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Diffusion-Weighted Imaging of Bacteria Colonies in the STRAFI Plane
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Imaging colonies of bacteria in water suspension using NMR
requires that the water inside the bacteria can be differentiated
from the surrounding water. This is commonly carried out by
using diffusion-weighted pulsed field gradient techniques. How-
ever, it is also possible to use the diffusion sensitivity inherent in
stray field imaging (STRAFI). In STRAFI, the subject to be im-
aged is normally moved along the axis of a superconducting
magnet so that it passes through the sensitive slice. However, by
moving the sample in the transverse direction and by using a long
opper strip in place of a surface induction coil, a diffusion-
eighted one-dimensional projection profile can be obtained
cross the sensitive slice. Profiles from a water phantom and from

bacteria suspension show convincing discrimination between
ntracellular and extracellular water. © 2000 Academic Press

Key Words: NMR; STRAFI; diffusion-weighted imaging; bacte-
ria; surface probe.

INTRODUCTION

Water treatment plants routinely remove toxins from
water by passing it through a granular activated carbon fi
The toxins are adsorbed onto the surface of the carbon. C
strains of bacteria,biofilms, are able to live on the carb
surface and metabolize the toxins thus extending the usef
of the filter. Paramagnetic centers commonly found on ca
filter material produce serious susceptibility line broadenin
fluids in their vicinity. We have investigated the use of s
field NMR techniques (STRAFI) to detect and image bac
coloniesin situ at much shorter echo times than are use
conventional pulsed field gradient (PFG) experiments (1).

Intracellular water can be distinguished from extracell
water because of the restriction imposed on its diffusion b
bacteria cell wall. Water trapped inside the cell will show
characteristics of bounded diffusion, while water outside
be unbounded. Using this idea Potteret al.(2) employed pulse
field gradient techniques to assay cultures of bacteria a
produce a projection image of bacteria concentration u
one-dimensional frequency encoding. The bacteria were p
on quartz grains which had been washed to reduce the le
paramagnetic impurities as far as possible.
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Poor signal-to-noise ratios were encountered when we
this approach. It is well known that for the majority of bacte
strains, including the one used in the present experiment
cell wall is not impervious to water (3) so that water i
continuously exchanged between the cell interior and the
side world. If the timescale of this exchange is less than
timescale of our PFG experiments (20 ms) then the
amplitudes will be greatly reduced.

To overcome these difficulties we have employed
STRAFI technique, after Samoilenkoet al. (4). In this method
the sample is located at the edge of the magnet in a posit
large constant linear magnetic field gradient. This large s
“fringe field” gradient allows shorter diffusion timescales to
studied. The region of spins excited by the spectromete
“sensitive slice,” is determined by the bandwidth of the
pulse, (Eq. [5]). One-dimensional profiles can be obtaine
moving the sample along the axis of the magnet through
sensitive slice region. Gloveret al. (5) have recently used th
technique to image the cross-sectional profiles of planar fi
In these experiments the film is orientated so that it is cop
with the sensitive slice. A small solenoid coil is placed adja
to the film and the external return field from the coil is use
provide theB1 field. The sensitive slice effectively localiz
the region of excitation so that a section within the film ma
investigated.

The imaging system described here is an extension o
described above. It uses a single copper strip to provide tB1

field and exploits the effects of bounded diffusion to disc
inate against the extracellular water. For the case of bou
diffusion in a large constant gradient, a spin echo will
increasingly attenuated with increasingt. For a spherica
boundary of radiusR, Neuman (6) showed that this attenuati
s given by

ln
M~2t, G!

M0
5 2

2g 2G2

D O
m51

`
a m

24

a m
2 R2 2 2

3 S2t 2
3 2 4 exp~2a m

2 Dt! 1 exp~2a m
2 D2t!

a m
2 D D , [1]

whereD is the diffusion coefficient of water inside the bacte

nter
:
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25IMAGING OF BACTERIA SUSPENSIONS
andG is the stray field gradient. Theam are the roots of th
quation

amRJ93/ 2~amR! 2 1
2 J3/ 2~amR! 5 0, [2]

whereJ3/ 2 is the Bessel function of order 3/2 andJ93/ 2 is its
differential. For reference, the first five values ofam are
2.0815, 5.940, 9.206, 12.405, and 15.579.

In the free diffusion limit wheret ! R2/D this equation
reduces to

ln
M~2t, G!

M0
5 2

2g 2G2Dt 3

3
, [3]

while in the limit of times long compared with the tim
necessary for diffusion to a boundary, i.e., whent @ R2/D,
this equation becomes

ln
M~2t, G!

M0
5 2

R4g 2G2

D
z

8

175
z 2t. [4]

hus in the presence of a strong fringe-field gradient, the s
btained from freely diffusing water will decay rapidly ast3

(Eq. [3]), whereas the signal from bounded water inside
bacterium cell will decay much more slowly, proportional o
to t (Eq. [4]). For shortt the signal will be from all of th
water, but at longert the signal from the bounded water w
remain when the signal from the free water has decayed b
the noise floor.

EXPERIMENTAL

A sample of bacteria suspension was prepared by ferme
a culture ofFlavobacteriumstrain P25 isolated by Mason a
Burns (7). These bacteria are rod shaped, 1mm in diameter

nd varying in length between 1 and 2mm, as measured und

FIG. 1. Side view of the RF surface probe showing the position o
sensitive slice (vertical dashed line), the RF probe, and sample.
al

e

w

ng

a microscope (7). The sample of live bacteria was concentra
after harvesting to approximately 1011 cells/ml using a centr-
fuge. The concentration of this bacteria suspension was
sured using a method of successive dilution followed b
physical count using a microscope.

The STRAFI operating point was determined by measu
B0 along the axis of our 4.7-T magnet using a Hall probe.
maximum gradient was found to be 18.3 Tm21 at a poin
corresponding to a field of 2.5 T (107 MHz for protons). T
RF surface coil, shown in Figs. 1 and 2, is designed in
shape of a thin rectangular single-turn coil placed with its
perpendicular to the direction of the main field. The co
made from a strip of copper sheet of thickness 0.2 mm
width 0.3 mm and is approximately 50 mm in total length.
coil is formed around a piece of glass cut from a stan
microscope slide so that each leg is 25 mm long. The retur
of the coil lies behind the front leg and, since it is much fur
away from the sample, its effects can be ignored. The ca
itors are ordinary lumped components with values chose
resonate at the desired frequency.

As is usual in STRAFI, the spectral frequency of the
pulse applied within the stray field gradient selects the im
(sensitive) slice normal to theB0 direction (8), as shown by th
e

FIG. 2. Sketch showing the RF probe together with the glass sa
holder used for the water and bacteria suspension phantoms. A pro
profile (indicated) is obtained by moving the probe in a direction perpend
to B0 across the face of the sample holder.
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26 CARLTON, HALSE, AND STRANGE
dashed line in Fig. 1. In addition, the small width of the cop
strip comprising the coil, combined with its translation al
the transverse axis (Fig. 2), localizes the region to a strip w
this slice.

In order to produce a test image, a glass sample holde
constructed as shown in Fig. 2. One of the circular wells
filled with water and the other was filled with bacteria susp
sion. The samples were sealed in place by superglui
microscope coverslip 0.15 mm in thickness over the top.
front leg of the surface probe was then placed close to the
coverslip as shown in Figs. 1 and 3. Experiments were ca
out at a temperature of 216 1°C.

The RF was applied in the form of two pulses of tip angla,
ach of durationta 5 4 ms, with a pulse separationt varying

from 40 to 1000ms. For hard RF pulses, such a sequence
a spin-echo amplitude given byM(2t) 5 M 0 sin a (cosa 2
1) and therefore has an optimum tip angle ofa 5 120°.
However, this result is only approximate because phase
lution of the spins during the pulses in the large stray
gradient has been neglected. The width of the sensitive
excited by the RF pulses is given approximately by

Dz <
2p

gGzta

, [5]

which for Gz 5 18 Tm21 andta 5 4 ms givesDz 5 0.3 mm
Note that since the RF output could not be amplitude m
lated, a conventional (90°–t–180°–spin echo) sequence wo
have required pulses of different duration thus exciting di
ent slice widths. We avoid this complication by using ident
pulses. For a more detailed analysis of the spin-echo
sequences used in STRAFI and of accurate calculations
echo amplitudes the reader is referred to the papers by
mich and Fischer (9) and Benson and McDonald (10).

To find the correct operating point, the RF current was s

FIG. 3. Scale drawing showing the relative position for maximum si
of the RF surface probe, the phantom, and the STRAFI sensitive
Contours of theB1 field strength are approximately circles centered on
center of the copper strip. The optimum 120° tip angle contour rea
approximately to the middle of the sensitive slice.
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a low nominal value and the whole probe assembly was m
along the axis of the magnet to locate the position of optim
signal. The amplitude of the RF current was then adjuste
give maximum signal. Figure 3 shows, to scale, the rela
positions of the copper strip, the glass cover slide, the sen
slice, and the sample at this point.

At 107 MHz, the skin depth of copper is approximatel
mm, so that the RF current is confined to the surface o
copper strip. Numerical calculations show that theB1 contours

pproximate to circles centered on the center of the co
trip. Further numerical calculations, based on the hard
pproximation, show that maximum signal is obtained from
lice when the 120° flip angle contour extends about hal
nto the slice as shown in Fig. 3. The corresponding RF cu
s then approximately 15 A zero-to-peak. The contributio
he signal from those parts of the sample receiving tip angl
ess than 90° is estimated to be no more than about 20%
otal signal. A good estimate of the in-plane resolution of
robe can therefore be found by observing the horizo
istances (60.43 mm) where the 90° contour leaves the s
le. We therefore expect the in-plane resolution to be app

mately 0.9 mm and the signal to originate from a sens
egion of order 0.33 0.9 3 25 mm.

RESULTS

The images produced are shown in Fig. 4. At each pos
of the copper probe the signal was acquired for 100 ave
with a repetition time of 1 s. This was repeated at 45 posi
as the probe was moved across the sample in 1-mm step
total imaging time for each profile was therefore a little o
1 h. Figure 4a shows the one-dimensional profiles of the w
and bacteria suspension produced witht 5 40 ms (diamond
data points).

The profiles are nonideal for several reasons. The amp
of the signal from the bacteria suspension is less than that
the water. This cannot be accounted for byT2 effects becaus
the short echo time 2t 5 80 ms is much less than theT2 of
either the bacteria suspension (;8 ms) or the water. Howeve

ecause of trapped air bubbles in the bacteria suspension
ot possible to ensure equal sample volumes. The flat top
rofile of the bacteria suspension in Fig. 4a is thought to be

o a ring of superglue on the microscope coverslip. In the w
rofile there is an additional distortion due to the presence

arge air bubble.
When the value oft is increased to 1000ms, as represente

by the squares, the signal from the bacteria suspension is
reduced. The signal from the freely diffusing extracell
water has decayed away leaving only the signal from
intracellular water. Similarly the signal from the pure water
also decayed away due to diffusion. Finally, the super
signal has also disappeared into the noise because of its
T2. The resulting image is that of the water bounded by
bacteria cells. Figure 4b shows the 1000-ms profile on an
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27IMAGING OF BACTERIA SUSPENSIONS
expanded scale. The bacteria profile is now closer to
expected from a cylinder. The estimated reading error qu
in Fig. 4b is the amplitude of the noise signal at the peak o
echo. The signal-to-noise ratio is approximately 10:1 for11

cells/ml. This figure is similar to that obtained by Potteret al.
(2) (signal-to-noise5 4:1 for 2 3 1010 cells/ml).

FURTHER EXPERIMENTS

The long-term aim of this work is to investigate the po
bility of imaging bacteria adsorbed onto GAC in a commer
water filter. In order to gain some insight into the feasibility
such experiments and to obtain useful additional informa
concerning bacteria concentration some additional experim
were carried out in which the RF surface probe was positi
directly over the center of the circular glass well containing

FIG. 4. One-dimensional profiles of bacteria suspension (left) and w
(right) taken att 5 40 and 1000ms. At 40ms there is a strong signal from bo
he bacteria suspension and the water samples. However at 1000ms the signa
rom the water in both samples is no longer visible. The voxel size for
oint in the profile is approximately 0.33 0.9 3 25 mm (see text). (b
ne-dimensional profiles of bacteria suspension (left) and water (right)
t t 5 1000ms, as in (a), but with enlarged vertical scale. At this valuet

the signal which remains comes only from the bacteria and not from th
water.
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bacteria suspension and the echo amplitudeM(2t) was mea
ured as a function of the interpulse gapt. Measurements we

performed on two bacteria suspensions: the original sa
used in the profile experiments (Fig. 4) and a second sa
designed to simulate a bacteria suspension as found in a
mercial water filter. This second sample was made by v
ously mixing some of the original bacteria suspension us
spatula with an excess of oven-dried activated carbon.
resulting dry paste contained approximately 10% by volum
bacteria suspension.

RESULTS

Normalized plots of loge{ M(2t)/M(0)} for the original
bacteria suspension and the bacteria–carbon paste are sh
Figs. 5a and 5b, respectively. For times up to;0.5 ms the
lope of both curves becomes increasingly negative follo
y a less rapid decay linear int. The first part of each curve

identified with the freely diffusing extracellular water (thet3

term in Eq. [3]), while the linear part of each plot is char
teristic of the bounded diffusion of intracellular water wit
the bacterium (Eq. [4]). The most striking feature of the res
is that the slope of Fig. 5b isless than that of Fig. 5a. Th

iffering effects of diffusion in the extracellular and intrac
ular water can be well approximated by a linear combina
f Eqs. [3] and [4] to give the equation

M~2t! 5 ~1 2 A!expS2
2g 2G2Dextt

3

3 D
1 A expS2

R4g 2G2

D int
z

8

175
z 2tD , [6]

FIG. 5. Graphs of loge{ M(2t)/M(0)} versust for (a) bacteria suspensi
open circles) and (b) a mixture of bacteria and carbon (closed squares
nitial parts of the curves show the unbounded diffusion of the intracellula
xtracellular water. At echo times 2t greater than approximatelyR2/D int, the

diffusion of the intracellular water becomes bounded, the signal from
extracellular water is quickly lost, and the plot becomes linear int. The
continuous line is a theoretical fit using Eqs. [1] and [6] as discussed in th
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28 CARLTON, HALSE, AND STRANGE
where A is the proportion of intracellular water,D int is the
diffusion coefficient of the intracellular water,D ext is the dif-
fusion coefficient of the extracellular water, andR is the mea
bacteria radius. Extrapolation of the linear sections of Fig
and 5b back tot 5 0 both giveA 5 0.26 6 0.02. Thus the
ratio of bacteria to nutrient solution is the same in the
samples, as expected. [Note. the absolutenumber of bacteri
cells per milliliter in the bacteria–carbon sample was abo
factor of 10 less than in the sample of Fig. 5a. This is refle
in the relative displacement of the noise floors in Figs. 5a
5b.]

As shown by the second term of Eq. [6], the gradient o
linear section is proportional toR4G2/D int. Although no defin-
tive value forD int is available it is reasonable to assume
it lies between 10 and 100% of that of pure water, i.e., (
2.3) 3 1029 m2s21. SinceG 5 18.3 Tm21, the gradients giv
R 5 0.856 0.25mm for the bacteria suspension (Fig. 5a)
R 5 0.7 6 0.2 mm for the bacteria–carbon mixture (Fig. 5

hese dimensions are in good agreement with those quo
ef. (7). The 20% decrease in mean radius obtained in

bacteria–carbon mixture is consistent with a loss of wat
the very dry carbon.

The effects of exchange between the intracellular and e
cellular water can be included by multiplying the second t
in Eq. [6] by a factor exp(22t /Tex), whereTex is the exchang
time constant. When the bacteria are surrounded by dry c
and the nutrient solution is adsorbed on the carbon, th
change of water might be severely inhibited, so the exch
would affect the slope of Fig. 5a more than that of Fig.
Assuming a value forTex of order 20 ms (based on our P
experiments), the increase in gradient of the linear portio
Fig. 5a is only about 8% and therefore is easily masked
2% uncertainty inR. Without an independent measuremen
R, it is impossible to separate out these effects.

The change in slope between Figs. 5a and 5b could b
to a number of other reasons:

(i) A decrease inD int due to dehydration,
(ii) a change in theT2 of the intracellular water due

dehydration,
(iii) an increase in susceptibility effects from paramagn

centres in the activated carbon. It is well known that sus
tibility differences can cause large local internal gradient
orderB0Dx/d, whered is a typical pore size (11). Even if it is
assumed that a typical pore size in the activated carbon is
10 mm and thatDx ' 1025, then withB0 5 2 T, the interna
gradients would be of order 2 Tm21 and therefore small com-
pared to the STRAFI gradient of 18.3 Tm21.

However in all three cases the effect would be to increas
slope as carbon is added, not decrease it as is observed

The constantA is directly related to the bacteria concen
tion. Assuming bacteria of mean radiusR, the cell count isA 3
1026/4

3pR3 cells/ml. With R 5 0.85 6 0.25 mm and A 5
0.266 0.02,this corresponds to a figure of between 53 1010
a
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and 33 10 cells/ml. The uncertainty is mainly due to our la
of knowledge ofD int although it is not inconsistent with t
direct count of 1011 cells/ml.

Analysis of the early part of Fig. 5a shows at3 dependenc
ndicative of free diffusion. Referring to the first term in Eq.
ivesD ext 5 1.23 1029 m2s21. The overall fit using Eq. [6] (o

more accurately Eq. [1]) withD ext 5 1.2 3 1029 m2s21,
4/D int 5 6.8 3 10216 m2s, andA 5 0.26 is shown by the

continuous line in Fig. 5a. In the case of Fig. 5b, the early
of the curve varies more slowly thant3. This indicates that th
extracellular water is not diffusing freely and no estimat
D ext was possible.

The value obtained forD ext 5 1.2 3 1029 m2s21 for the
bacteria suspension is significantly less than that of pure
confined water which, under the same experimental condi
was measured to be 2.33 1029 m2s21 in agreement with th
accepted value. This surprising result could be due t
increase in the viscosity of the extracellular water cause
the presence of extracellular polymeric substance secret
the bacteria. However even in polysaccharide gels, for e
ple, D is typically 95% that of free water. Another possi
reason for the low value ofD ext is a tortuosity factor, estimate
to be 0.85, caused by the presence of the bacteria at
relatively large concentrations. However these two effect
unlikely to account for such a low value. At this stage
satisfactory explanation has been found. Apart from this
crepancy, the results are in good agreement with expecta
From Fig. 5a, it is estimated that the signals from the bac
and from the water are comparable att 5 500ms and suppo
the choice oft 5 1000ms for the imaging experiment, Fig. 4
From the noise floor in Fig. 5a it is estimated that the sig
to-noise ratio att 5 1000ms is approximately 25:1. This figu
is better than the 10:1 obtained for the imaging experim
because the sample remains stationary throughout. The
corresponds to a detection limit of 43 109 cells/ml. Although
this is at the upper end of the typical value for the concentr
of bacteria in GAC and soil (about 109 cells/g) (12), it shows
hat, with improvements, the STRAFI technique may be
licable to a real situation.

CONCLUSIONS

The new surface probe technique allows one-dimens
transverse projection profiles to be obtained across the ST
sensitive slice. The in-plane resolution is limited by the dim
sions of the probe and was of the order of 1 mm in th
experiments. By rotating the sample between successive
files, it should be possible to produce two-dimensional im
of bacteria concentration using standard back-projection
niques. We have been able to detect bacteria in concentr
down to approximately 43 109 cells/ml, even in the presen
of significant quantities of paramagnetic impurities such
those found in activated carbon.
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