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Abstract

Purpose—To characterize transverse relaxation in oxygenated whole blood with gadolinium
based contrast reagents by experiment and simulation.

Methods—Experimental measurements of transverse 1H,0 relaxation from oxygenated whole
human blood and plasma were made at 1.5 and 3.0 T. Spin-echo refocused and free-induction
decays are reported for blood and plasma samples containing four different contrast reagents
(gadobenate, gadoteridol, gadofosveset, and gadobutrol), each present at concentrations ranging
from 1 to 18 mM (i.e., mmol(CR)/L(blood)). Monte Carlo simulations were conducted to ascertain
the molecular mechanisms underlying relaxation. These consisted of random walks of water
molecules in a large ensemble of randomly oriented erythrocytes. Bulk magnetic susceptibility
(BMS) differences between the extra- and intracellular compartments were taken into account. All
key parameters for these simulations were taken from independent published measurements: they
include no adjustable variables.

Results—Transverse relaxation is much more rapid in whole blood than in plasma, and the large
majority of this dephasing is reversible by spin echo. Agreement between the experimental data
and simulated results is remarkably good.

Conclusion—Extracellular field inhomogeneities alone make very small contributions, whereas
the orientation-dependent BMS intracellular resonance frequencies lead to the majority of
transverse dephasing. Equilibrium exchange of water molecules between the intra- and
extracellular compartments plays a significant role in transverse dephasing.
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Introduction

Theory

Extracellular gadolinium-based contrast reagents (GBCRs) are used in MRI to visualize
intravascular spaces and perfused tissue. In applications such as MR angiography, it is
important to quantify the relaxation properties of the blood water proton signal (1H,0) in the
presence of GBCRs to optimize imaging protocols. For example, in a typical spoiled
gradient echo contrast-enhanced MR angiography sequence, equilibrium transverse
magnetization can be significantly reduced depending on echo time (TE) and blood Ry*.
Accurate prediction of blood Ro* can help govern the choice of contrast injection rates and
employed echo times. Furthermore, in quantitative perfusion imaging, the arterial input
function is often measured in an artery nearby the tissue of interest. Knowledge of relaxation
rate constants is required to accurately calculate vascular contrast reagent concentrations,
[CR]s, from signal intensity and thereby improve quantitative accuracy.

Relaxation of the blood 1H,0 MR signal has been studied extensively. It has recently been
shown that, though generally unexpected, the equilibrium exchange of water molecules
across the erythrocyte cell membrane (trans-cytolemmal exchange) makes a significant
contribution to longitudinal relaxation (Rq = 1/T1) when paramagnetic GBCR is present in
the plasma space (1). Large plasma [CR] elevated the longitudinal shutter-speed [the
intrinsic Ry difference across the cell membrane] sufficiently to clearly reveal this. For
measured transverse relaxation (Ro* = 1/T,*), this exchange has received more
consideration (2-4), though there is by no means a consensus on its manifestation.

Often, transverse relaxation rate constants measured in pure plasma (in the absence of red
blood cells, RBCs) are erroneously extrapolated for use in whole blood. Particularly in
gradient echo imaging, transverse relaxation in whole blood could deviate significantly from
pure plasma relaxation because the exclusion of the paramagnetic GBCR from the
intracellular red blood cell space produces significant magnetic susceptibility gradients.

To better characterize transverse relaxation in plasma and whole blood, we measured
relaxation rate constants under physiologic conditions at 1.5 and 3.0 T for four different
GBCR molecules [gadobenate (MH, MultiHance, Bracco Diagnostics, Princeton, NJ, USA),
gadoteridol (PH, ProHance, Bracco), gadofosveset (AB, Ablavar, Lantheus, North Billerica,
MA, USA), gadobutrol (GV, Gadavist, Bayer Healthcare, Whippany, NJ, USA)]. The [CRy]
values for each ranged from zero to 18 mM [mmol(CR)/L(blood)]: the latter being
potentially reached in contrast-enhanced MR angiography studies (5). With Monte Carlo
random walk simulations of the experimental data, we show that intracellular water and
trans-cytolemmal water exchange both appear to make significant contributions also to
transverse relaxation in these systems.

The transverse relaxation rate constant measured from a free induction decay (FID), Ry*, is
the sum of the rate constants for magnetization dephasing that persists after a spin echo (SE)
(Ry; irreversible) and that re-focusable by the SE (R,”; reversible),
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R3=Ra+Ry. [1]

In whole blood, water molecules diffuse and exchange rapidly between intra- and
extracellular spaces, with an average residence time inside RBCs (;) of approximately 10
ms (1,3,6-9). The =; reciprocal is the unidirectional equilibrium water efflux rate constant,
kio = 100 s~1. Exclusion of GBCR from RBCs creates a susceptibility difference between
the intra- and extracellular spaces. The extracellular susceptibility (x¢) is given by,

Xe=0.31[CRe] = 9.1 [2]

where ¢ is expressed in dimensionless (ppm) units, in the SI system, and [CR¢] is the mM
concentration of GBCR in the extracellular space (10). For all practical [CR.] values (< 20
mM (1,11)), xe is < 0. It becomes just less negative as [CR¢] increases.

It is instructive to separate - contributions into spatially homogeneous (D) and
inhomogeneous (1) terms. Thus the magnetic flux density tensor within a general
compartment ¢ (B.) actually sensed by a nuclear spin can be expressed as,

Be={14Dc}Bo+I.  [3]
where By is the main instrumental flux density (12,13). The susceptibility contribution to the
Larmor frequency experienced by the spininc, y.c (in ppm), is given by,

We — Wo B. — By

Sy.e={ } x 10%={ } x 106

[4]

where w. and wq are the resonance frequencies experienced in B¢ and By, respectively (13).

The normal human erythrocyte has the shape of a bi-concave disk, and if the intracellular
susceptibility, x;, differs from ,, the intracellular space is magnetically inhomogeneous
(e, 1; #0) (2,14-16). However, if one approximates the shape of an isolated RBC as an
ellipsoid of rotation, and Bg is uniform, the magnetic field is then homogeneous inside the
cell, and I; vanishes (12,13,17). There is still a non-zero D; term, and this gives rise to a bulk
magnetic susceptibility (BMS) shift in the resonant frequency of an intracellular spin that
depends on the ellipsoid orientation relative to the Bg direction. Statistically, an oblate
ellipsoid is more likely to be oriented with its normal vector perpendicular to than parallel to
Bo. Thus, in an ensemble of randomly oriented RBCs, a trans-membrane BMS difference
would result in a “powder pattern” frequency spectrum for the intracellular water protons
(Figure 1; “in” resonance). The Fig. 1 cartoon spectrum represents the case for e > x;j, and
no trans-cytolemmal water exchange (kj, — 0). Figure 1a is derived from Fig. 8 of (12),
while Fig. 1b from Fig. 12 of (12) and Fig. 1 of (18), for deoxygenated blood (e < ;). It is
important to note that the powder pattern is dispersed on either side of the “out” resonance
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only because of the cavity magnetization effect first realized by Lorentz (12,13) (Supporting
Material). This effect has often been neglected in the interpretation of erythrocyte
suspension 1H,0 MR signals.

Because of their inherent magnetic anisotropy when ; # x e, erythrocytes can in principle
orient when placed within By. It is controversial whether they actually do so when in
suspension within an MRI magnet — to what extent, and how quickly (14,19). If they do, the
lowest energy orientation is with the disk normal perpendicular to Bg (2). With complete
alignment, the spectrum in Fig. 1 would exhibit only a single *“in” resonance, to the low
frequency side of the “out” resonance (for x¢ > ;) (Sup. Fig. S3).

When x; # e, the magnetic flux density outside a bi-concave disk is inhomogeneous in a
complicated fashion. It has been mapped numerically (2), and it was found that | ¢ has the
geometrical properties of a dipolar field (second rank spherical harmonic), /.e, there is a bi-
conical node at the magic angle (54.7°) between the disk long axis and By, just as outside a
sphere. Furthermore, by decreasing extracellular osmolarity, and thereby swelling the RBCs,
the Mons group found that “the intrinsic extracellular water” R, “is not strongly influenced
by the erythrocyte shape” (2). Extracellular water proton spins can dephase irreversibly by
diffusing through the field inhomogeneities, and there is very little difference as to whether
the cell is shaped like a bi-concave disk or a sphere. This inhomogeneous flux density gives
rise to susceptibility broadening of the “out” resonance, shown qualitatively in Fig. 1.

In vitro measurements

All experiments were performed with local institutional review board approval. Whole
human blood from a single donor was obtained from the local blood bank, and the albumin
concentration was measured in the laboratory. Blood was oxygenated with 95% O, and 5%
CO, mixture viaa bubble diffuser and divided into 40 of 70 six mL high-density
polyethylene 13 mm I.D. tubes. The tubes were embedded in 2% agar gel (Cat. no.
S70210A, Fisher Scientific, Pittsburgh, USA) in two separate 35-tube phantom trays. This
allowed simultaneous measurement of the samples in each tray. The four contrast reagents
(gadobenate (MH), gadoteridol (PH), gadofosveset (AB), and gadobutrol (GV)) were added
to ten different concentrations (1, 2, 3, 4, 5, 6, 8, 10, 14, and 18 mM, calculated per volume
of whole blood) each, and the tubes sealed. The 30 remaining tubes were filled with saline or
blood control samples. The phantoms were warmed to 37°C for the experiments and
periodically mixed, by inverting the samples between acquisitions, until the whole blood
measurements were completed. This occurred approximately every ten minutes, and helped
to minimize cell settling (20) and alignment with the magnetic field (Sup. Fig. S4).
Following these acquisitions, the samples were isolated for six hours to allow RBC
sedimentation from the plasma, and the relaxation measurements were repeated for only the
plasma supernatants. Blood laboratory analysis (including oximetry) was performed before
and after the whole blood relaxation measurements.

Relaxation measurements were performed using 1.5 and 3.0 T whole body scanners
(Achieva, Philips Healthcare, Best, The Netherlands) with an 8-channel head RF coil for
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signal reception. The cylinder axes of the sample tubes were oriented perpendicular to Bg.
R, was measured using a single-slice, 32-echo, Carr-Purcell-Meiboom-Gill (21) turbo spin
echo (TSE) T, mapping sequence with SE spacing of 6.7 ms (at 3.0 T) or 4.8 ms (at 1.5 T),
field-of-view (200 x 152) mm2, in-plane resolution (1.0 x 1.0) mm?2, slice thickness 3 mm,
TR 2 s, and scan time 306 s. Ry,* was measured using a single-slice spoiled gradient echo
To* mapping sequence, multi-echo fast field echo (FFE), with 32 echoes separated by 1.8
ms (at 3.0 T) and 2.1 ms (at 1.5 T), field-of-view (200 x 152) mm?, resolution (2.0 x 1.0)
mm?, slice thickness 3 mm, TR 200 ms, and scan time 122 s. The FFE sequence produces
essentially a free-induction decay (FID). The average decay of the signal intensity (SI) from
an elliptical region-of-interest placed inside each sample tube was fitted with a mono-
exponential expression using non-linear least squares (Matlab, Mathworks, Natick, MA,
USA) to yield the R, or Ro* value. Exponential weighting of the echo data was applied
during fittings to favor the early echoes. The concentration-dependences of R, or Ry* were
fitted with the expressions Ry = rp[CR] + Ryg or Ro* = rp*[CR] + Ryg*, respectively, to give
experimental relaxivity (ro or r*) values for each CR. The CR-free relaxation rate constants,
Rog and Rog*, were each set to 5 s71 at both field strengths (22).

Computer Simulations

Monte Carlo computer simulations (Matlab) were run to predict the transverse 1H,0
relaxation in oxygenated whole blood with various GBCR concentrations (23). Figure 2
displays a 2D projection of a 3D ensemble of randomly oriented oblate ellipsoids (large and
small radii 4 and 2 pm) (2,14,15,24). The cell centers were arranged in a hexagonal close
packed (HCP) structure, with randomly oriented deviations from HCP lattice points. The
maximum deviation magnitude was set to insure the cells would not overlap (/.e., equal to
the difference between minimum lattice spacing and the large cell diameter) regardless of
orientation. The ellipsoid normals were randomly oriented in spherical coordinates by
randomly selecting the azimuthal angle over the range (0, 2rt) and the sine of the elevation
angle over the range (-1, 1). The random walk steps are shown as straight line segments.
These are colored green when the water molecule is inside a cell, and blue when outside.

For the quantitative simulations, each water molecule was allowed to randomly walk inside
and outside 2744 spherical cells of radius 3.2 um and By was randomly oriented with respect
to the HCP lattice axes. When the water molecules were outside cells, they experienced the
inhomogeneous magnetic flux density outside spheres. (The substitution of spherical cells
for computational simplicity was foreshadowed above, and is elaborated below.) The water
diffusion coefficient (D”) was set to 1.5 pm2/ms (half of the 37°C pure water value (25)).
Since the step duration (tg) is 1 ps, this determines the walk root-mean-square straight line
segment length ({ls)yms = (6D"ts)1/2) to be 0.09 pm, if no cell membrane is encountered. The
only purpose for this D" value is to define (ls);ms. The random walks seen in Fig. 2 show
that diffusion both within and outside the cells is “hindered,” or “restricted”, by the presence
of cell membranes. Thus a discrete D” value for either space has no physical meaning.

The digital permeability of the cell membrane was adjusted to provide an average t; value of
10 ms (kjo = 100 s71) (1). For 1 ps step duration, this was achieved when the fraction of
membrane encounters having a permeation (tp, in (24)) was 4.76/103. The equilibrium cell
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membrane water permeability coefficient, Py, can be calculated as (tpsD " /{ls)yms) (24), or
(d/(67j)) (26), where d is the diameter of a spherical cell. Interestingly, it has been recently
learned that <;, kijo, and Py are dependent on the metabolic state of the cell (26). The passive
contribution [the rate constant in the absence of Na*,K*-ATPase activity (Kiog)] is presumed
small and unchanging at physiologic temperature (26).

The ensemble cell density (p) was adjusted (/.e., the lattice point spacing was adjusted) such
that the intracellular volume fraction (vj; the digital cytocrit) was approximately equal to
38% (This is close to the hematocrit measured for the /in vitro whole blood sample, 36%. In
the experiment, the latter was diminished slightly by adding CR stock solution aliquots to
many of the tubes.) Random walks started at randomized intracellular or extracellular
positions near the center of the cell ensemble. It is important to note that the cell size, D', T;,
and v;j values are taken from independent measurements (from many different laboratories).
These were not adjustable parameters.

The simulated NMR signal dephasing included contributions from both extracellular field
inhomogeneities and intracellular BMS frequency differences. In the extracellular space,
field inhomogeneity was approximated as the inhomogeneous term (1) outside a sphere
containing medium with x;, immersed in medium with x ¢ (27)

. R3
(3cos?a — 1) —

I= .
) r2’ 5]

Xi — Xe
3

where 1y is taken to be -9.19 ppm (for the fully oxygenated, diamagnetic erythrocytes
studied here) (15), x given by Eq. [2], r the vector between the proton position and the
sphere center, a the angle r makes with Bg, and R the sphere radius. The | expression for
even a finite oblate ellipsoid is considerably more complicated than that for a sphere (17).
The numerical analyses of a bi-concave disk by the Mons group (2) described above
supports approximating the cells as spheres w.r.t. how they are sensed by extracellular water
molecules. The Dg term is /3 (27). Contributions from all RBCs in the ensemble were
summed to give the frequency at each extracellular position achieved during the walk.

To approximate the intracellular BMS frequency, each cell was treated as disk-shaped and
assigned a random orientation with respect to Bg (Fig. 2). The BMS frequency contribution
was calculated using the orientation-dependent intra-compartmental homogeneous term for
an infinite disk (27),

Xe

3cos?¢ — 1)+22,

Xe — Xi
D22t
3 ( 3 [6]

where ¢ is the angle between the ellipsoid normal and Bg, j = =9.19 ppm and v is given
by Eq. [2].

Thus, extracellular water molecules were treated as if they were outside spheres (the
Nottingham group did the same (28)), and intracellular water molecules were treated as if
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they were inside infinite disks. Based on the local frequency at the end of each step in the
random walk, spin phase (¢") was accumulated for 1 ps of Larmor precession (¢” = [ wd),
for each of the 60,000 steps in the 60 ms simulation (Sup. Fig. S2). For the simulation of
TSE data, the accumulated phase was reversed every 6.7 (TE at 3.0 T) or 4.8 ms (TE at 1.5
T) starting at TE/2, corresponding to the timing of 180° RF pulses in the /in vitro
measurements. Simulated signal intensity was obtained by the vector addition of 13,000
water proton spins. In other words, the random walk was run 13,000 times and the ensemble
signal was taken as the magnitude of the spin vector sum at each corresponding step in the
13,000 random walks. Simulated total signal was then sampled for TSE at 6.7 ms (3.0 T) or
4.8 ms (1.5T), and FFE at 1.8 ms intervals, and fitted to mono-exponential decay curves
using non-linear least squares for each of the ten concentrations (1, 2, 3, 4, 5, 6, 8, 10, 14, 18
mmol(CR)/L(whole blood)). The simulated relaxation rate constants, Ro*, Ry, and R,”, were
calculated by fitting the sub-sampled decays with mono-exponential functions. The small
contribution from relaxation in the absence of GBCR, Ry, was neglected.

In addition, to estimate the relative contributions from the extracellular field
inhomogeneities and intracellular BMS frequency differences, signal dephasing was
calculated for the extracellular contribution only. With the intracellular contribution (D;)
turned off, phase was accumulated only when a water molecule was diffusing through
extracellular space, not when it was inside a RBC. This calculation was performed during
the same set of 13,000 random walks as above, and the resulting simulated extracellular
relaxation rate constants are labeled Ry*, Rog, and Rye”.

Finally, simulations were run for the no-exchange-limit (NXL) condition; ki = 0. In this
case, cell membrane water permeability was set to zero (permeation encounters). Thus, if a
water molecule was originally extracellular or intracellular, it remained so for the entirety of
the random walk. Extracellular spins accumulated phase due to | ¢, and intracellular spins
accumulated phase due to D;. These simulations were run for 6000 water molecules.
Ensemble signal evolution was plotted versus time, but relaxation rate constants were not
calculated for these simulations.

In vitro measurements

After oxygenation and prior to the GBCR addition and relaxation measurements, whole
blood laboratory analyses measured: pH, 7.0; albumin, 3.3 g/dL; hematocrit, 36%; pO,, 169
mmHg; and sO5, 97.3%. After whole blood MR relaxation measurements, oximetry yielded:
pO,, 197 mmHg; and sO5, 97.9%.

Example data and fittings from 3T TSE and FFE acquisitions from gadoteridol-treated blood
are shown in the Figure 3 semi-logarithmic fractional magnetization decay plots, panels a
and b, respectively. Note the difference in abscissa scales; the FFE decays are much faster
than the TSE decays. The initial data (points) are well-fitted with mono-exponential decay
lines. There is some small deviation from mono-exponential behavior for the low [CR]
gradient echo data (Fig. 3b). This is not observed in the higher [CR] data where GBCR

Magn Reson Med. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilson et al.

Page 8

effects dominate dephasing. When the signal intensity diminishes to the noise level (M(t)/Mg
— 1072), the linear decay ceases.

The [CR]-dependences of measured transverse relaxation rate constants R,*, Ry, and Ry’
(by difference) for 1H,0 in plasma (determined from fitted plots such as in Fig. 3) are shown
in Figure 4. The Ry* and Ry values are different for each chemically different contrast
reagent (different figure symbols), and Ry is very small. The latter indicates, as expected,
very little refocusable dephasing occurs in the plasma samples; most is irreversible. The Bg
shimming of the plasma samples was effective.

The situation is different for the approximately linear [CRy]-dependences of the transverse
relaxation rate constants Ry*, Ry, and R,” for 1H,0 in blood, shown in Figure 5. First, the
Ro* values are generally larger (particularly at 3T) than for plasma. Second, the Ro*, Ry, and
R,” values are similar for all contrast reagents. There is very little dependence on the
contrast reagent molecular structure; the hyperfine mechanism [(12), which would lead to
hyperbolic [CR,]-dependence (1)] is overwhelmed. Third, the large blood R,” values
indicate the majority of the dephasing is re-focusable by spin echo; most of the accelerated
dephasing is reversible. As we will see, each of these three points indicates it is the
compartmentalized nature of blood that makes the difference.

Approximate r, and ry* relaxivities from the slopes of the linear fittings of R, and Ry* [CR]-
dependence (such as in Figs. 4 and 5 middle and top rows, respectively) are presented in
Supporting Tables S1 and S2 for GBCRs in plasma and blood, respectively, and summarized
in Figure 6. Although the linear fittings provide a reasonable approximation for the [CR]-
dependence over this large concentration range (0 to 18 mmol(CR)/L(blood)), close
inspection reveals some non-linearities.

Computer simulations

Example results and fittings from the sub-sampled (discretized) TSE and FFE simulated
blood decays are shown in Figure 7. These plots are analogous to those in Fig. 3. The results
are generally well-fitted by mono-exponential decays, until the noise level is reached, and
are applicable to all GBCRs because x ¢ (Eq. 2) is independent of chemical structure. Unlike
the TSE experiments, the simulated results are available for only the 60 ms random walk
duration. There is relatively large noise after the first few echoes in the high [CR] TSE
results, but the logarithms of the decays are reasonably linear. [Completely sampled
(continual) simulated blood decays are shown in Sup. Figs. S4 and S6.]

The [CR]-dependences of the simulated blood 1H,0 transverse relaxation rate constants
Ro*, Ry, and R,” are shown in Figure 8 (open circles). As in the /n vitro blood experiments
(Fig. 5), Ry* (top panels) is relatively large and more than double at 3.0 T compared to 1.5
T. In addition, there is a relatively large reversible contribution to the dephasing (R,”;
bottom panels), also as in the experimental data (Fig. 5). Both R,* and R,” increase supra-
linearly with concentration. The simulated R,” values (open circles, bottom panels) are in
remarkable agreement with the experimental R,” values (filled circles; PH); the points are
almost indistinguishable.
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Rate constants simulated for only extracellular dephasing (Rye*, Roe, and Ry ") are also
displayed (open diamonds) in Fig. 8. Rye* and Rye” are much smaller than R,* and Ry’
obtained in simulations that included intracellular dephasing. Diffusion through the
extracellular field inhomogeneities appears to account for only a small fraction of the total
dephasing. The simulated rate constants for reversible extracellular magnetization decay
(Rye") are relatively low for all [CR] values at both field strengths (bottom panels). This
indicates the small dephasing caused by the extracellular field inhomogeneities is largely not
re-focusable by spin echo, and is thus irreversible (/.¢e., caused by molecular-scale
fluctuations).

It is instructive to consider BMS contributions to H,0 transverse relaxation in CR-free
blood with varying amounts of fractional oxygenation Y (the blood-oxygenation-level-
dependent [BOLD] effect in the blood). In that case, decreasing Y means increasing
intracellular, paramagnetic deoxy-hemoglobin and x; > . Susceptibility effects on
transverse relaxation, however, depend on only the absolute value of the x;, x. difference, |
Ay | (12). |Ax| depends linearly on either Y (28) or [CR¢] (Eq. 2). Thus, converting the molar
susceptibilities of deoxy- and oxy-hemoglobin reported in (28) to Sl units, we can calculate
the equivalences of Y and [CRe] in producing |Ax| values. For Yeq = 0 (7., completely
deoxygenated blood), we obtain the equivalent value of [CR,] to be 9.8 mM. Figure 9
displays enlargements of regions near the origins of the Fig. 8 bottom panels. The only
differences are that the upper abscissae show Yeq, increasing from right to left. Taking note
that the Fig. 8 abscissae represent [CRp], not [CR], the Yeq values run from 1 (when [CRy]
=0 mM) to 0 (when [CRp] = 6.1 mM; 37% hematocrit). Only Y variation [/.¢, the BOLD
effect] was used in many literature studies (20,29-31). The large blood-agent-level-
dependent (BALD) effect (12) range in Figs. 8e,f (3X the BOLD range) makes the very
minor extracellular 1H,0 contribution (Rye") to Ry” very obvious.

Results for the NXL condition (kj, — 0) simulations (open squares) are shown in the Figure
10 semi-logarithmic plots of (a) TSE and (b) FFE signal decay along with the matching
experimental data ([CR,] = 8 mM PH, filled circles (Fig. 3 filled circles)) and k;j, = 100 s71
(zj = 10 ms) simulation (open circles (Fig. 7 open circles)). As seen in the TSE results (Fig.
10a), 62% of the signal dephases irreversibly in the NXL condition, but 38% persists [/.e.,
38% of the dephasing is indefinitely re-focusable by spin echo (since we neglect Ryg)]. The
re-focusable signal originates from the intracellular water fraction, as these spins are
confined to the cells and thus each has a fixed resonance frequency (the spins are
isochromats; recall the simulated RBCs do not change orientation during the 60 ms random
walk). The simulated FID (Fig. 10b) is also bi-exponential. Intracellular spins trapped in
different cells have different frequencies, but during the FID there is no 180° pulse to reverse
their precessions and re-focus their vector sum. There is a small (4% of signal) component
that dephases very slowly. This signal likely results from spins trapped in cells whose
normals are perpendicular to the magnetic field (/.e., resonance frequency is that of the
peaked shoulder of the intracellular powder pattern, Fig. 1 and Sup. Fig. S1). There are more
such spins than in other cell orientations, and therefore their coherence persists longer. Thus
it is clear that equilibrium trans-cytolemmal water exchange plays a significant role in
transverse 1H,0 relaxation of blood containing paramagnetic CR in the plasma. If this
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exchange is turned off, the simulated data come nowhere close to agreement with
experiment.

Discussion

We report experimental measurements of R, and R,* as functions of By and [CR] in plasma
and in oxygenated blood, for four different GBCRs. While there are reports of blood and
plasma 1H,0 r, values for various GBCRs, little is known about ro* in whole blood, which
is important for non-spin echo imaging. Our measured relaxivities are given in Fig. 6 and
Sup. Tables S1 and S2. They agree with analogous r» literature values in bovine plasma and
canine whole blood (32), measured over smaller [CR,] and [CRy] ranges, except their
estimate of greater AB r, may be attributed to unsaturated protein-CR binding (1) at the
small [CR] values studied (32).

The Nottingham group measured Ro* for [PHp] and [ABy] values between 0.3 and 3 mM in
partially deoxygenated blood, at three Bg values (28). They report a parabolic [CRy]-
dependence, indicating +;, xe susceptibility matching near [CRp] = 1.5 mM. The salient
point is that the Nottingham R,* values are on-the-order of our reported values, and thus are
much higher in whole blood than in plasma. The authors did not measure R», to separately
quantify the reversible and irreversible transverse relaxation components (28). Our data
show the majority of dephasing in whole blood is reversible by spin echo (R, is much
smaller than R,"). This suggests a whole blood dephasing mechanism that is largely static
during the < 7 ms inter-echo spacing (Sup. Fig. S2). (Interestingly, this is not seen when x; #
Xe Samples are not shimmed (29,30).)

The most important insights come from our simulations. These employed Monte Carlo
random walks of water molecules through an ensemble of randomly oriented, stationary
erythrocytes. The validity of our relatively simple model is supported by the fact that the
predicted large R,” contribution (open circles) is nearly identical to the experimental result
(filled circles) (Fig. 8). It is important to note that this remarkable agreement was achieved
with essentially no adjustable variables. The values of important parameters, such as cell
size, Vi, Xi, xe D', and =, were taken from independent literature reports. The agreement
with experimental results indicates the cells do not rotate significantly on the 7 ms time
scale.

There are two major conclusions from our simulations. First, the contribution of
extracellular field inhomogeneities (Rye*, Roe. and Rye” in Fig. 8) themselves to overall
transverse relaxation is quite small. This is in agreement with the Nottingham researchers,
who reported similar Monte Carlo simulations, but of only extracellular water (28). There is
an error in their Figs. 3 and 5 abscissae. The quantity plotted is [CRy], but [CR¢] is required
for the calculations. These results show that the dephasing caused by water diffusion through
the extracellular magnetic field inhomogeneities provides only a small fraction of the total
reversible dephasing. The precession frequency susceptibility contribution experienced by
extracellular water protons, while often large, fluctuates rapidly and quickly averages to near
zero (Sup. Fig. S2). The majority of the dephasing results from the intracellular BMS
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frequency differences (not considered in (28)), and this dephasing is largely reversible by
spin echo.

The second major conclusion is that equilibrium trans-membrane water exchange is crucial
for transverse H,0 relaxation in blood. This is seen in the simulation results when the
exchange kinetics (kjo) are set to zero (Fig. 10). The simulated results do not resemble the
experimental results at all. Yet, when ki, is set to the known value, 100 s™1 (1), the simulated
and experimental data match almost perfectly. In the NXL condition, all the spins trapped
inside RBCs could be completely re-focused by a spin echo, while spins in the plasma space
still dephased over time. As stated above, cellular rotations are not sufficiently rapid to
account for the discrepancy between the NXL results and experiment. Only when trans-
membrane water exchange is permitted, originally-intracellular spins can experience
extracellular and other intracellular environments and dephase irreversibly. The signal decay
experimentally observed clearly included transmembrane water exchange.

The in vitro data and simulations here directly explored the effect of GBCR in oxygenated
or arterial blood. However, it is interesting to consider the effects of partially oxygenated or
venous blood as well. In the absence of GBCR, RBCs in partially oxygenated blood will be
more paramagnetic than surrounding plasma because paramagnetic deoxyhemoglobin is
confined to the RBCs. In this case, extracellular field inhomogeneities and intracellular BMS
shift will have the same form (Egs. 5 and Egs. 6), but with opposite sign. The translation of
our results to the oxygenation fraction, Y, of CR-free blood is shown in Fig. 9.

In addition to oxygenation, transverse relaxation is likely dependent on the hematocrit.
Although it was beyond the scope of this study, different hematocrit levels will vary the
relative water population fractions p; (intracellular) and pe (extracellular), and vary the
average plasma residence time <. Likely, the transverse relaxation rate constant R,* would
increase with increasing hematocrit, as the fraction of intracellular water undergoing BMS
shift dephasing will increase. This effect warrants further study.

While the agreement between the experimental data and the simulation is remarkable,
generally one would expect some deviation between measurement and simulation due to the
approximations used (eg, spherical vs. bi-concave cells). There are still some limitations of
this study. In particular, all experimental measurements were made /n7 vitro, and while every
attempt was made to replicate the /77 vivo environment (eg, oxygenation, pH, temperature),
there still may be aspects of the /7 vivo environment that alter 1H,O relaxation. One of these
aspects may be blood flow and the motion of the RBCs. The in vitro samples had relatively
little RBC motion compared to arterial blood, and the simulation assumed the RBCs were
stationary throughout.

Capillary blood flow is much too slow to affect the dynamics modeled here. For example, a
conservative estimate for the mean blood transit time through a capillary in a high-
resolution 1H,0 brain MRI voxel is one second (33). This is 17 times the lengths of the Figs.
3b, 7b, 10, S2, S4, and S6 abscissae, and four times the lengths of the Fig. 3a and 7a
abscissae. Thus, any given water molecule enters and leaves red blood cells about 40 times
and experiences many extracellular fluctuations [Fig. S2] during its voxel passage. Also,
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transverse relaxation is complete long before this period is ended [Figs. 3, 7, 10, S4, and
S6].

Furthermore, the successful simulations did not include any RBC alignment with the
magnetic field. This appears not to have occurred /n7 vitro (Sup. Figs. S3 and S4). The Ax
value for the simulations in Figs. S3 and S4 is 33% greater than would be the case for fully
de-oxygenated whole blood. These cells did not orient, and would be even less likely to in
flowing blood.

Finally, the measurements and simulations were performed for a single hematocrit of 37

+ 1%, on the low end of the normal range. In addition to using stationary, spherical RBCs,
there were other approximations used in the simulations: using the BMS shift frequency for
a disk rather than bi-concave ellipsoid; and neglecting higher order terms such as the
intracellular inhomogeneity “proximity” terms.

In an ensemble of many cells, when their separations necessarily become small, the | ¢ of an
adjacent cell can penetrate its neighbor. Then, in principle, even when approximating the
RBC as an ellipsoid of revolution, the I; term is no longer zero. We have neglected this
“proximity” susceptibility effect in our simulation. The excellent agreement between
simulated and experimental results suggests its effect is small.

Despite these approximations, the simulations accurately predict the experimental relaxation
data. In particular, the simulations predict the high blood ry* and the large fraction of
reversible dephasing. The very gratifying agreement between experiment and simulation
indicates that all of these limitations are minor.

In conclusion, 1H,0 transverse relaxation in oxygenated whole blood was measured and
predicted via Monte Carlo simulations. R,* values are much higher in whole blood than in
plasma due to the exclusion of the GBCR from the intracellular space, and increase with
magnetic field strength. Re-focusable R,” dominates the transverse relaxation and is
primarily attributed to orientation-dependent BMS frequencies of intracellular water protons
in the presence of trans-cytolemmal water exchange.

Note Added During Revision

After this work was completed, a paper appeared (34) proposing the consensus human
erythrocyte <; value of 10 ms [Kj, = 100 s~1] is caused by the common use in the seminal
studies of Mn(H,0)g2" as the extracellular CR to raise the shutter-speed. The authors report
the use of GBCR yields a ; value of 19 ms [ki, = 53 s71] (34). Therefore, we substituted a
value of tj = 21 ms [Kjo = 48 s™1] in our simulations. This caused very little difference in our
simulated results, except for a slightly poorer agreement with the experimental data at the
largest [CR] values. [For example, the last two open circles in Fig. 8f are very slightly
elevated.] Thus, our results are more consistent with the consensus value of ki, = 100 s™1. A
possible reason for this difference is that the new experiments were conducted at 25°C (34).
Our experiments were conducted at 37°C and, generally, rate constants increase with
temperature. Another possible source of variation is that the ki, value has recently been
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found to depend on the metabolic state of the cell (26). Generally, this has not been

controlled in studies of whole blood or erythrocyte suspensions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
AB

BMS
BOLD
CR
[CRy]

[CR]

FFE
FID
GBCR
GV

HCP

PH

RBC

gadofosveset trisodium, Ablavar
bulk magnetic susceptibility
blood oxygenation level dependent

contrast reagent

blood tissue contrast reagent concentration: mol(CR)/liter(whole blood)

extracellular contrast reagent concentration
homogeneous contribution to the magnetic field
extracellular homogeneous term

intracellular homogeneous term

water diffusion coefficient

fast field echo or gradient echo

free-induction decay

gadolinium-based contrast reagent

gadobutrol, Gadavist

hexagonal close packed

inhomogeneous contribution to the magnetic field
extracellular inhomogeneous term

intracellular inhomogeneous term

gadobenate dimeglumine, MultiHance
gadoteridol, ProHance

red blood cell
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Figurel.
a) The magnetic flux lines in and around an oblate ellipsoid of bulk magnetic susceptibility

(BMS) «; in an external medium with susceptibility xe (> x;), and positioned in a horizontal
applied magnetic field. The field inside the ellipsoid is uniform, but there is a BMS
frequency shift (6, ) relative to that of the external medium. The BMS frequency shift when
the ellipsoid normal is aligned with the magnetic field (top) is smaller than when it is
perpendicular (bottom), and the perpendicular orientation occurs much more often in
randomly oriented cells. Lorentz cavities are not illustrated. b) The resulting

intracellular H,0 resonance frequency spectral distribution for a large ensemble of
randomly oriented ellipsoids is the powder pattern (“in”). External to the ellipsoid, the
magnetic field is perturbed, creating extracellular field inhomogeneities. The extracellular
spectral distribution (“out™) is also shown. For these cartoon spectra, there is no trans-
cytolemmal water molecule exchange (kijo = 0). Lorentz cavity effects are implicit in the
spectra (compare Sup. Figs. S1 and S5).
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Figure 2.
Ilustration of a simulated water molecule random walk through a 3D ensemble of water-

permeable red blood cells (RBCs) (oblate ellipsoids). In this 2D projection, the randomly
oriented RBCs are semitransparent to allow visualization of overlapping cells. The trajectory
of this random walk begins near the (0, 0) origin. The steps that occur inside a RBC are
colored green, while those in the extracellular space are colored blue. To calculate
transverse 1H,0 relaxation time constants, the actual Monte Carlo random walks used a
2744 RBC ensemble. Details are found in the text.
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Figure 3.
Semilogarithmic plots of representative experimental 3.0 T a) turbo spin echo and b) free-

induction H,0 signal decays from oxygenated whole blood samples containing different
gadoteridol (PH) concentrations. Note the different abscissa scales. The mM concentration
values indicated have units mmol(gadoteridol) per liter(whole blood). Mono-exponential
fittings are represented by solid lines.

Magn Reson Med. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wilson et al.

1200
~ 600
K3
xm('\l

400

0

1200
~ 600
EN

400

0

1200
~— 600
o
- N
(a4

400

0

Figure

4 1H2O R’; in Plasma at 1.5T
m hH
e PH
A AB
¥y GY
P
A L .
aat =
gasvey 3 %
0 10 20 30
C THoOR,inP
LOR, in lasma at 1.5T
= A 3 {
YT L
0 10 20 30

e 1H20 Rlz in Plasma at 1.5T

A A =
STTTTT NN BN B B R
0 10 20 30
[CR] (mmol{CR)/Li{plasma))

4.

1200

800

400

0

1200

800

400

1200

800

400

0

Page 19

b 1H20 R; in Plasma at 3.0T
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[CRe]-dependence of experimental transverse 1H,0 relaxation R,* (a,b), Ry (c,d), and Ry’
([Z Ry* - Ry]; e,f) rate constants in plasma samples at 1.5 T (a,c,e) and 3.0 T (b,d,f), for four
different CRs. Error bars for Ry* and R, data represent fitting confidence intervals (these are
often no larger than the points). Plasma R is largest for gadofosveset (AB), then gadobenate
(MH), then gadobutrol (GV) and gadoteridol (PH), and it increases approximately linearly
with plasma [CRg] for all reagents. R,” is very small in plasma.
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[CRp]-dependence of experimental transverse 1H,0 relaxation Ry* (a,b), R, (c,d), and Ry’
([ Ry* - Ry]; e,f) rate constants in oxygenated whole blood samples at 1.5 T (a,c,e) and 3.0
T (b,d,f), for four different CRs. Here, blood concentrations, [CRy], are used. Error bars in
Ro* and R, data represent fitting confidence intervals (these are often no larger than the
points). In blood, the transverse relaxivities are similar for all four CRs. Ry* is
approximately doubled at 3.0 T vs. 1.5 T, and R,” provides a large fraction of R,*.
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CR relaxivity bar graphs (Sup. Tables S1 and S2). In plasma, ro = (R, - Ryg)/[CR¢] (dark
bars) and ry* = (Ro* - Ry*)/[CRe] (light bars); and in blood ry = (R, - Ryg)/[CRy] (dark
bars) and r,* = (Ro* - Ryp*)/[CRp] (light bars), where Ry and Roo* were set to 5 51, These
illustrate the very large whole blood ry* values, approximately doubling at 3.0T. In addition,
there is relatively little variation in whole blood ry* values between different contrast reagent

chelates.
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Figure7.
Semilogarithmic plots of representative simulated 3.0 T a) turbo spin echo and b) free-

induction 1H,0 signal decays from randomly oriented oxygenated blood cell ensembles
containing different GBCR concentrations (simulated - is the same for all GBCRs). Note
the different abscissa scales. The mM concentration values have units mmol(CR) per
liter(whole blood). Mono-exponential fittings are represented by solid lines. The simulated
signal intensities are vector sums of proton spins from 13,000 Monte Carlo simulations. The
decays are discretized by sub-sampling. Though the simulations were of only 60 ms
duration, the spin echo fittings (a) are plotted out to 240 ms, for comparison with the
experimental data (Fig. 3).
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Figure 8.
Simulated transverse 1H,0O relaxation rate constants ®,* (a,b), R (c,d), and R, [(ER.,* -

®R.,); e,f] for an ensemble of randomly oriented oxygenated blood cellsat 1.5 T (a,c,e) and
3.0 T (b,d,f) as functions of GBCR concentration: here, blood concentration, [CRy]. Error
bars in ®,* and ®., results represent fitting confidence intervals (these are often no larger
than the points). Rate constants were predicted using both extracellular field
inhomogeneities and intracellular BMS frequency differences (open circles), and only
extracellular inhomogeneities (open diamonds). The experimental R,” values for
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gadoteridol (Fig. 5 circles) are re-plotted in e-f (filled circles) to show the remarkable
agreement of ®," with R,” when both dephasing contributions are included. Simulation
details are given in the text: there are no adjustable parameters. Simulations using only the
extracellular field inhomogeneities (open diamonds) resulted in ®,e dephasing, but very
little Ry
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Figure.

a, b) Enlargements of the areas near the Fig. 8 e and f origins, respectively. The upper
abscissae are labeled with Y, the fractional oxygenation of RBC hemoglobin — running
from right-to-left (Yeq = O represents completely deoxygenated (paramagnetic) hemoglobin).
This would be the situation for CR-free blood. The lower abscissa [CRp] range in
oxygenated blood produces the same range of transmembrane susceptibility difference as
would the full range of blood oxygenation (g, top abscissa scale) in the absence of
contrast reagent. In other words, blood oxygenation Yeq of 1.0 produces the same |Ax | as
would [CRp] = 0 mM in fully oxygenated blood, and Yeq of O produces the same |Ax | as
would [CRp] = 6.1 mM in fully oxygenated blood (with 37% Hct).
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¢ b FFE Signal Intensity in Blood at 3.0T (8 mh)
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Semilogarithmic plots of simulated 3.0 T a) turbo spin echo and b) free-induction 1H,0
signal decays from ensembles of randomly oriented oxygenated erythrocytes in blood with
[CRp] = 8 mM. Simulated (open shapes) and experimental (PH; filled circles; Fig. 3 filled
circles) signal intensities are indicated, along with the fitted mono-exponential decays (solid
lines; PH experimental data). In addition to the ki, = 100 s~1 [t; = 10 ms] simulations (open
circles), results are presented for the no-exchange-limit [NXL] condition [Kj, = 0]
simulations (open squares). In the NXL condition, spins constrained to the intracellular
space (38% of the total spins) are completely re-focused by a spin echo, while the
extracellular spins are only partially re-focused, and therefore their vector sum decays. Thus,
the NXL condition TSE signal intensity never drops below 38% of My. A dashed line
through the open squares at longer times intercepts the ordinate at 0.38 (panel a).
Conversely, in the ki, = 100 s~1 simulations (open circles), spins can leave the confines of a
single RBC, and thus dephase irreversibly. Only these simulations agree with the
experimental data (filled circles) in panel a. Equilibrium trans-cytolemmal water exchange
plays an important role in blood 1H,0 transverse relaxation. For the free-induction-decay
(panel b), the simulation behavior differs. Almost all of the simulated spin coherence decays
rapidly. A dashed line drawn through the open squares at longer times intercepts the ordinate
at only 0.04. This is consistent with the ~4 % of all water that is trapped in cells whose
normals are perpendicular to Bg (¢ = 90°, Eq. [6]). Since there are more of these
isochromats (Fig. 1 and Sup. Fig. S1), their coherence persists after most of the other signals
have decayed. As in panel a, however, the ki, = 100 s~* simulation (open circles) exhibits
better agreement with the experimental data (filled circles), because the water can eventually

escape these cells, and its spins can dephase.
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