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Original Research

Erythrocyte-Shape Evolution Recorded with Fast-
Measurement NMR Diffusion–Diffraction

Guilhem Pages, PhD, David Szekely, BS, and Philip W. Kuchel, PhD*

Purpose: To monitor red blood cell (RBC) shape evolution
by 1H2O diffusion–diffraction NMR in time steps compara-
ble to those required for the acquisition of a 31P NMR
spectrum; thus, to correlate RBC mean diameter with ATP
concentration after poisoning with NaF.

Materials and Methods: Pulsed-field gradient-stimulated
echo (PFGSTE) diffusion experiments were recorded on
1H2O in RBC suspensions. Under conditions of restricted
diffusion, q-space experiments report on mean RBC diam-
eter. To decrease experiment time, the phase cycling of
radiofrequency (RF) pulses was cut to two transients by
using unbalanced pairs of gradient pulses. Data processing
used a recent digital filter. Differential interference contrast
(DIC) light microscopy also recorded shape changes. 31P
NMR spectroscopy gave estimates of mean ATP concentra-
tion.

Results: NaF caused RBC-shape evolution from discocytes,
through various forms of echinocytes, to spherocytes, over
�6 h and �10 h at 37°C and 25°C, respectively. ATP de-
clined to �0.5 its normal concentration before the first
stage of discocyte transformation; the concentration was
0.0 after �1.5 h and 3.0 h, respectively, at the two temper-
atures.

Conclusion: RBC shape was readily monitored by NMR
with a temporal resolution that was useful for correlations
with both DIC microscopy and 31P NMR spectra.

Key Words: q-space imaging; pulsed-field gradient-stimu-
lated echo NMR; red blood cell shape; apoptosis
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THERE IS CONSIDERABLE CURRENT INTEREST in
the relationship between the shape of a cell and its
underlying metabolic state (1). The internally pro-
grammed and regulated transformation of cell shape in

apoptosis is well known, but a means of quantifying the
average-cell geometry in milliliter-size samples with
time has been elusive. A phenomenon that is biochem-
ically related to apoptosis, that occurs in the absence of
the usual nuclear and mitochondrial influences (be-
cause this cell does not have these organelles), is the
sequential shape transformation that occurs in the hu-
man erythrocyte (red blood cell; RBC) under experimen-
tally well-defined conditions (2,3).

Normal human RBCs have a characteristic biconcave
disc shape, like a flattened cylinder that is depressed in
the center with a dumbbell-shaped cross section. The
normal cell can evolve either to a spherocyte (spheres)
via different echinocytic forms (spherical shapes with
rounded then spiky protrusions) or to stomatocytes of
swollen cup-shaped cells. Bessis (4) classified these
different cells according to their shape and number of
protrusions. Shape change in RBCs can be either im-
posed from outside by hydrodynamic and related ef-
fects in the vascular system, or on a longer time scale
(minutes) in response to metabolic changes and the
chemical environment (5,6); for example, addition of
sodium fluoride to RBCs inhibits enolase in the glyco-
lytic pathway, thus decreasing the supply of ATP (7).
This decline appears to be related to the change in
shape from a discocyte, to various forms of echinocyte,
and finally to a spherocyte.

Pulsed-field gradient-stimulated echo (PFGSTE) NMR
experiments are able to estimate RBC dimensions and
intercellular separation from the “diffusion–diffraction”
pattern of water (8). This is achieved from the data
representing the NMR signal decay vs. the “spatial
wave-number vector” q � (2�)�1 � � g, where � is the
magnetogyric ratio of the nuclei, � is the duration of the
magnetic field gradient pulses used in the experiment,
and g is the magnetic field gradient vector of magnitude
g. Such a “q-space plot” (9) displays a minimum, then a
maximum, and then subsequent minima and maxima
(10–12). A direct mathematical relationship exists be-
tween the position of these minima and the average
mean diameter of the cells. It has already been shown
that the PFGSTE NMR experiment is able to probe RBC
shape (12) and, especially, to distinguish discocytes
and spherocytes from their respective characteristic q-
space plots; to characterize CNS structure (13–16) and
to study their pathologies (17–19).
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From a q-space plot, it is also possible to estimate the
average propagator (20) (the probability distribution of
displacement) by applying a Fourier transform to the
data (21). The postprocessing applied to the data (21)
consists of applying a Blackman Harris window func-
tion to the PFGSTE data, thus enhancing the relative
weight of coherence features in the center of the plot.
Then, the second derivative of this modified signal is
taken prior to Fourier transformation; the latter proce-
dure is a high-pass filter because the output function
becomes multiplied by the dependent variable raised to
the second power. The automation of data processing
avoids manual measurements and subjective bias in
identifying critical values (minima, maxima and pla-
teaux) in the q-space plots.

One of the major drawbacks of the PFGSTE NMR
q-space experiment is its overall execution time. Due to
the requirement to phase cycle the radiofrequency (RF)
pulses it is necessary to record at least 16 transients
per magnetic field gradient value. Therefore, the acqui-
sition time for a typical q-space data set has been �1 h
(12). A few methods have been developed to decrease
the experiment time (22) to record a diffusion experi-
ment under “fast” conditions. In this context, we
adapted the pulse sequence described by Pelta et al.
(23) to the special conditions dictated by RBC suspen-
sions with extreme restriction of 1H2O diffusion. The
pulse sequence is a bipolar PFGSTE one (24), with each
pair of gradient pulses unbalanced by a relative inten-
sity factor, �. This strategy suppresses unwanted mag-
netization–coherence pathways, and allows a spectrum
to be based on only one transient per gradient strength,
saving time by a factor of 16.

Our aim was to implement and evaluate a diffusion-
measurement method to record q-space data over the
minute time scale to probe mean RBC diameter at a rate
comparable to that achievable with 31P NMR spectra
that report on metabolism. We also quantified the ki-
netics of RBC shape evolution with differential interfer-
ence contrast (DIC) light microscopy and related them,
and the q-space data, to the metabolic state of the cells.

MATERIALS AND METHODS

RBC Preparation

Human RBCs were obtained by venipuncture from the
cubital-fossa of a healthy donor (G.P.). The cells were
centrifugally washed three times (10 min, 3000 � g,
5°C) in a solution of isotonic saline consisting of 154
mM NaCl, 10 mM glucose, 283 mOsmol kg�1, or with
154 mM NaF replacing the NaCl, to observe discocytes
or spherocytes, respectively. The buffy coat was re-
moved by vacuum pump aspiration. To transform the
hemoglobin into a stable low-spin diamagnetic state,
the cells were bubbled with CO for 15 min prior to the
final washing step. For discocytes, this final wash was
performed after the addition of 0.5% w/v of bovine se-
rum albumin (BSA) (pH 7.4) to the isotonic saline solu-
tion. In all cases the packing density (hematocrit) of
RBCs was adjusted to 0.70. For the experiments involv-
ing NaF the final concentration inside the sample was
20 mM.

Diffusion–Diffraction NMR Experiments

The RBCs were added to an 8-mm external diameter flat-
bottomed glass NMR tube (Wilmad, Buena, NJ, USA). A
Teflon vortex plug was inserted into the tube and posi-
tioned to give a sample height of 1 cm, corresponding to
the length over which the field gradients were linear. The
flat-bottomed tube was inserted into a 10-mm outer di-
ameter NMR tube (Wilmad). Carbon tetrachloride was
added inside the 10-mm NMR tube; this has a magnetic
susceptibility close to those of the RBC suspension and
glass, thus avoiding large magnetic susceptibility discon-
tinuities that give rise to magnetic field inhomogeneities
at the boundaries in the sample.

The NMR experiments were carried out on a Bruker
(Karlsruhe, Germany) DRX 400 NMR spectrometer oper-
ating at 400.13 MHz for 1H detection. The magnet was
from Oxford Instruments (Oxford, UK), wide-bore 9.4 T;
the spectrometer was equipped for diffusion measure-
ments with a Bruker power supply and probe that deliv-
ered magnetic field gradient pulses up to 9.8 T m�1 in the
direction of B0. The probe temperature was set to 25°C or
37°C, and the duration of an RF �/2 pulse was �22 	sec.

PFGSTE and fast (23) NMR diffusion experiments
were recorded with 16 and 2 transients, respectively,
per gradient strength. In all cases, 64 steps of field
gradient were used and the diffusion time 
 was 20
msec. To obtain the same maximum q value for both
experiments, � was set to 2.0 msec and 3.0 msec, and
the maximum gradient strength was set to 8.4 T m�1

and 8.1 T m�1 for PFGSTE and fast NMR diffusion
experiments, respectively, with a constant � factor fixed
to 0.3. The signal-to-noise ratio was greater than 600:1
for the first spectrum in the q-space series, at both
temperatures. The fast NMR diffusion pulse sequence is
given in Figure 1.

The NMR data consisted of 2K complex points over a
spectral width of 4.1 kHz. A 5-Hz exponential line-
broadening factor was applied to the data prior to Fou-
rier transformation, and no zero filling was used. q-
Space plots were processed according to Kuchel et al.
(21) using a program written in Mathematica.

Figure 1. Fast measurement of diffusion, pulse sequence as
described by Pelta et al. (23). Notation: RF denotes the radio-
frequency time train; Gz the magnetic field gradient pulse time
train; � is the gradient-pulse duration; g is the gradient am-
plitude; 
 is the diffusion time (time between the midpoints of
the two diffusion-encoding periods); � is the time between the
midpoints of the antiphase field gradients within a given dif-
fusion-encoding period; and � is the “unbalancing” factor of
the gradient pulses that obviates the use of EXORCYCLE
phase cycling.
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31P NMR Experiments

A 10-mm broadband probe, with the inner coil tuned to
the frequency of 31P, and the outer coil to the frequency
of 1H, was used. Triethyl phosphate (TEP) of a known
concentration was added to all samples as a 31P chem-
ical-shift (0.44 ppm) and intensity reference (4 mM)
(25). Spectra were acquired with rapid RF pulsing and
continuous broadband proton decoupling (WALTZ-16)
(26). The acquisition time was 0.34 sec and the spectral
width was fixed at 6000 Hz; the relaxation delay was 1
sec. The number of transients per spectrum was 630 to
have an experiment time of 15 min; the signal-to-noise
ratio of the ATP-�P peak at the beginning of the exper-
iments was 10 and 14, at 25°C and 37°C, respectively.
The variable temperature unit was set to 23°C and 35°C
to give sample temperatures of 25°C and 37°C, respec-
tively, due to the heating associated with broadband
decoupling. Free induction decays were zero-filled with
8192 data points and 6 Hz exponential multiplication
was applied before Fourier transforming the data.

Microscope Experiments

Circular glass coverslips (42 � 0.17 mm) were treated
with 2 mM poly-L-lysine (Sigma, St. Louis, MO, USA)
the excess of which was subsequently washed off; the
coverslips were then dried and treated with 0.5% w/v
BSA saline. Aliquots of 40 	L RBCs suspended in 0.5%
w/v BSA saline, or treated with NaF (20 mM) (hemato-
crit �0.005) were transferred into an 8-mm diameter
well in a 0.3-mm thickness copper spacer, coated with
high-vacuum grease, and sandwiched between two cov-
erslips. The sample in the excess volume sealed the
chamber. The cover slips were fixed into a PeCon per-
fusion chamber and temperature controlled using a
PeCon Tempcontrol 37-2 digital unit. The DIC images
(Fig. 3) were recorded digitally at 25°C and 37°C with a
100� oil immersion objective on a Zeiss Axiovert 200M
microscope with a monochrome HSm digital camera

(Zeiss, Jena, Germany). The images and movies were
exported using Stallion (3i; Intelligent Imaging Innova-
tions Inc, Denver, CO, USA) software and the classifi-
cation of the RBCs types was done “by eye.”

RESULTS

Fast Diffusion-Measurement NMR Setup

Fast diffusion-measurement pulse sequences have been
developed to estimate the diffusion coefficient of solutes
and solvents in liquids. In their work, Pelta et al. (23) used
a diffusion probe that delivered z-gradients of strengths
up to 0.3 T m�1. Our first challenge was to implement this
pulse sequence to use gradients 30 times higher, because
signal attenuation is much less when water is restricted
in its motion in RBC suspensions. The unbalanced pulse
pairs are used to suppress unwanted signals in the x�,y�-
plane. However, if the absolute difference between the two
last gradient pulses is insufficient, residual signal sur-
vives, increasing the apparent amplitude. To obviate this
problem, we used a high value of �, equal to 0.3. Running
experiments with only one transient per gradient strength
did not give useable results; the q-space plots varied ran-
domly and the diffraction minima were not evident. There-
fore, we doubled the number of transients per gradient
strength and cycled the phase of the third 90° RF pulse by
180°. This gave clearly delineated diffraction minima in
q-space plots (Fig. 2). The second transient, phased by
180°, brought about removal of residual unwanted sig-
nals that could have been due to imperfect RF pulse-
length calibration. The diffusion–diffraction pattern ob-
tained by using the fast-measurement pulse sequence
was compared with one obtained by using a classical
PFGSTE pulse sequence (Fig. 2a). Both experiments
showed two clear diffraction minima that would be char-
acteristic of restricted diffusion of water inside RBCs.
However, there was a slight difference in the position of
the minima in each case. From conventional PFGSTE

Figure 2. Characteristic q-space plots from RBC samples. (a) Comparison of both classical (Œ) and fast-diffusion (�) PFGSTE
pulse sequences, and (b) influence of RBC shape as recorded by fast-diffusion pulse sequence that were predominantly
discocytes (�) and spherocytes (Œ). The insets show the displacement distributions for both graphs after applying the processing
described by Kuchel et al. (21). The gray line is the weighted distribution for discocytes recorded by fast-measurement PFGSTE
in (a) and (b), whereas the black line corresponds to (a) classical PFGSTE experiment and (b) spherocyte shape cells. Curves were
scaled to give 1.0 for the amplitude of the highest peak.
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experiments, the minima were at qmin1 � 1.9 � 105 m�1

and qmin2 � 3.7 � 105 m�1, whereas for the fast-measure-
ment methods, these minima were at qmin1 � 2.0 � 105

m�1 and qmin2 � 4.2 � 105 m�1. These values are related
in a simple way to the mean diameter of the cells (8,12)
and correspond to an apparent diameter of 6.4 	m and
6.9 	m, and 6.1 	m and 5.8 	m, respectively, for classical
and fast-measurement experiments. The water restriction
effect occurs for low residual water signal, that is, around
0.2% and 0.02% for the first and second minimum, re-
spectively. From these observations, we do not think the
difference in the minimum q-values between the conven-
tional and the fast-measurement PFGSTE pulse se-
quences could be attributed to any time-reduction issue.
The inset in Figure 2 shows the characteristic distribution
of mean-displacements (propagator) after applying: (1) a
Blackman-Harris filter, (2) then a second derivative cal-
culation, and (3) finally a Fourier transform. Discocyte
RBCs had a maximum displacement value of 5.6 	m for
both experiments; this corresponds to their inner diame-
ter (27).

Fast NMR diffusion–diffraction experiments were run
with the RBCs either all in the discocyte or the spherocyte
shape, to investigate the ultimate capability of the pulse
sequence to detect these extremes of shape; Figure 2b
shows a characteristic q-space plot for both RBC shapes.
Analysis of a q-space plot from spherocytes yielded one
diffuse minimum and elevation of the curve at large val-
ues of q with a maximum at �2.0 � 105 m�1. The data
were interpreted to indicate an apparent diameter of 5.0
	m. The characteristic mean-displacement distribution
(inset in Fig. 2b) of spherocytes had a lower maximum
displacement than discocytes at 2.8 	m. Although the
discocyte diameter estimated from both the q-space ex-
periment itself, and after postprocessing the data, were in
very good agreement, there was expected to be a large
variance in spherocyte shape as was born out by the light
microscopy (see below). This important difference can be
explained by the fact that a q-space plot is a weighted
superposition of that from water inside, and that outside
the RBCs, further complicated by rapid transmembrane
exchange of water.

Figure 3. Microscope-recorded time course of RBC shape evolution after NaF (20 mM) addition at 25°C and 37°C. The numbers
below each image indicate the number of each cell type in its corresponding panel in the form: number of Type 1, Type 2, Type
3, Type 4, and Type 5. The images at the bottom denote typical cell shapes for each Type. Initially, the shape of the RBCs was
principally discocytes while at the end of the time course the RBCs were mostly spherocytes (Types 4 and 5).
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The new pulse sequence saved experiment time by a
factor of eight. A q-space experiment required only 5 min
for 64 points allowing the investigation of the kinetics of
the system that evolved significantly on a timescale of
�10 min. Upon applying this method to RBC samples, it
appeared that the estimate of the mean diameter was less
after the signal processing, but the method had the merit
of allowing a very clear distinction between both extremes
of RBC shape. Therefore, the method was deemed to be
satisfactory for studying shape evolution that was in-
voked by inhibiting glycolysis with NaF solution (21) (final
concentration of NaF, 20 mM).

Light Microscopy and Fast-Recording NMR
Diffusion–Diffraction

Shape evolution after the addition of NaF was moni-
tored by both the fast-measurement pulse sequence
and DIC light microscopy. The NMR q-space data were
then processed to obtain displacement probabilities.
The series of �120 and �65 NMR q-space plots re-
corded at 25°C and 37°C, respectively, and their asso-
ciated displacement profiles were compiled as a movie
stream (Supporting Video 1 and Supporting Video 2,
respectively) that runs at �5400 times the normal rate
and thus facilitates the identification of all changes that
occur (subpanels a and b indicate recordings at 25°C
and 37°C, respectively). Figure 3 shows images and
morphometric analyses of RBC shapes obtained by us-
ing DIC light microscopy. Time-lapse movies of images
from these experiments are given in Supporting Video 3
(a and b were recorded at 25°C and 37°C, respectively).
At any particular time the images clearly showed the
presence of differently shaped RBCs from discocytes,
and various forms of echinocytes and spherocytes. We
used a classification scheme based on that of Bessis (4),
scoring five different shapes: Type 1, smooth discocyte;
Type 2, a form of early echinocyte that is a discocyte
with “bumps” on an undulating membrane; Type 3, an
echinocyte that is spheroidal with rounded membra-
nous spikes; Type 4, echinocytes that are spherical with
sharp membranous spikes; and Type 5, spheres with
only very minor membranous protrusions, if any at all.
Figure 3 shows, that whereas upon addition of NaF,
after only 45 min, Type 2 cells were seen at 37°C. Ap-
proximately double this time was required to see signif-
icant numbers of Type 2 cells at 25°C. At 37°C, the time
course of shape change was virtually complete after
�3.5 h, whereas it took �5 h at 25°C.

Fast-recording NMR diffusion–diffraction experi-
ments measure cell mean diameter from inside the
cells. To compare both methods, we estimated this
mean diameter in the microscope images, as well as
scoring the cells among the five different types. The
weighted mean diameter of the RBCs was found by
summing the product of the number of cells of each
type by the mean diameter of each type (see key in Fig.
3), and dividing this sum by the total number of cells.
For the fast-recording diffusion–diffraction experi-
ments we estimated the displacement probability val-
ues from data in the domain 1.4 to 7.0 	m, and rescaled
the plots to give a maximum amplitude of 1.0 to the
highest peak. Because the NMR processing systemati-

cally underestimates the diameter of spherocytes we
rescaled the corresponding data. The mean diameter
measured by the microscope was used as a reference
for both discocytes and spherocytes and the NMR esti-
mates were corrected to enable calculation of a revised
NMR mean displacement scale. Thus, the mean diam-
eter inside the RBCs in the NMR sample was estimated
by applying the weighting formula noted above for the
microscope images. Figure 4 shows the estimates of
mean diameter over time for RBC suspensions at 25°C
and 37°C.

In the fast-recording NMR q-space experiments, esti-
mates of mean diameters decreased faster than for the
parallel microscope experiments. Estimates of mean
diameters were in good agreement at the beginning and
at the end of the experiment for both temperatures. The
difference at the end of the experiment was of the order
of 0.25 	m, that is, less than 5% of the mean value. The
difference in the middle of the time course was the
greatest with a disparity of �10% of the calculated
mean diameter (�0.6 	m). The scaling factors applied
to the diameters estimated from the NMR datasets were
very close to 1 (1.07 for both temperatures).

We estimated the fraction (%) of discocytes at each
time by q-space analysis. Cell mean diameter increased
slightly from discocyte to echinocyte type 2 (6.6 to 6.9
	m, respectively) and then decreased along all different

Figure 4. Evolution of the mean diameter of RBCs after poi-
soning with NaF (final concentration 20 mM) from microscope
data (F and E), scored a second time after severals days break,
and from fast NMR diffusion–diffraction experiments (�). The
data in (a) were recorded at 25°C, and for (b) at 37°C. The lines
are to guide the eye. The mean diameters estimated from the
microscope experiments were calculated by taking the sum of
the number of cells of each type, multiplied by their inner
mean diameter and then dividing the sum by the number of
scored cells (thus giving a weighted mean). The fast NMR
diffusion–diffraction experiments were processed from the dis-
tribution of mean displacements in the domain 1.4 to 7.0 	m
(equivalent to peak areas). Because the mean displacement
was underestimated, these values were rescaled prior to com-
parison with the microscope data; the scaling factor was ap-
plied to NMR data to specify the same mean diameter at the
beginning of both types of experiment. This minor scaling was
the same for both temperatures and was 1.07.
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echinocyte types to reach the lowest value for sphero-
cytes (4.6 	m). Discocyte percentage was estimated
from the 1H2O diffusion–displacement probability of
these cells, related to the sum of all displacement prob-
abilities from spherocyte to discocyte mean diameters.
Figure 5 compares the percentage of discocytes for q-
space and microscope experiments. A difference was
observed for data acquired at the beginning of the ex-
periment and then curve overlap for both techniques
was good.

31P NMR and Fast-Recording NMR
Diffusion–Diffraction

Stacked plots of 31P NMR spectra recorded at the indi-
cated times and obtained for both 25°C and 37°C are
shown in Figure 6a–b. To obtain the ATP concentration,
the integral of the ATP-�P peak, and an internal chem-
ical shift and peak-intensity reference (TEP) were used.
Time courses correlating ATP concentration and disco-
cyte fraction (calculated as noted above) are given in the
insets of Figure 6a–b. Figure 6c shows the correlation
between the mean internal diameter of the RBCs in the
sample and the ATP concentration.

The insets of Figure 6a–b show that the ATP concen-
tration decreased immediately after adding NaF to the
sample, whereas the fraction of the RBC population
that was discocytes was initially unchanged and con-
stant. The almost immediate decline of the ATP peaks is
explained by the fluoride ion rapidly entering the cells
and inhibiting enolase thus preventing ATP regenera-
tion (12). Cell shape evolution was delayed to �80 min
at 25°C and �40 min at 37°C, and it occurred when the
ATP concentration inside the cells was low (�0.5 mM).
When the ATP concentration was 0.0 mM, �40% of the
cells were still discocytes, and this percentage declined
further over time. Figure 6c exhibits these effects show-
ing a constant mean diameter until a low intracellular
ATP concentration (�0.2 mM), and then a decrease of
cell mean diameter for lower ATP concentrations.

DISCUSSION

We demonstrated that the rapidly recorded NMR q-
space experiment is capable of probing the evolution of
RBC shapes from discocytes to spherocytes, with a re-

cycle time (temporal resolution) of only a few minutes.
Exploiting data from q-space plots gave estimates of
mean diameters of RBCs that were in good agreement
with those measured running a classical diffusion
pulse sequence. Using Blackman-Harris second-deriv-
ative data processing, spherocyte mean diameters were
slightly underestimated; but the method has the ad-
vantage of being easily automated (we wrote our pro-
gram in Mathematica). An explanation for this effect
may be that the actual diameter available to diffusing
water inside the RBC is less than expected because of
the thickness of the cytoskeleton and possible organi-
zation of hemoglobin on it, and/or if there was mis-
alignment of the cells with the static magnetic field (28).
Indeed, to obtain the characteristic q-space plot from a
sample of discocytes the cells must be almost com-
pletely aligned in the direction of the static magnetic
field of the spectrometer, B0 (8). This situation pertains
at the beginning of the experiments but for other cell
shapes (especially Types 3 and 4), the cells have no axis
of symmetry and are not systematically aligned with B0,
thus decreasing the apparent mean diameter of the
RBC population. Due to their symmetry, spherical cells
are not affected by this phenomenon.

The 31P NMR spectra enabled ready noninvasive es-
timation of ATP concentrations in RBCs. Furthermore,
because the ATP-�P and ADP-P resonances were well
resolved the concentration estimate could be reliably
based on this peak alone, it has greater signal to noise
than the ATP-P peak that is usually used with other
tissues. The ATP-P peak usually is chosen because it
has the advantage that it is exclusively due to ATP, but
it suffers from much poorer signal to noise because of
homonuclear scalar-coupling making it a triplet,
whereas the ATP-�P peak is a more prominent doublet.
Previous studies using standard biochemical and he-
matological laboratory methods established the likely
dependence of RBC shape on cytoplasmic ATP concen-
tration (2,3). The present results are in accordance with
this earlier work (2,3), although there was a long lag
before the shape changes occurred. The ATP concentra-
tion was temperature dependent as were the shape
changes; but as just noted, the transition from disco-
cyte to echinocyte appeared to correlate with ATP con-
centration only when it was less than half the normal
value.

A comparison of the data obtained from the micro-
scope and q-space plots (Fig. 4) reveals a difference
between the estimates of cell diameter that is largest
when the cells are a complex mixture of different forms
of echinocytes. For almost pure discocytes at zero time,
and spheres after many hours, the comparison is bet-
ter. We ascribe this effect to an incomplete understand-
ing of the distortion of the cytoskeleton in echinocytes
and how this restricts the diffusion of water inside
them, and in also how this shape variation renders an
estimate of the diameter less certain than with the
“smoother” forms of the cells. Another factor is likely to
be the difference in experimental conditions used with
the methods, especially the dilute hematocrit and less
stringent thermal control in microscopy.

In conclusion, RBC shape evolution can readily be
measured by an NMR method with a time-resolution of

Figure 5. Evolution of the discocyte percentage as measured
by fast measurement of diffusion NMR (�) and by the micro-
scope (F) at 25°C.

1414 Pages et al.



minutes and processed to obtain an estimate of the
mean diameter by an automatic program that is an
elegant adjunct/alternative to the laborious scoring
processes used for microscope data. Microscope exper-
iments often use dilute cell suspensions for which tem-
perature control on the mechanical stage is difficult,
and concurrent or subsequent biochemical analysis of

the small samples is precluded. The new approach can
be used to investigate RBC shape modifications that
occur with various xenobiotic compounds, and to
achieve better understanding of the active mechanisms
at work in maintaining RBC shape in various diseases
(e.g., sickle cell anaemia, malaria, and hereditary
sphero- and elliptocytosis). Other applications, based

Figure 6. 31P NMR stacked plots obtained af-
ter inhibiting glycolysis in a sample of RBCs
with NaF (final concentration 20 mM). The time
course graph illustrates both ATP-�P concen-
tration decreasing (}) from 31P NMR and the
discocyte RBC percentage (■) evolution from
fast NMR diffusion–diffraction experiments.
The fraction of the cells that were discocytes
was calculated by assuming that all RBCs had
a mean diameter, after data processing, that
corresponded either to a discocyte or a sphero-
cyte. (a) Experiments were recorded at 25°C;
and, (b) were recorded at 37°C. The evolution of
cell mean diameter as measured by NMR is
correlated with the intracellular ATP concen-
tration in (c) at 25°C (�) and 37°C (}). The lines
in the insets are to guide the eye.
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on analyzing restricted diffusion of probe molecules in
parallel with other biochemical and biophysical mea-
surements made with NMR, exist in the biological and
chemical arenas.
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52–68.

23. Pelta MD, Morris GA, Stchedroff MJ, Hammond SJ. A one-shot
sequence for high-resolution diffusion-ordered spectroscopy. Magn
Reson Chem 2002;40:S147–S152.

24. Wu DH, Chen AD, Johnson CS. An improved diffusion-ordered
spectroscopy experiment incorporating bipolar-gradient pulses. J
Magn Reson A 1995;115:260–264.

25. Kirk K, Raftos JE, Kuchel PW. Triethyl phosphate as an internal 31P
NMR reference in biological samples. J Magn Reson 1986;70:484–
487.

26. Shaka AJ, Keeler J, Freeman R. Evaluation of a new broadband
decoupling sequence: WALTZ-16. J Magn Reson 1983;53:313–340.

27. Kuchel PW, Pages G. NMR diffusion diffraction and diffusion inter-
ference from cells. In: Brandani S, Chmelik C, Kärger J, Volpe R,
editors. Diffusion fundamentals II. Leipzig: Leipziger Universitäts-
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