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Abstract

Oscillating-gradient spin echo (OGSE) diffusion experiments have long been used to measure the short-time apparent diffusion
coefficient, D, (1), in the presence of restricted diffusion, as well as the spectrum of the slow-motion velocity autocorrelation func-
tion. In this work, we focus on two previously unexplored aspects of OGSE experiments: convection compensation and acquisition
of pure-phase diffusion spectra in the presence of homonuclear scalar couplings. We demonstrate that convection compensation
afforded by single-echo OGSE compares well with that in double-echo convection-compensated PGSE experiments. We also show
that, in the presence of homonuclear scalar couplings, setting the OGSE echo time to 1/2J enables acquisition of pure-phase diffu-
sion spectra and yields more reliable D estimates than mixed-phase PGSE or OGSE spectra. Pure-phase OGSE acquisition is also
compatible with measurements of the apparent diffusion coefficient at an arbitrary diffusion time. These features of OGSE can be

valuable in diffusion measurements of scalar-coupled small-molecule probes in cellular and other heterogeneous systems.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Oscillating-gradient spin echo (OGSE; Fig. 1) can
deliver a number of unique advantages for the measure-
ment of diffusion and flow [1,2]. The diffusion-sensitive
magnetization helix is present in OGSE during the two
gradient pulses (), but not during the time interval be-
tween them (4 — o). Therefore, unlike in the pulsed
field-gradient spin echo (PGSE)' or stimulated echo
(PGSTE) diffusion experiments [3], molecular displace-
ment in OGSE is measured on the time scale of ¢ rather
than A. This eliminates the necessity to include eddy-
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current recovery time in the diffusion interval, and thus
enables the measurement of the apparent diffusion coef-
ficient, D,pp(?), at shorter diffusion times than those
accessible in PGSE or PGSTE measurements
(t <5 ms). The accessibility of the short-7 regime makes
OGSE an attractive option for studies of restricted dif-
fusion [4-6], packed-bead flow [2], or intermediate
chemical exchange [7,8]. OGSE also enables an easy
and efficient control of the spectrum of the effective field
gradient, g*(w); this can be employed for probing the
spectrum of the velocity autocorrelation function in
the presence of slow motion or restricted diffusion [9-
11]. Diffusion attenuation for the OGSE pulse sequence
shown in Fig. 1 is given by

S(g) = S(0)e T (1)

where n is the (integer) number of full periods in the
sinusoidal gradient pulse; D is the diffusion coefficient
of the measured species; y is the magnetogyric ratio; g
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Fig. 1. OGSE diffusion measurement experiment: (A) the pulse
sequence; (B) coherence transfer pathway; (C) evolution of the
magnetization helix wave vector q. The magnitude of q is non-zero
only while the gradients are switched on; therefore, the diffusion
attenuation of the acquired signal is independent of the separation 4
between the gradient pulses.

is the field gradient amplitude; and ¢ is the full duration
of the sinusoidal gradient pulse [2].

In this work, we focus on two aspects of OGSE which
appear to have been either overlooked or not investigat-
ed in any detail. The first is its use for the measurement
of the apparent diffusion coefficient in the presence of
homonuclear scalar couplings. The knowledge of
D,pp(t) of scalar-coupled molecules is often required
when studying chemical exchange and molecular trans-
port of small-molecule probes in cellular suspensions
[12,13]. A complication present in this type of measure-
ments is that, if the diffusion interval 4 is not a multiple
of 1/4J, homonuclear scalar-coupled evolution produces
a mixture of in-phase and anti-phase coherences at the
beginning of acquisition. This can result in a distorted
lineshape of the acquired spectrum, which in turn can
adversely affect the estimate of the diffusion coefficient.
Because in PGSE experiments the echo time 4 and the
effective diffusion time ¢ are mutually dependent
(t =4 — /3, where 6 is the duration of the rectangular
PGSE gradient pulses), pure-phase PGSE acquisition
is not compatible with the use of an arbitrary diffusion
time. In this work, we demonstrate that OGSE offers
an additional degree of freedom in the choice of experi-
mental parameters, because the spin—echo time can be
set to 1/2J regardless of the value of the effective diffu-
sion time. Therefore, OGSE enables the acquisition of

pure-phase diffusion spectra at an arbitrary diffusion
time.

The second focus of this paper is convection compen-
sation in OGSE diffusion measurements. Convection
compensation in PFG NMR is usually expressed by
the condition

/0 " q(0)dr = 0, 2)

where ¢, is the duration of the pulse sequence (see Fig.
1). The quantity q is the wave vector of the diffusion-sen-
sitive magnetization helix [3,14-16]

a - [ ()8, 3)

where p is the coherence order; the time dependence of p
for the OGSE experiment is shown in Fig. 1B. The con-
dition in Eq. (2) can be viewed as first-order compensa-
tion of flow, i.e., it enables the compensation for slow
coherent motion (where the local velocities are approxi-
mately constant throughout z;), but not necessarily for
highly turbulent flow. In PGSE, a double echo is re-
quired to satisfy Eq. (2) [14,17,18]; q is positive during
the first echo and negative during the second. In OGSE,
the negative-q period is provided by the second gradient
pulse during a single echo (see Fig. 1C), and no second
echo is required to satisfy Eq. (2). Therefore, a single-
echo OGSE pulse sequence is convection-compensated
on the time scale of 4.

Numerous modifications of the OGSE experiment
can be envisaged; the respective formulae for diffusion
attenuation can be obtained from the standard general
expression [3]

S(g) = S(0)e P 7%, (4)

One possible modification is the use of a double-trape-
zoidal pulse, which is shown in Fig. 2A. This modifica-
tion preserves all of the properties of OGSE described
above, but provides for a greater diffusion attenuation
of the NMR signal than that given in Eq. (1)

S(g) = S(0)e e 2] (5)

The meaning of ¢ and 7 in Eq. (5) is evident from
Fig. 2A. Another modification entails the use of gradient
pulses which are compensated for convection on the
time scale of 0. An example of this is shown in Fig.
2B: a cosine gradient pulse is modified to include a lead-
ing and a trailing ramp of duration 7, as well as a flat
period 7 in the middle of the pulse. The leading and
the trailing ramps are used to avoid a sharp rise and fall
of the gradient coil current; the flat period in the middle
refocuses the phase imparted to spins by these ramps.
This gradient pulse (called henceforth a modified-cosine
pulse) is easily shown to be self-compensated for convec-
tion. Assuming a coherence order p and using Eq. (3),
the time dependence of ¢ is as follows:
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Fig. 2. Modifications of OGSE: (A) double-trapezoidal gradient pulse;
(B) modified-cosine oscillating-gradient pulse. OGSE signal attenua-
tion with the double-trapezoidal pulse is given by Eq. (5); with the
modified-cosine pulse, Eq. (6) applies. The modified-cosine pulse
consists of two half-period cosines (the two 4 periods); leading and
trailing ramps of duration 7 to reduce eddy currents; and a flat t period
in the middle which compensates the q acquired by the magnetization
during the ramp time. This gradient pulse is self-compensated for
convection, i.e., the integral of q over the duration of the pulse is zero.

from 0 to 7 pygtt /2t
Ttot+/ (pyg/2)(t+2Asin[n(t —1)/1]/m)
T+Ato2t+ 2 (pyg/2)(r—=2(t—1— 1))

2t+Ato2t+24  —(pyg/2)(t+2isin[n(t—2t—1)/4]/n)
2t+24t0 31424 —pyg(t—3t—22)*/2t,

where ¢ = 0 corresponds to the beginning of the gradient
pulse, and the meaning of 1 and 7 is evident from Fig.
2B. Integration of ¢(¢) from ¢t =0 to t =24+ 37 yields
zero, which means that a single modified-cosine gradient
pulse is convection-compensated in the sense of Eq. (2).
For the OGSE pulse sequence with two modified-cosine
gradient pulses, the diffusion attenuation of the signal is
given by

2.2 |234842c, 5 2 113
S(g) _ S(O)eiD} g [ 2 +At°+55T :| . (6)
In this work, we measured the diffusion coefficient of
propofol (structure shown in Fig. 3), a small molecule
with multiple homonuclear scalar couplings [15,19], in
two test systems using double-echo PGSE [18] and sin-
gle-echo OGSE. The measurements were made in the
presence of thermal convection. We demonstrate that
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Fig. 3. Structure of propofol and representative OGSE diffusion
spectra. These spectra are from propofol in sample 1 (1% propofol and
10% Solutol in D,O-saline); both were recorded at ¢ =8 ms and
g=4.0Tm™, but at different 4 values (shown in the Figure). In the
spectrum with 4 =10 ms, the two multiplets are “‘sunken” in the
middle, resulting in the relatively broad wings of the spectral peaks.
This type of distortion was correlated with the overestimated D value
of propofol (see Tables 1 and 2).

the convection-compensating capacity of OGSE is at
least as good as that of double-echo PGSE [18], and that
both methods achieve their optimum performance when
pure-phase spectra are acquired (7, = 1/J for in-phase;
t, = 1/2J for antiphase).

2. Materials and methods
2.1. Sample preparation

Reagents were purchased from the following sources:
propofol, from Archimica SpA (Varese, Italy); Solutol
HS15, from BASF (Ludwigshafen, Germany); CD,Cl,,
from MSD Isotopes (Montreal, Canada); carbon tetra-
chloride (spectroscopic grade), from AJAX Chemicals
(Auburn, NSW, Australia). All chemicals were used as
received. Water was obtained from a Milli-Q reverse-os-
mosis apparatus (Millipore, Bedford, MA). The micellar
solution of propofol [1% (w/w) propofol/10% (w/w) Sol-
utol HS15/D,0-saline] was prepared as described previ-
ously [15,19].

2.2. NMR setup and measurements
All measurements were carried out on a Bruker

DRX-400 wide-bore NMR spectrometer equipped with
a 1000 G cm ™! z-only actively shielded diffusion probe;
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the general setup has been described previously
[14,15,19,20]. Each sample was studied in a cylindrical
Wilmad microcell (Buena, NJ) with an internal volume
of 270 uL, outer diameter 8§ mm, and nominal outer
length 10 mm. This was inserted into a 10-mm NMR
tube filled with CCl, for magnetic susceptibility match-
ing. The length of the microcell enabled the sample to
be contained within the constant-gradient region of the
probe. The ramp times for trapezoidal and modified-co-
sine gradient pulses were 0.1 ms. No field-frequency lock
was used. OGSE measurements were made with a multi-
ple of four transients using EXORCYCLE phase cy-
cling. NMR data were processed, and the diffusion
coefficients determined, as described previously [14,19—
21]. Phase correction of diffusion spectra was uniform
within any given experimental set; baseline correction,
where used, was linear. OGSE Stejskal-Tanner plots
were processed according to Egs. (1) and (6).

3. Results

Propofol was used as the test molecule in all of the
experiments presented in this work. This choice was
made because the molecule contains a number of dis-
tinct, homonuclear-coupled protons, and because its dif-
fusion behaviour was studied by us previously [15,19].
Propofol is readily soluble in organic solvents and aque-
ous solutions of nonionic surfactants. In this work, the
diffusion coefficient of propofol was measured in two
test systems: (1) 1% (w/w) propofol and 10% (w/w) Sol-
utol HS15 in D,O-saline at 38.0 & 0.5 °C; (2) 4.7% (w/
w) solution of propofol in CD,Cl,, which was studied
at two temperatures: 35.8 + 0.5 and 37.4 + 0.5 °C. The
aspect ratios of the two samples were similar (sample in-
ner height, 8 mm; inner cross-section, ~6.5 mm, as cal-
culated from Wilmad’s microcell specifications).

Propofol protons exhibited two three-bond homonu-
clear scalar couplings: >J,, = 7.5 Hz between aromatic
protons a and b (see Fig. 3), and *J.q = 6.8 Hz between
aliphatic protons ¢ and d. The values of the J constants
were measured from sample 2. The average value of 1/2J
for these two constants is 70 ms. The coupling constants
observed in sample 1 had values similar to sample 2,
although the relatively large linewidths and spectral
crowding made precise measurement in the former sam-
ple difficult. No coupling constants could be measured
for Solutol protons.

The diffusion coefficient of propofol in sample 1 was
measured from aromatic and methyl peaks and, when
the quality of the spectra permitted, the isopropyl peak.
Representative linewidths of aromatic propofol protons
in this sample are shown in Table 1; diffusion coefficients
of propofol and Solutol are presented in Tables 2 and 3,
respectively. The composition of sample 1 and the con-
ditions under which it was studied were identical to

Table 1
Representative linewidths of aromatic protons of propofol in sample 1
at 38.0 £0.5°C

Measurement ts (ms)  Avyp (Hz) Avyy (Hz)  Avyg (Hz)
90°-acquire 0 15.6 259 42.6
19.1 26.4 36.7

PGSEcc? 20.0 19.6 32.3 53.3
A=5ms 25.4 455 >66°
Modified-Cos OGSE 240  18.6 29.3 55.3
A=12ms 25.4 >47° >60°
PGSEcc 1388  14.7 24.9 39.6
A=347ms 19.1 28.4 435
OGSE 138.8 152 24.9 39.1
A =69.4ms 21.6 31.3 435

The two values in each cell refer to protons a and b (see Fig. 3). The
columns Avy/,, Avyy, and Avy/g show the width of the multiplets at half,
quarter, and one-eighth height, respectively.

% Abbreviations not defined in text: PGSEcc, convection-compen-
sating double PGSE [18]; Modified-Cos OGSE, OGSE with modified-
cosine gradient pulses (Fig. 2B).

® The two multiplets overlapped at or above the indicated level.

those used in previous work from this laboratory, and
the results reported in Tables 2 and 3 can be directly
compared to those reported in Table 3 of [15].

The spectra of sample 2 were considerably less crowd-
ed, and the diffusion coefficient was measured from each
of the five observed peaks of propofol protons (includ-
ing isopropyl and hydroxyl). Representative proton line-
widths in this sample at 35.8 °C are shown in Table 4.
The diffusion coefficients of propofol are presented in
Tables 5 (35.8 °C) and Table 6 (37.4 °C); the D values
within each cell are listed in the following order: a, b,
OH, ¢, d.

Stejskal-Tanner plots obtained from convection-un-
compensated PGSE experiments were slightly oscillatory
and, in the case of sample 2, curved upwards. The single-
echo PGSE diffusion coefficients were therefore deter-
mined from the initial slopes of the plots.

4. Discussion

The values of propofol proton scalar coupling con-
stants previously measured from a CDCl; solution were
7.6 Hz (*J,,) and 6.9 Hz (*J.q) [15,19]. The differences
between these values and those measured from sample
2 are well within the digital resolution used (0.5 Hz).

Solutol is a nonionic surfactant which forms an iso-
tropic micellar phase when dissolved in water: at
25°C, its cme is 0.21 mM or 0.02% (w/v) [22]. While
no scalar couplings could be measured from the 'H spec-
trum of Solutol in sample 1, the structures of its chemi-
cal components suggest its protons should be subject to
a complicated pattern of three-bond scalar couplings
[19]. Propofol, which is very poorly soluble in water, is
readily solubilized in a micellar aqueous solution of Sol-
utol. In previous studies [19], most of the propofol in
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Table 2

Diffusion coefficients of propofol in the Solutol HS15/D-0 solution (sample 1) at 38.0 + 0.5 °C measured by different 'H NMR methods

Measurement cos(m Jt)* Dx 10" (m2 s’l) Linear range
PGSE 0.90 (mixed-phase) 44402 0.3°
A= 10ms6=2msg<6.4Tm’1
PGSEcc® 0.90 (mixed-phase) 2.00 £ 0.01 1.0
A=5ms d=2ms g<93Tm™! 2.06 4 0.01 1.0
PGSEcc —1.00 (in-phase) 1.92 +0.01 2.2
A=34.7m5(5:2msg§4.6Tm’1 1.97 +£0.01 1.8
1.93 +£0.01 2.5
OGSE —1.00 (in-phase) 1.92 £0.01 1.5
A=694msc=8ms g<9.3Tm ' 1.91 £+ 0.02 1.6
1.93 £0.01 1.9
OGSE 0.04 (antiphase) 1.94 +0.01 1.7
A=34Tmsoc=8ms g<9.3Tm™! 1.88 +0.01 1.7
1.94 +0.01 1.0
1.86 £0.02 1.0
OGSE 0.90 (mixed-phase) 2.52 +£0.03 1.8
A=10ms a=8msg<9.3Tm’1 2.34 4+0.03 2.1
OGSE, n=2 —1.00 (in-phase) 1.95 4+ 0.01 1.0
A=694ms e =10ms g<9.3Tm! 1.88 4+ 0.01 0.8
1.96 + 0.01 1.0
Modified-Cos OGSE® —1.00 (in-phase) 1.92 £ 0.01 1.2
A=694ms 24 +3t=10ms g < 9.3 Tm" 1.92 +0.02 1.0
1.93 £0.01 1.2
Modified-Cos OGSE 0.04 (antiphase) 1.94 +0.01 1.2
A=347Tms24+3r=10ms g <9.3Tm™! 1.93 £0.01 1.0
1.93 +0.01 0.9
1.98 £0.03 1.0
Modified-Cos OGSE 0.86 (mixed-phase) 2.56 +0.03 1.1
A=12ms2/.+3t=10ms g<9.3Tm"! 2.38 £0.03 1.3
Modified-Cos OGSE 0.94 (mixed-phase) 1.92 +0.03 0.2
A=8ms2A+31=6ms g<93Tm™! 2.19 + 0.05 0.2

Multiple values in each cell refer to the different propofol signals. “Linear range” is the logo vertical span of the Stejskal-Tanner region in which

signal attenuation was linear [14,15].
# J=17Hz was used to calculate the values in this column.

® Convection oscillations were present; the initial slope of the Stejskal-Tanner plots was used for the determination of D in this measurement.
¢ Abbreviations not defined in the text: PGSEcc, convection-compensating double PGSE [18]; Modified-Cos OGSE, OGSE with modified-cosine

gradient pulses (Fig. 2B).

this system was found to reside in the micelles; there was
also a small extramicellar population. Chemical ex-
change between the two pools of propofol was estimated
to be very rapid, and a single diffusion coefficient was
observed. Due to the presence of an extramicellar popu-
lation, the value of the diffusion coefficient of propofol
was somewhat higher than the micellar D of Solutol
[19,21].

PGSEcc at 4 = 34.7 ms serves as a benchmark for the
diffusion measurements performed on sample 1 (Tables
2 and 3). This experiment was done on the same system
previously, and its results were found to be in good
agreement with data from other PFG NMR diffusion
techniques [15,19]. The average benchmark value of
the diffusion coefficient of propofol in sample 1 was
(1.94 4 0.02) x 107" m? s~!. The micellar diffusion coef-
ficient of Solutol obtained from the same measurement
was (1.67+0.01)x 107" m?s™'. The finding that
D(Solutol) was lower than D(propofol) was consistent
with the presence of extra-micellar propofol, the latter

having a larger diffusion coefficient than propofol resid-
ing in Solutol micelles. The values of the diffusion coef-
ficients obtained from single-echo PGSE measurements
(PGSE, 4 =10ms) were significantly larger than the
benchmark values, and the Stejskal-Tanner plots were
nonlinear. Therefore, convection in sample 1 was con-
sidered to be significant, and convection compensation
was required even at short values of 4.

The diffusion coefficients obtained from OGSE mea-
surements at 4 = 34.7 and 69.4 ms were in good agree-
ment with the benchmark values: the average D values
of propofol from these measurements were
(1.90 £ 0.04) x 107" and (1.92 +£0.02) x 10" m? s~
respectively. As expected from Egs. (1) and (6), the rela-
tive OGSE signal attenuation was independent of 4, and
only the knowledge of the temporal and amplitude char-
acteristics of the gradient pulses was required for the
determination of the diffusion coefficients. Propofol
multiplets in the diffusion spectra obtained at
A = 69.4 ms were in-phase (positive in-phase triplet, neg-
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Table 3
Diffusion coefficients of micellar Solutol in the Solutol HS15/D,0O
solution (sample 1) at 38.0 & 0.5 °C measured by different "H NMR
methods

Measurement Dx 10" (m*s7h Linear
range
PGSE 46+0.2 0.3
A=10ms 6 =2ms g< 64Tm ! 41402 0.3
PGSEcc 1.71 £0.01 1.2
A=5ms 6=2ms g<93Tm"!
PGSEcc 1.67 £0.01 22
A=34Tms 6=2ms g<46Tm’ 1.68 +0.01 1.9
OGSE 1.68 £ 0.01 1.5
A=694msc=8ms g<9.3Tm' 1.67 £0.01 1.6
OGSE Not measured: 0

A=34Tms 6 =8ms g<93T m! mixed-phase
Solutol peak

OGSE 2.15+£0.03 1.5

A=10ms a=8msg<9.3Tm’l 2.134+0.03 2.1
Modified-Cos OGSE 1.70 £+ 0.01 1.0
A=69.4ms 24+ 3t =10ms 1.67 £ 0.01 1.0
2<93Tm!
Modified-Cos OGSE 2.13+0.03 0.8
A=12ms 22+ 3t =10ms
g<93T m~!
Modified-Cos OGSE 1.91 +0.03 0.1

A=8ms 21+ 3t =6ms
g<9.3Tm’]

Table 4
Representative linewidths of propofol protons in sample 2 at
35.84+0.5°C

Measurement ts (ms) Avypn (Hz) Avyys (Hz)  Avys (Hz)
90°-acquire 0 11.7 16.6 24.9
17.6 22.0 30.8
4.9 9.3 16.6
Modified-Cos OGSE  12.0 13.2 19.1 28.4
A=6ms 18.1 24.5 36.2
49 9.8 16.6
PGSEcc 24.0 14.0 21.0 32.8
A=6ms 19.1 28.4 >45%
4.9 9.3 16.5
PGSEcc 138.8 12.2 17.5 254
A =347 ms 17.2 21.0 274
5.0 9.3 16.1

The three values in each cell refer to protons a, b, and the hydroxyl
proton (see Fig. 3).
# Two multiples overlapped at or above the indicated level.

ative in-phase doublet); those at 4 = 34.7 ms were anti-
phase. Peak integrals of the antiphase OGSE spectra
were highly reproducible, unlike the non-echo antiphase
diffusion spectra based on a 3-pulse gradient-selected
DQF COSY [15]. Solutol peaks in OGSE diffusion spec-
tra at 4 = 35 ms could be neither phased nor used for the
determination of D. Their complicated mixed-phase
structure indicated a composite nature of these peaks,
which was consistent with the chemical structure of the
main component of Solutol, poly(ethyleneglycol)(15)
12-hydroxystearate.

Table 5
Diffusion coefficients of propofol in CD,Cl, (sample 2) at
35.8 £ 0.5 °C measured by different '"H NMR methods

Measurement Dx10° Linear
(m?s™) range

PGSE 9.0+0.5 0.8*

A=6msd=1ms g<24Tm™!

PGSEcc 1.80 + 0.01 2.3

1.80£0.01 2.0
1.79+£0.01 23
1774001 2.0
1.77+£001 16
1.89£0.01 2.7
195+£0.02 23
1.88+£0.02 24
1.894+0.01 24
1.88£0.01 28
OGSE 1.81+£0.01 2.0
A=6msc=2ms g<7.8Tm! 1.86+£0.01 1.4

1.79+£001 18

1774001 15

1794001 1.8
OGSE 1.86+£0.01 2.0
A=694msoc=2ms g< 7.8 Tm™! 1.85+£0.01 2.0
1.84+£001 18
1.86£0.01 18
1.84+£001 18
1.86£0.02 1.1
1.89£0.03 1.1
1.86£0.02 1.1
1.86+£0.02 1.1
1.85+£0.02 1.1
1.86£0.01 28
1.87+£001 24
1.84+£001 20
1.85+£0.01 2.7
1.83+£0.01 27

A =6ms 5=1msg§2.0Tm’1

PGSEcc
A=347ms d=1ms g<1.0Tm!

Modified-Cos OGSE
A=6ms 22 +3t=3ms g< 8.8 Tm™!

Modified-Cos OGSE
A=694ms 2. +31=3ms g<88Tm!

The five values in each cell refer to different protons in the following
order: a, b, OH, ¢, d (see Fig. 3).

% Proton a. The Stejskal-Tanner plots from this measurement were
oscillatory; the initial slope was used for the determination of the
diffusion coefficient.

The values of the measured diffusion coefficient of
propofol at 4 = 5-12 ms were significantly higher than
those from the pure-phase OGSE or the benchmark
PGSEcc measurements. This cannot be explained by
convection effects, because the D values obtained at
the short diffusion times (4 =5-12ms) consistently
exceeded those obtained at 4 = 34.7 or 69.4 ms, where
convection could be expected to have a greater effect.
The problem was not limited to OGSE experiments:
PGSEcc measurement at 4 = 5 ms also yielded slightly
exaggerated D values. The second column of Table 2
shows that the overestimation of D in each measurement
relative to the benchmark value correlated with the val-
ue of cos(m Jt,). All of the pure-phase measurements
(whether in-phase or antiphase) reproduced the bench-
mark D of propofol well, but none of the mixed-phase
measurements did so. The bias of the measured D in
mixed-phase measurements was unexpected. In terms
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Table 6
Diffusion coefficients of propofol in CD,Cl, (sample 2) at
37.4 £ 0.5 °C measured by different "H NMR methods

Measurement Dx10° Change relative Linear
(m*s™h to Table 5 (%)  range
PGSEcc 1.86+0.01 +3.4 22
A=6ms 06 =1ms 1.88 +0.01 2.2
g<20Tm! 1.85+0.01 23
1.83 +0.01 2.2
1.84 4 0.01 2.2
PGSEcc 1.99+£0.01 +4.2 2.4
A=347ms d=1ms 1.98 +0.01 23
g<1.0Tm™! 1.95 +0.01 22
1.97 +0.01 2.4
1.99 4+ 0.01 3.9
OGSE 1.874+0.01 +3.3 2.0
A=6ms ¢ =2ms 1.88 +0.01 2.1
g<78Tm! 1.85+0.01 2.0
1.84 4 0.01 1.7
1.87 +0.01 2.0
OGSE 1.914+0.01 +2.7 2.1
A=69.4ms ¢ =2ms 1.91 +0.01 2.0
g<78Tm™! 1.89 4 0.01 2.0
1.90 4+ 0.01 2.1
1.91 4+ 0.01 2.1
Modified-Cos OGSE 1.934+0.02 +5.4 29
A=6ms 24+ 3t=3ms 2.05 4 0.02 3.0
g<88Tm! 1.92 +0.02 2.8
1.99 4+ 0.02 3.0
1.92 +0.02 2.8
Modified-Cos OGSE 1.934+0.01 +3.8 2.7
A=694ms24+3t=3ms 1.92+0.01 23
g<88Tm! 1.92 +0.01 23
1.93 +0.01 23
1.92 4+ 0.01 2.9

of Egs. (3) and (4), mixed-phase acquisition should not
affect the measured diffusion coefficient, because the
coherence order of both /_and IS, is —1. A likely
explanation is apparent from Table 1, which shows
representative linewidths of the aromatic multiplets of
propofol in different experiments. The lines in the
mixed-phase spectra (f; = 16-24 ms) were significantly
broadened compared to the lineshapes observed in
non-echo spectra (¢, = 0); representative examples can
be seen in Fig. 3. The broadening was either much small-
er or absent in the pure-phase spectra. This is consistent
with a previous observation that mixed-phase DQDiff
acquisition can result in apparent baseline distortions
of scalar-coupled multiplets [15]. These lineshape and
baseline distortions have an adverse effect on the inte-
gration of spectral peaks and consequently on the esti-
mates of the diffusion coefficients. Pure-phase
acquisition, both in double-echo PGSE and single-echo
OGSE measurements, eliminates these disadvantages.
Sample 2 was a simple solution of the hydrophobic
propofol in a low-polarity solvent (CD,Cl,). Dichloro-
methane has a significantly lower viscosity than D,O:
for the protonated CH,Cl,, the value is 0.4 cP at 35 °C
[23]; the boiling temperature of CH,Cl, is 39.75°C

[24]. Therefore, we expect that thermal convection
would have been more significant in sample 2 than in
sample 1; this is supported by the severely exaggerated
value of D measured from non-convection compensated
PGSE at 4 = 6 ms (Table 5).

Unlike in sample 1, the hydroxyl proton of propofol
did not appear to be subject to chemical exchange in
CD,Cl,: its NMR line was narrow, and there was no
statistically significant difference between the D values
obtained from the hydroxyl peak and the peaks of car-
bon-bound protons. The hydroxyl proton did not expe-
rience any three-bond scalar couplings, and no smaller
couplings were apparent at the 0.5 Hz digital resolution.
Therefore, although no benchmark D value was avail-
able for sample 2, the hydroxyl peak enabled the elimi-
nation of scalar-coupling effects from the analysis of the
propofol diffusion coefficient. At the same time, the dif-
fusion coefficients measured from the other protons
(aromatic, isopropyl, and methyl) were statistically
indistinguishable from those obtained from the hydroxyl
peak. The only significant exception from this appears
to be the value determined from the aromatic triplet in
the modified-cosine OGSE measurement with
A=6ms, 2A+ 3t =3 ms at 37.4°C (Table 6, second
line in the respective cell). This value was approximately
6% higher than those measured from other peaks under
the same conditions; the aromatic triplet in the respec-
tive diffusion spectra showed slight broadening near
the base (see Table 4). Overall, however, mixed-phase
lineshape distortions were much smaller here than in
sample 1, and it appears that scalar couplings had al-
most no effect on the measured diffusion coefficients.
Such differential effect between the two samples could
be due to the presence of two populations of propofol
in sample 1 or the relatively large viscosity of that
sample.

Despite the apparent absence of the effects of mixed-
phase acquisition, the diffusion coefficient values in sam-
ple 2 measured by different methods differed by up to 7%
at each temperature studied: e.g., at 35.8 °C the range
was between (1.79 +0.02) x 10~ m? s~ (PGSEcc, 4 =
6ms) and (1.90 +0.03)x 10" m?*s~' (PGSEcc, 4=
34.7 ms). For PGSEcc and sinusoidal-OGSE measure-
ments, there was a loose positive correlation between
t; and the measured D: e.g., in OGSE measurements at
35.8°C D=(1.80+0.03)x10"m?s™ ! at 4=6 ms
and (1.85+0.02) x 10" m?s~! at 4 = 34.7 ms. The re-
sults of the measurements performed at 37.4 °C formed
a similar pattern. This correlation between the measured
D and ¢, was consistent with possible residual convec-
tion effects present in the long-4 measurements. The
modified-cosine OGSE measurements yielded D values
which showed no significant dependence on f: e.g.,
(186 +0.03)x 10" m?s™! at A=6ms and (1.85+
0.03)x 107 m?s~! at 4 = 34.7 ms. This was consistent
with the fact that in the modified-cosine OGSE
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experiment convection was compensated on a shorter
time scale (o) than either in PGSEcc or sinusoidal-
OGSE measurements (4). Nevertheless, a claim that
the D variations seen in Tables 5 and 6 are due entirely
to residual convection effects appears premature, and a
more detailed study of the convection-compensating
capacity of OGSE is needed. The use of mechanically
driven flow (i.e., with a peristaltic pump) could be
advantageous in such a study. Unlike thermally driven
convection, mechanically driven flow would enable a
high degree of control over the average flow speed; its
use would also enable the measurement of unbiased dif-
fusion coefficient at the same temperature at which the
flow effects are studied.

OGSE diffusion measurements appear to be well suit-
ed for studying systems where the determination of the
time-dependent apparent diffusion coefficient needs to
be combined with pure-phase acquisition. Because of
the total transverse evolution time of 1/J, the technique
should be useful primarily for small- to medium-sized
molecules. Transmembrane transport of small, homonu-
clear scalar-coupled molecules in cellular suspensions
appears to provide a useful prospective application of
the technique.

5. Conclusions

In this work, we used double-echo PGSE and single-
echo OGSE experiments to measure the diffusion coeffi-
cient of propofol in two test systems. The first test
system was a micellar aqueous solution with a heteroge-
neous distribution of propofol between the micelles and
the bulk aqueous phase, with very rapid chemical ex-
change between the two populations. The second system
was a simple solution of propofol in an organic solvent
of relatively low polarity and low viscosity. Both sys-
tems were studied in the presence of thermal convection.
Single-echo OGSE provided adequate convection com-
pensation. Pure-phase acquisition of diffusion spectra,
achieved by setting the OGSE echo time to 1/2J, yielded
undistorted spectral lineshapes of propofol peaks and
increased the reliability of the diffusion coefficient esti-
mates. This advantage was particularly profound in
the micellar solution; this could be attributed either to
the heterogeneous distribution of propofol or the rela-
tively slow rotational reorientation in this sample.
Pure-phase OGSE acquisition is compatible with diffu-
sion-time specific measurements of the apparent diffu-
sion coefficient—a feature which is unavailable in
PGSE or PGSTE experiments. Prospective applications
of pure-phase OGSE experiments include diffusion of
small-molecule probes in cellular suspensions, where
the observed diffusion coefficient is time-dependent due
to chemical exchange between extra- and intra-cellular
compartments.
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