studies, controlled specimens in which the ground-truth was known a-priori were used to
challenge the theoretical framework in terms of accuracy and robustness of the extracted
microstructural information, yielding excellent agreement between experiments and theory
at both low (34,37,42) and high g-values (42-44). In light of the previous findings, we
sought to challenge the ability of angular d-PFG to extract microstructural information in a
real biological specimen. We therefore performed the angular d-PFG experiments in fixed
yeast cells, previously used to study intracellular diffusion coefficients (45), exchange (46)
and restricted diffusion (47). The objectives of the present study were to test the viability of
angular d-PFG MR as a new means to report on cellular morphology (size and shape) in
such a realistic specimen non-invasively, and furthermore, to challenge the accuracy of the
results; to challenge the possibility of doing so using relatively weak gradients; and to
explore the possibility of contrast between spherical and non-spherical compartments that
are randomly oriented, i.e. scenarios where there is no EA.

Materials and Methods

Theory and data analysis

The compartment size measurements were based on the general theoretical framework for
diffusion in MR presented in (32) and in (33). In this method, a general MR gradient
waveform is expressed as a piecewise constant function. Each pulse in the acquisition is
represented by a vector whose components are infinite-dimensional matrices. The effect of
each pulse is then expressed as the exponential of one such matrix. The technique makes it
possible to obtain an analytical expression for the diffusion-related MR signal attenuation
with relative ease. The analytical expression is exact for piecewise constant gradient
waveforms, whereas accurate approximations can be obtained when slowly varying
gradients are employed. The reader is referred to (32) for a detailed description of the
method, which makes it possible to compute the effect of restricted diffusion efficiently and
accurately. The E(W) are fitted to curves predicted by the theory assuming a specific
compartment shape anisotropy to extract compartment size. Note that the assumption on
compartment shape anisotropy is based on the observations at long t,,, measurements. In
analyzing the data obtained from the yeast cells, a spherical geometry was assumed based on
the observations of double-PFG measurements with long mixing times (vide infra). In the
phantom, such measurements indicated the presence of compartment shape anisotropy, and
therefore an infinite cylinder model was employed. Based on the single-PFG measurements
that yielded no ensemble anisotropy, the cylinders were assumed to be randomly distributed.
When there is a continuous distribution of cylinders, one needs to evaluate an integral over a
sphere spanned by all orientations of the (infinitely long or capped) cylinders. This integral,
which takes into account the orientational averaging of the cylinders, can be evaluated by
employing an iterated Gaussian quadrature technique. In our implementation, we used such
a scheme with 48 transformation points. A Levenberg-Marquardt algorithm was employed
using the MPFIT package in IDL (provided at
http://www.physics.wisc.edu/~craigm/idl/fitting.html). The uncertainty of each data point
was assumed to be 1%, and the extracted values are reported as mean+SD. A
bicompartmental model (37) was fitted to the data sets from both specimens to account for
the effects of a freely diffusing component, as the presence of Gaussian diffusion affects the
signal decay both along the g-axis as well as along the W-axis (37). However, for the yeast
cell data set, different values for bulk diffusivity were allowed for the extracellular and
intracellular spaces.

The E(Y¥) datasets from the yeast cells (but not the phantom, vide infra) were additionally
fitted to Mitra’s theory (29) so that the microstructural information obtained could be
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compared between a method that assumes the SGP approximation (29) and the new theory
that takes the finite gradient lengths into account in the angular d-PFG experiments (32, 33).

Experimental

Specimen preparation

Yeast cells—~1.5 gr of commercially available dry S. Cerevisiae were hydrated with ~40
ml of PBS. The mixture was vortexed for several minutes and subsequently centrifuged at
1000 rpm for 10 minutes. The supernatant fluid was decanted, and ~40 ml of 4%
paraformaldehyde (Sigma Aldrich) were added to the pellet. The yeast cells were vortexed
and then immersed in the paraformaldehyde for 90 minutes and then centrifuged at 1200
rpm for 10 minutes. The supernatant was again removed, and the fixed cells were washed
twice with PBS and centrifuged at 1200 rpm. No bubbling or activity could be visually
detected after fixation. Finally, the 0.6 gr of fixed yeast pellet was hydrated with 800 pl of
PBS, vortexed and transferred to the NMR tube.

The fixed yeast cells were allowed to settle in the NMR tube overnight at 40C, and a small
portion of water that collected on top of the yeast was aspirated prior to the NMR
experiments.

Randomly oriented cylinders—The preparation of such controlled porous media was
described previously (42). Briefly, water-filled microcapillaries with well known inner
diameter of 2941 um were first cut to macroscopic ~5-10 mm long pieces which were
briefly dried externally. Subsequently, these microtubes were crushed by mechanical force
to very small dust-like particles which were re-immersed in water for several days for
filling. The resulting porous medium was carefully dried externally and placed in an 8 mm
NMR tube filled with Fluorienert. Owing to density and polarity differences between water
and Fluorinert, any water residue on the outer portion of the crushed microcapillaries floated
to the top of the NMR tube, outside the receiver coils, while the water within the inner
diameter of the crushed microcapillaries were trapped in the intratubular space. Owing to
their macroscopic small size, the pores assumed a completely random orientation while
retaining their cylindrical geometry with ID=~29+1 pm and axial dimension on the order of
~100-800 pum (42).

NMR experiments

The NMR experiments were conducted in an 8.4 T Bruker NMR spectrometer, equipped
with a Micro5 probe capable of producing nominal pulsed gradients up to 1900 mT/m in the
X-, y- and z-directions. Constant temperature was kept throughout the experiments at
T=303K. All specimens were allowed to equilibrate with the magnet temperature for at least
an hour prior to the NMR experiments.

For both fixed yeast cells and phantom, the methodology of angular d-PFG MR experiments
was performed as previously published (34,37,42). Briefly, G, was set in the x-direction,
and the orientation of G, was varied in the X-Y plane along 25 different values of ¥ (Figure
2A) Note that in these angular d-PFG experiments the mixing time, diffusion and gradient
magnitude are kept constant for each E(¥) profile. The only variant is the relative angle
between the gradient vectors ¥. The magnitude of the gradients are kept constant, e.g. |G|=|
Go|, resulting in |q1|=]q|=|q| for each E(¥') profile.

Yeast cells—Single-PFG experiments were performed using a stimulated echo sequence
employing bipolar gradients (bp-s-PFG). Experiments were performed in the x-, y- and z-
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directions with the following parameters: 48 g-values were collected with Gy3x=1600 mT/m
and A/5=200/3 ms, resulting in a qmay 0f 2043 cm™1.,

Another s-PFG experiment (with conventional monopolar gradients) was performed for the
g-space analysis with the following parameters: 96 g-values were collected with G5=1600
mT/m and A/8=50/2 ms, resulting a qmay of 1362 cm™1.

The conventional angular double-PFG experiments were performed with the sequence
shown in Figure 1B, with the following parameters: eight g-values were collected with
G=25, 136, 246, 357, 468, 579, 689 and 800 mT/m with §;=8,=83=2 ms, resulting in q
values of 21.3, 115.8, 209.4, 304, 398.5, 493, 586.5 and 681.3 cm™1, respectively, and with
A1=A»=250 ms and t;=0 ms. The bipolar d-PFG (bp-d-PFG) experiments were performed
with sequences shown in Figure 1C-D. For the t,;=0 ms, the sequence shown in Figure 1D
was used. Ten g-values were collected with values of 25, 111, 197, 283, 369, 456, 542, 628,
714 and 800 mT/m and 81=8,=863=3 ms, resulting in q values of 32, 141.8, 251.6, 361.5,
471.4,582.5, 692.3, 802.2, 912, and 1021.9 cm~1, respectively, and with A1=A,=200 ms.
For the finite mixing time experiments, the sequence shown in Figure 1C was used with
exactly the same parameters except 61=6,=3 ms, and t,, was set to 8.4, 11.4 and 19.4 ms.

Randomly oriented cylinders—The bipolar s-PFG sequence was performed in the x-,
y- and z-directions using the following parameters: 32 g-values were collected with
Gmax=800 mT/m and A/8=250/3 ms, resulting in a gmax of 1021.5 cm™L.

The bipolar d-PFG (bp-d-PFG) experiments were performed with sequences shown in
Figure 1C-D. For the t,,=0 ms, the sequence shown in Figure 1D was used. Seven g-values
were acquired with gradients of 25, 54, 83, 112, 142, 171 and 200 mT/m and with
81=8,=03=2.6 ms, resulting in q values of 27.6, 59.8, 91.9, 124, 157.2, 189.3 and 221.4
cm™1, respectively, and with A;=A,=250 ms. For the finite mixing time experiments, the
sequence shown in Figure 1C was used with exactly the same parameters except 61=8,=2.6
ms, and experiments with t, of 7.6, 10.6, 18.6, 53.6 and 103.6 ms were acquired.

Light microscopy

The fixed yeast cells were taken from the NMR tube after the NMR experiments, diluted
1:50 in PBS, and placed on a coverslip. To capture images of the fixed yeast cells, an
Olympus 1X71 microscope was used with x60 amplification.

Quantification of cellular size from microscopy images

Fifteen separate microscope images were imported to ImageJ software (NIH, Bethesda,
Maryland, USA, http://rsh.info.nih.gov/ij/), and a threshold was set such that cells were
demarcated from their neighbors optimally. The Feret radius (longest distance within a
domain) was automatically measured for ~900 cells. After inspection of the yeast cell size
visually, Feret radii smaller than 3 um or larger than 7 um were excluded from the analysis
since the ImageJ analysis takes parts of cells or tends to clamp cells together as one object,
respectively. The histograms of the cells were then plotted, from which the mean cell size
+SD was extracted. The analysis of the NMR results was completely blinded from the size
extracted by microscopy.

Size extraction from single-PFG g-space experiment

The g-space analysis was performed only for the yeast cells specimen since in the randomly
oriented cylinders phantom the analysis would be much less accurate owing to the lack of
EA. The E(q) data were Fourier transformed, affording the displacement probability
distribution function (PDF). The PDF was then fitted to a bi-Gaussian function, assuming
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one fast diffusing component and one slow diffusing component. The full width at half
maximum (FWHM) of each Gaussian was used to obtain the rmsd of each component
(15,16).

To determine if diffusion in the yeast cells specimen is anisotropic (i.e. whether EA exists),
we conducted bipolar s-PFG (bp-s-PFG) NMR experiments in the x-, y- and z-directions.
The bipolar gradients were used to ensure that susceptibility effects do not cause any
directional preference. Figure 3A shows the data from these experiments. An isotropic
signal decay was observed, suggesting that there is no EA present within the yeast cells
specimen. However, this information is not sufficient to infer whether the cells are spherical
or anisotropic but randomly oriented since in both cases, similar isotropic profiles will be
obtained. Indeed, Figure 3B shows a similar isotropic decay in the control phantom
comprised of randomly oriented water-filled cylindrical compartments having nominal inner
diameter of 29+1 um, demonstrating the limitation of s-PFG MR to distinguish between the
two scenarios depicted in Figure 2B and 2C.

To obtain further microstructural information on the local cellular shape we performed
angular bp-d-PFG experiments with increasing t,, for both yeast cells and the control
phantom (Figure 4). The E(¥) profile from the yeast cells at t,,=0 ms and at 2q=531 cm ™1
can be seen in Figure 4A. An angular dependence in the form of a bell shaped function can
be readily observed, and the signal rises between ¥=00 and ¥=1800 by about 10%,
subsequently declining back to its original value at ¥=3600. It should be noted that the SNR
of the NMR signal in the yeast cells was more than 1000 even at the highest g-values
employed in this study. Importantly, this E(¥) angular dependence already bears important
microstructural information: it unequivocally demonstrates the presence of pA, arising
solely from restricted diffusion. However, to allow effects of compartment shape anisotropy
to become accentuated, long mixing times are needed (33). In the fixed yeast cells, already
at a relatively short value of t,,=8.4 ms, the angular profile becomes flat and remains flat for
increasing values of t, (Figure 4A). Such a flat profile at long ty, is expected for spherical
compartments and was observed for all g-values (data not shown).

In the control phantom however, where anisotropic compartments were randomly oriented,
several interesting phenomena were observed. Figure 4B shows E(¥) plots for various
mixing times at 2g=181 cm™1 using the bp-d-PFG sequences shown in Figures 1C-D. At
tm=0 ms, the E(¥) profile was somewhat different compared to the E('¥) profile at t;=0 ms
in the yeast cells, with the bell-shaped curve exhibiting slight modulations (at higher g-
values these modulations were much more pronounced, data not shown). Moreover, a very
pronounced modulation in the E(¥) signal was observed for all non-zero values of ty,,
showing a decrease between E(¥=0°) and E(¥=90°) of ~20% before subsequently rising
back towards E(¥=180°). This behavior was then mirrored up to ¥=360°.

These results unambiguously demonstrated that although there was no EA in both yeast cells
and phantom, the local anisotropy, or eccentricity, of the yeast cells is very low while the
pores in the synthetic porous phantom are in fact anisotropic, randomly oriented
compartments. Thus, these long t.,, measurements offered insight into what geometrical
model could be used in the compartment size analysis: the flat E(¥) dependence implied that
a spherical model could be used for extracting cellular size in the yeast cells, while the
modulated E(¥) in the control phantom implied that an infinite cylindrical model could be
used for the synthetic phantom.
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Figure 5 shows a representative light microscopy image, showing the morphology of the
yeast cells. The microscopy images clearly revealed that the yeast cells were indeed mostly
spherical, with negligible eccentricity, validating the non-invasive long t,, angular d-PFG
MR results. Figure 5B shows the quantification of the yeast cell size. The averagexSD
cellular size that was measured was 5.32+0.83 um.

Figure 6A shows the E('P) data from an angular d-PFG experiment at t,,=0 ms (symbols) for
fixed yeast at 3 different g-values, along with the fitting to the theory (solid lines). Clearly,
the theoretical fit to the experimental data shows remarkable correspondence. It should be
noted that the plateau-like feature that can be seen in the experimental data at higher g-
values is a slight susceptibility artifact that was corrected when bipolar gradients were used
(data not shown). The size that was extracted from the fitting of the theory to the
experimental angular d-PFG data was 5.46+0.45 um (R?=0.979). Moreover, when angular
bp-d-PFG measurements in which the violation of the short gradient pulse approximation is
more pronounced were performed on the yeast cells with t,=0 ms, the size that was
extracted using the general framework in (33,32) didn’t vary significantly, and was found to
be 5.37+0.22 um (R?=0.999). Note that the datasets were analyzed completely blindly, with
no a-priori knowledge of compartment size or even on the expected length scales within the
specimen.

We also applied Mitra’s theory (29) to extract the compartment size. The cellular size that
was extracted using this approach in the angular d-PFG experiments was 4.31+0.06 pum, or
about 20% lower compared to the size measured microscopy. When Mitra’s theory was
employed to extract compartment size from the bp-d-PFG dataset, a much smaller size of
3.23+0.04 um was obtained, more than 40% smaller than the size measured from
microscopy.

Figures 6B shows the E(¥) plots obtained from angular bp-d-PFG at t,=0 ms for three g-
values in the randomly oriented cylinders. Here, bipolar gradients are imperative for
compensating for severe susceptibility effects in the specimen (37). The symbols represent
the experimental data while the solid curves represent the fits to the theory. Based on the
pronounced E(¥) modulation in Figure 4B at long t,,, we used the infinite cylinder model
for this specimen. The size that was extracted for the phantom was 27.06+0.22 um
(R2=0.926), in good agreement with the nominal inner diameter.

To compare the d-PFG size measurements with the microstructural information that can be
obtained using the conventional s-PFG methods, a g-space experiment (12,13) was
performed on the yeast cells specimen. The displacement PDF obtained from the Fourier
transform of the E(q) was fitted to a bi-Gaussian function, and two components were
extracted (15,16). The rmsd of the slow component was 3.85+0.15 um. Again, the size
extracted is smaller than the nominal cell size measured from the invasive microscopy
images.

Discussion

Accurate measurements of morphological features such as compartment size and shape are
desirable in many areas of research that require a “fingerprint” of the optically turbid
specimen. In biological applications, cell size and shape are of great significance from
characterization of cellular processes (9,48) to delineation of different healthy (19,20) and
diseased regions (49,50) owing to size contrast.

To determine the compartment dimension, most applications use the conventional s-PFG
approaches ranging from diffusion-diffraction (6) or g-space MR (12,13) to more
sophisticated methods for determining length scales (5,51-53). However, among the
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inherent limitations of the diffusion-diffraction approaches is that a-priori knowledge of the
pore shape is needed to obtain accurate sizes (54); furthermore, when g-space approaches
are used to obtain the rmsd the information on pore shape will not be available unless EA
exists. Additionally, the demand for very strong gradient amplitudes poses both a
technological constraint (as it is currently relatively difficult to manufacture three
dimensional strong gradient systems) as well as a methodological limitation (since SNR at
very high g-values tends to be low). Finally, in many instances in biophysical applications,
the diffusion modes within the specimen are hard to infer, for example assignment of water
to intra/extra spaces is controversial in many tissues in the CNS (55,56).

Previous studies on angular d-PFG MR, which is emerging as a valuable means for
obtaining novel microstructural information in settings where conventional s-PFG methods
are limited (i.e. when there is no coherent organization of compartments), were mainly
focused on validating the methodology and challenging the microstructural information that
could be obtained from well-controlled phantoms, where a-priori knowledge of the ground
truth was a major advantage (34,37,42-44). Based on the foundations laid by the former
studies in controlled specimens, we applied the angular d-PFG methodology in yeast cells,
and also in another phantom where no EA exists. It should be noted that yeast cells were
also the substrate of the first published d-PFG study, which employed high g-values d-PFG
measurements to infer on the eccentricity of irradiated yeast cells (22). Further studies in
yeast cells (23) and liquid crystals (24), demonstrated that that indeed some information on
locally anisotropic motions within randomly oriented specimens could be inferred from
comparing E(q) signal decays (up to high g-values) in collinear and orthogonal (non-
angular) d-PFG MR.

The main goals of this study were to measure accurate compartment size in the yeast cells
and to infer on the additional morphological information that can be obtained on
compartment eccentricity. Before one can attempt to extract accurate cellular size, some
knowledge on the underlying anisotropy of the cells and their organization needs to be
determined so that a suitable model can be selected for the size analysis. Since
macroscopically, both yeast cells and randomly oriented cylinders specimens exhibit
isotropic diffusion, the bp-s-PFG experiments yielded isotropic signal decay, demonstrating
that bp-s-PFG experiments cannot distinguish between these diffusion scenarios, for which
EA is not present. The angular d-PFG MR, on the other hand, can manifest the effects of
anisotropy on a microscopic scale owing to restriction (uA), which could be used to infer on
the compartment size, as well as effects of compartment shape anisotropy that arise from
compartment eccentricity, even at low g-values. Therefore, angular d-PFG MR has the
potential to report on the compartment size and compartment shape anisotropy. While the
bp-s-PFG MR experiments did not report on underlying microstructure, we demonstrated
here for the first time that the E(¥) plots at long t., in angular bp-d-PFG experiments in fact
provide shape contrast between spherical yeast cells and the randomly oriented cylindrical
compartments based on their respective compartment eccentricity: the spherical cells
exhibited a W-independent angular dependence at long t,,, while the randomly oriented
cylinders exhibited a marked modulation of the E(¥) plots, both phenomena predicted by
the theory (33). It should be noted that although one can infer on compartment shape
anisotropy when E(¥) curves appear modulated and estimates for compartment eccentricity
can be obtained (33), it is practically not possible to distinguish between compartments
having similar eccentricities but different shapes, such as ellipsoids and capped cylinders.
This means that the fine details of the geometry would be difficult to resolve in angular d-
PFG NMR at long t,. However, although the exact shape of the pore cannot be measured,
the shape anisotropy is available from the long t., angular d-PFG NMR. Such estimates on
the eccentricity of the compartments are important novel microstructural information that is
unavailable from s-PFG MR. It seems therefore that the angular d-PFG MR methodology
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offers indeed novel microstructural information on the underlying compartment
morphology.

While the modulation in the E(¥) curve owing to compartment shape anisotropy at long t,
has been shown recently for the first time (42), here we also studied the t,, dependence in a
sequence that employed z-storage of magnetization during most of the mixing time. Such t,
dependent measurements could be important especially when there is a distribution of length
scales, to ensure that uA has been completely decoupled albeit not introducing further T,
weighting with increasing tp,. Interestingly, we find that even relatively short t,,, is sufficient
to decouple pA from compartment shape anisotropy even in relatively large compartments
when bp-d-PFG is used, probably owing to an effective mixing time that is induced in the
bp-d-PFG sequence during the time between the split gradients. It should be noted that it is
possible to attempt to extract compartment size even at the long t,, regime; however, since
the information on pA is lost at long ty, and a W-independent curve was obtained for the
yeast cells, the fitting would amount to no more than fitting multiple, but identical E(q)
profiles, thereby the useful additional dimension that is provided by the angle ¥ to infer on
uA is not fully exploited.

Once the compartment shape anisotropy is non-invasively determined, one can then use the
theory to accurately measure compartment size using the angular d-PFG MR at relatively
low g-values. It should be noted that the long t,, angular d-PFG MR experiments provide an
indication on what model could be used in analyzing the short t,, experiments in terms of
compartment anisotropy: In the yeast cells, the W-independent curves at long ty, justified the
use of a spherical model to fit the data. The correspondence between the cell size obtained
by non-invasive spectroscopy and invasive light microscopy is striking. Importantly, and of
potential clinical relevance, is that the sizes were robustly extracted at low g-values,
comparable with the g-values in which DTI is routinely performed, and using relatively
weak gradients, albeit not as weak as currently allowed in the clinic. An increase of up to
~10% was demonstrated here in the signal arising from angular d-PFG experiments using
gradient strengths of only 208 mT/m, from which the accurate size (5.46+0.45 um) could be
extracted, much lower than the gradients needed for performing s-PFG g-space MR or
compared to gradients previously used to measure eccentricity of yeast cells (23). In the
phantom, the modulated E('P) plots at long t,, implied that the pores are anisotropic, albeit
being randomly oriented. When an infinite cylinders shape was assumed for the pores in the
phantom, the size extracted from angular bp-d-PFG measurements was also in very good
agreement with the nominal inner diameter of 29+1 um, and the slight deviation of from the
nominal diameter can be attributed to incomplete suppression of the background gradient,
despite the use of bipolar gradients (note that the line width in these specimens was very
broad, around ~500 Hz). Another factor that may contribute to the slight deviation is that a
temporally dependent background gradient may emerge, further complicating the cross
terms between diffusion and background gradients (57). We also attempted a fit using a
capped cylinders shape assumption (data not shown), and the results yielded a diameter of
27.04+0.96 um and a length of 530.26+97.99 um. Indeed, these results imply that the length/
radius ratio is very large and justifies the use of infinite cylinders. It should be noted that the
diffusion time (250 ms) was not sufficiently long to probe restriction on a ~500 um length
scale, again indicating that an infinite model should be used.

The E(Y¥) plots at t,=0 ms also provide insight into the prevailing diffusion modes in the
specimens. When restricted, non-Gaussian diffusion is the only prevalent diffusion mode in
the specimen, the E(¥) bell-shaped dependencies should be detectable at low g-values.
However, in a previous study, a controlled bi-compartmental phantom (37) was used to
study the effect of a freely diffusing component on the E('P') plots. In that phantom,
restricted diffusion arising from water confined in microcapillaries was superimposed with
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freely diffusing water. There, it was shown that at low g-values, free diffusion masks the
bell shaped functions arising from restricted diffusion in the coherently placed cylinders,
yielding flat E(\P') profiles; however, the bell shape in E(¥) reappeared at slightly higher g-
values, when free diffusion was suppressed (37). Since the free diffusion term in the signal
decay is A-dependent, prolonging A suppressed the fast component at lower g-values, and
the E(W) dependencies arising from the restricted component could be therefore emphasized
at these lower g-values (37). Interestingly, in the yeast cells specimen the angular
dependence was relatively flat up to 2q~400 cm™1 (data not shown) and the bell-shaped
dependencies emerged at slightly higher g-values. As in the bi-compartmental phantom, this
low-q behavior was also diffusion time-dependent (data not shown), leading to the
conclusion that indeed, the low q part of the signal is dominated by the attenuation arising
from Gaussian diffusion, while at slightly higher g-values the free component is largely
suppressed, accentuating the restricted component (37). Since the size measurement appear
to be in excellent correspondence with cellular size obtained from microscopy, it seems that
the bell shaped functions arise mostly from the intracellular space. Therefore, it seems
reasonable to infer that the freely diffusing Gaussian component in the yeast specimen arises
from extracellular diffusion. This distinction may become important in other cellular
environments such as CNS tissues, where diffusion in the extracellular space may exhibit
hindered or even restricted attributes. In this study, the effects of exchange were not
considered, as there is yet no theory on exchange effects in angular d-PFG MR. However, it
seems that owing to the remarkable agreement between the extracted cell diameter and the
spectroscopy measurements, along with the observation that cells are spherical, that
exchange effects are not very significant in this experimental setup.

It should be noted that in the g-space analysis, for example, the PDFs generated from the
Fourier transform of E(q) data is fitted to a bi-Gaussian function. This analysis, which is
equivalent to fitting a bi-Gaussian function to the E(q) data (or similar to fitting a
biexponential to the E(b) data), assumes that the reconstructed propagator is truly bi-
Gaussian with different Gaussians representing different geometric compartments.
Therefore, the g-space approach differs from the method employed in analyzing the double-
PFG data in that diffusion in the intracellular space is assumed to be Gaussian as well.
Considering that the maximum g-value in single-PFG acquisitions was 1362 cm™~1 in this
study, the 2rqga value, with a compartment size of a=~4 um is greater than 1. Therefore, for
a wide range of g-values, the Gaussianity assumption, which is expected to hold when
2nqa<l is less accurate. Despite this shortcoming of the approach, the value obtained from
the analysis is in reasonable proximity to the expected value, and it is possible to attribute
the deviation towards smaller sizes to the violation of the SGP approximation or to the
truncation of the E(q) plots at q=1362 cm™. It should be noted that the g-space analysis was
not performed for the randomly oriented cylinders owing to their distribution of lengths and
orientational dispersion.

Several groups began employing angular d-PFG in imaging using Mitra’s theory (29) for
extracting compartment sizes (35,36), despite violating the theory’s limiting conditions.
When Mitra’s theory was used to extract the cell size, significant deviations from the
nominal size were obtained owing to the violation of Mitra’s limiting conditions (29). This
is consistent with previous experimental findings on controlled phantoms (34), as well as
with others’ simulations (40,36). This deviation is expected to become more pronounced in
smaller compartments; therefore, using the theoretical frameworks that take into account
every experimental parameter is clearly beneficial. We did not attempt to fit the randomly
oriented cylinders using Mitra’s framework, since for an arbitrary orientation of the
cylinder, the components of the two gradients perpendicular to the cylinder would not be
equal to one another, thus violating Mitra’s G1=G, assumption (29). This was not an issue in
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Ref. 34 because there, both gradients had been applied perpendicular to the walls of
coherently oriented cylinders, and all experiments had employed gradients of equal strength.

Conclusions

To conclude, systems in which no ensemble anisotropy exists were investigated using
conventional s-PFG and angular d-PFG NMR that was conducted using weak gradients.
Accurate cellular size and shape anisotropy were measured at low g-values from angular d-
PFG experiments in fixed yeast cells. The spherical shape of the cells was inferred at long
mixing times, obviating the need to a-priori assume the compartment shape, and the sizes
were extracted from experiments with t,;=0 ms, which also convey the microscopic
anisotropy in the specimen. The correspondence of the extracted cellular sizes with invasive
microscopy proved that the size and shape measurements were indeed accurate. These
findings are promising in further applying the angular d-PFG methodologies in novel
applications such as angular d-PFG MRI.
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Figure 1.

Double-PFG sequences. (A) d-PFG sequence with finite mixing time. Note that here, the Gy
and G, are in fact applied in the same directional sense, appearing opposite only due to the
pair of 900 RF pulses between the gradient pairs. (B) d-PFG with zero mixing time. (C) bp-
d-PFG with finite mixing time. (D) bp-d-PFG with zero mixing time. Note that in the bipolar
versions of the d-PFG sequences, the gradient duration is cut in half.
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Figure 2.

Angular d-PFG methodology and orientation schemes. (A) The angular d-PFG MR
methodology involves fixing G in a certain direction, and then performing experiments
when only the orientation of G, is varied relative to G4 along the angle . Note that in such
experiments |G1|=|G,|, and therefore the angular d-PFG experiments are conducted at a
given g-value. (B) A scheme of randomly oriented anisotropic compartments. (C) A scheme
of spherical compartments.
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Figure 3.

bp-s-PFG experiments in yeast cells and phantoms. (A) bp-s-PFG experiments conducted on
the fixed yeast cells with A=200 ms. The signal attenuation in the x-, y- and z-directions is
very similar, indicating on the macroscopic isotropy of the cells. (B) Similar bp-s-PFG
experiments conducted on the phantom comprised of randomly oriented cylinders having an
ID of 2941 um with A=250 ms.
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bp-d-PFG experiments depicting the mixing time dependence in yeast cells and in the
phantom. (A) bp-d-PFG experiments in yeast cells showing that with increasing mixing
time, a flat angular dependence is observed, conveying the spherical morphology of the

cells. (B) bp-d-PFG conducted in the phantom with randomly oriented cylindrical

compartments with ID=29+1 um. A qualitatively different t,,-dependence can be seen, from
which it can be inferred that the compartments are anisotropic, despite being completely
randomly oriented. Note the pronounced modulations in E(¥) arising from compartment
shape anisotropy.
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Figure 5.

Microscopy and quantification of cell size. (A) Representative light microscope image
showing that the majority of cells are indeed relatively spherical. (B) Quantification of ~900
individual yeast cells resulted in a cell size of 5.32+0.83 um.
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Quantifying cell size from the non-invasive angular d-PFG MR. (A) d-PFG experiments
(symbols) and theoretical fitting (lines) in the yeast cells show excellent agreement. The
compartment size was extracted blindly and was found to be 5.46+0.45 um. (B) bp-d-PFG
experiments (symbols) and theoretical fitting (lines) in the phantom with ID=29+1 um. The
size that was extracted was 27.08+0.22 pum, in good agreement with the nominal inner
diameter. The slight deviation from the nominal ID is likely due to incomplete suppression
of background gradients.
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