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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
copper strip in place of a surface induction coil, a diffusion-
weighted one-dimensional projection profile can be obtained
across the sensitive slice. Profiles from a water phantom and from
a bacteria suspension show convincing discrimination between
intracellular 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 th€

Poor signal-to-noise ratios were encountered when we us
this approach. It is well known that for the majority of bacteri
strains, including the one used in the present experiments, |
cell wall is not impervious to water3] so that water is
continuously exchanged between the cell interior and the ol
side world. If the timescale of this exchange is less than tt
timescale of our PFG experiments (20 ms) then the ecl
amplitudes will be greatly reduced.

To overcome these difficulties we have employed th
STRAFI technique, after Samoilenled al. (4). In this method
the sample is located at the edge of the magnet in a position
large constant linear magnetic field gradient. This large stak
“fringe field” gradient allows shorter diffusion timescales to be
studied. The region of spins excited by the spectrometer, t
“sensitive slice,” is determined by the bandwidth of the RI
pulse, (Eqg. [5]). One-dimensional profiles can be obtained t
moving the sample along the axis of the magnet through tl
sensitive slice region. Gloveat al. (5) have recently used the
chnique to image the cross-sectional profiles of planar film

water by passing it through a granular activated carbon fiItéP, these experiments the film is orientated so that it is coplan

The toxins are adsorbed onto the surface of the carbon. CerﬁéﬂHq

strains of bacteriabiofilms, are able to live on the carbon

surface and metabolize the toxins thus extending the useful |

the sensitive slice. A small solenoid coil is placed adjacel
to the film and the external return field from the coil is used t
pf@vide theB, field. The sensitive slice effectively localizes

of the filter. Paramagnetic centers commonly found on carb8}f 'egion of excitation so that a section within the film may b

filter material produce serious susceptibility line broadening

fluids in their vicinity. We have investigated the use of stra
field NMR techniques (STRAFI) to detect and image bacter

coloniesin situ at much shorter echo times than are used
conventional pulsed field gradient (PFG) experimedjs (

mvestigated.

The imaging system described here is an extension of tf
éescribed above. It uses a single copper strip to provid8the
"Hald and exploits the effects of bounded diffusion to discrim

Inate against the extracellular water. For the case of bound

Intracellular water can be distinguished from extracellul&iffusion in a large constant gradient, a spin echo will b

water because of the restriction imposed on its diffusion by t

H%creasingly attenuated with increasing For a spherical

bacteria cell wall. Water trapped inside the cell will show thgoundary of radiu®, Neuman §) showed that this attenuation

characteristics of bounded diffusion, while water outside wit

be unbounded. Using this idea Pott¢al. (2) employed pulsed

field gradient techniques to assay cultures of bacteria and to
produce a projection image of bacteria concentration usingin
one-dimensional frequency encoding. The bacteria were placed
on quartz grains which had been washed to reduce the level of

paramagnetic impurities as far as possible.

ngven by
M(27, G) 2y%G? Ew: an’
Mg D “Z afR* -2
3— 4 expg—aiD7) + exp(—aiD27)
X |27 — 2D , [1]
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and G is the stray field gradient. The,, are the roots of the oS
equation

Signal

amRJé/Z(amR) - %‘JS/Z(amR) =0, [2] Intensity

Position

where J;,, is the Bessel function of order 3/2 add,, is its
differential. For reference, the first five values af, are
2.0815, 5.940, 9.206, 12.405, and 15.579.

In the free diffusion limit wherer < R*/D this equation
reduces to

| M(27, G) B 2vy?GDr3
n MO - 3 1 [3]

Bo

while in the limit of times long compared with the time
necessary for diffusion to a boundary, i.e., whes» R*/D,
this equation becomes

22mm

o M@erne Ry 8 | LT
n = — .

M, D 175 2T [4] L |
} i iR To RF Circuit
Thus in the presence of a strong fringe-field gradient, the signal 7m";emmve
obtained from freely diffusing water will decay rapidly a$ teg
(Eq. [3]), whereas the signal from bounded water inside the lumped
Capacitor

bacterium cell will decay much more slowly, proportional only
to 7 (Eq. [4]). For shortr the signal will be from all of the FIG. 2. Sketch showing the RF probe together with the glass samp
water, but at longer the signal from the bounded water willholder used for the water and bacteria suspension phantoms. A project

remain when the signal from the free water has decayed beIB\?g”e (indicated) is obtained by moving the probe in a direction perpendicul:
the noise floor to B, across the face of the sample holder.

EXPERIMENTAL a microscope®). The sample of live bacteria was concentrate

after harvesting to approximately f@ells/ml using a centri

A sample of bacteria suspension was prepared by fermentifige The concentration of this bacteria suspension was m
a culture ofFlavobacteriumstrain P25 isolated by Mason andy,eq using a method of successive dilution followed by
Burns (7). These bacteria are rod shapeduth in diameter, physical count using a microscope.

and varying in length between 1 andun, as measured under The STRAFI operating point was determined by measurir
B, along the axis of our 4.7-T magnet using a Hall probe. Th

| maximum gradient was found to be 18.3 Tmat a point
T ; corresponding to a field of 2.5 T (107 MHz for protons). The

sensifive slice | HCrosCODe RF surface coil, shown in Figs. 1 and 2, is designed in tt
: <« slice P shape of a thin rectangular single-turn coil placed with its ax
L op perpendicular to the direction of the main field. The coil i
T made from a strip of copper sheet of thickness 0.2 mm ai

width 0.3 mm and is approximately 50 mm in total length. Th
coil is formed around a piece of glass cut from a standal

) retum lead microscope slide so that each leg is 25 mm long. The return |

of the coil lies behind the front leg and, since it is much furthe

—— signal away from the sample, its effects can be ignored. The cape

sample copper : : itors are ordinary lumped components with values chosen
strip S+ signal resonate at the desired frequency.

"""""" . ground As is usual in STRAFI, the spectral frequency of the RI

FIG. 1. Side view of the RF surface probe showing the position of th@l-”Sﬁ'_?-pplie(.j within the stray ﬁ?ld gradient selects the imag
sensitive slice (vertical dashed line), the RF probe, and sample. (sensitive) slice normal to tH, direction @), as shown by the
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a low nominal value and the whole probe assembly was mov
along the axis of the magnet to locate the position of optimul
signal. The amplitude of the RF current was then adjusted

0:83m - Sonsi give maximum signal. Figure 3 shows, to scale, the relati
\ ¢ positions of the copper strip, the glass cover slide, the sensiti
X ¢ // y S mm—" p—— slice, and the sample at this point.
eemmt g.»@/ SNy S At 107 MHz, the skin depth of copper is approximately ¢
180" 1207 90° um, so that the RF current is confined to the surface of tf
02mm T o copper strip. Numerical calculations show that Biecontours
<0.3mm—> approximate to circles centered on the center of the copr
Scale 0.1mm . . .
s strip. Further numerical calculations, based on the hard pul

approximation, show that maximum signal is obtained from th

FIG. 3. Scale drawing showing the relative position for maximum signaglice when the 120° flip angle contour extends about halfwe
of the RF surface probe, the phantom, and the STRAFI sensitive sli¢gtg the slice as shown in Fig. 3. The corresponding RF curre
Contours of theB; field st_rength are f'approximazely circles centered on thl% then approximately 15 A zero-to—peak. The contribution t
center of the copper strip. The optimum 120° tip angle contour reachqhs ) - .
approximately to the middle of the sensitive slice. the signal from those parts of the sample receiving tip angles
less than 90° is estimated to be no more than about 20% of

total signal. A good estimate of the in-plane resolution of th

dashed line in Fig. 1. In addition, the small width of the coppdf0P€ can therefore be found by observing the horizont

strip comprising the coil, combined with its translation alongiStances £0.43 mm) where the 90° contour leaves the san

the transverse axis (Fig. 2), localizes the region to a strip witHe- We therefore expect the in-plane resolution to be appro

this slice. imately 0.9 mm and the signal to originate from a sensitiv
In order to produce a test image, a glass sample holder Wggion of order 0.3< 0.9 X 25 mm.

constructed as shown in Fig. 2. One of the circular wells was

filled with water and the other was filled with bacteria suspen- RESULTS

sion. The samples were sealed in place by supergluing a . o .

microscope coverslip 0.15 mm in thickness over the top. The TN€ images produced are shown in Fig. 4. At each positic

front leg of the surface probe was then placed close to the glQé¢he copper probe the signal was acquired for 100 averag

coverslip as shown in Figs. 1 and 3. Experiments were carri&h a repetition time of 1 s. This was repeated at 45 positior

out at a temperature of 2¢ 1°C. as the probe was moved across the sample in 1-mm steps.

The RF was applied in the form of two pulses of tip angje {Ot&! imaging time for each profile was therefore a little ove
each of durationi, = 4 us, with a pulse separationvarying 1 N- Figure 4a shows the one-dimensional profiles of the wat

from 40 to 1000us. For hard RF pulses, such a sequence hd@d bacteria suspension produced witk= 40 s (diamond

a spin-echo amplitude given byi(27) = M, sin « (cosa — data points). _ _
1) and therefore has an optimum tip angle @f= 120°. The profiles are nonideal for several reasons. The amplitu

However, this result is only approximate because phase e@bthe signal f_rom the bacteria suspension is less than that frc
lution of the spins during the pulses in the large stray fielf€ Water. This cannot be accounted forbyeffects because

gradient has been neglected. The width of the sensitive sIif€ Short echo time2= 80 us is much less than the, of
excited by the RF pulses is given approximately by either the bacteria suspension§ ms) or the water. However,
because of trapped air bubbles in the bacteria suspension it v

not possible to ensure equal sample volumes. The flat top to 1
2m , 5] profile of the bacteria suspension in Fig. 4a is thought to be di
YGit. to a ring of superglue on the microscope coverslip. In the wat
profile there is an additional distortion due to the presence of

which forG, = 18 Tm " andt, = 4 us givesAz = 0.3 mm. large air bubble.
Note that since the RF output could not be amplitude modu-When the value of is increased to 1000s, as represented
lated, a conventional (90%-180°-spin echo) sequence wouldy the squares, the signal from the bacteria suspension is mt
have required pulses of different duration thus exciting differeduced. The signal from the freely diffusing extracellula
ent slice widths. We avoid this complication by using identicalater has decayed away leaving only the signal from tt
pulses. For a more detailed analysis of the spin-echo pula&racellular water. Similarly the signal from the pure water ha
sequences used in STRAFI and of accurate calculations of #ieo decayed away due to diffusion. Finally, the supergit
echo amplitudes the reader is referred to the papers by Kisignal has also disappeared into the noise because of its st
mich and Fischer9) and Benson and McDonald @). T,. The resulting image is that of the water bounded by tt

To find the correct operating point, the RF current was setlacteria cells. Figure 4b shows the 10@€-profile on an

Az =
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bacteria suspension and the echo amplitM{@r) was mea-
sured as a function of the interpulse gapMeasurements were
performed on two bacteria suspensions: the original samy
used in the profile experiments (Fig. 4) and a second samj
designed to simulate a bacteria suspension as found in a cc
mercial water filter. This second sample was made by vigo
ously mixing some of the original bacteria suspension using
spatula with an excess of oven-dried activated carbon. T
resulting dry paste contained approximately 10% by volume
bacteria suspension.

RESULTS

Normalized plots of log M(27)/M(0)} for the original
bacteria suspension and the bacteria—carbon paste are show
Figs. 5a and 5b, respectively. For times up~+0.5 ms the
slope of both curves becomes increasingly negative followe
by a less rapid decay linear in The first part of each curve is
identified with the freely diffusing extracellular water (th&
term in Eq. [3]), while the linear part of each plot is charac
teristic of the bounded diffusion of intracellular water within
the bacterium (Eq. [4]). The most striking feature of the resul
is that the slope of Fig. 5b ikessthan that of Fig. 5a. The
differing effects of diffusion in the extracellular and intracel-
lular water can be well approximated by a linear combinatio
of Egs. [3] and [4] to give the equation

FIG. 4. One-dimensional profiles of bacteria suspension (left) and water
(right) taken at- = 40 and 100Qus. At 40pus there is a strong signal from both
the bacteria suspension and the water samples. However as0@ signal
from the water in both samples is no longer visible. The voxel size for each
point in the profile is approximately 0.¥X 0.9 X 25 mm (see text). (b)
One-dimensional profiles of bacteria suspension (left) and water (right) taken
at 7 = 1000 us, as in (a), but with enlarged vertical scale. At this value of
the signal which remains comes only from the bacteria and not from the free ,

ZyszDext73)

M(27) = (1 — A)ex% — 3

A~ b, 175 )"

T (secs)

[6]

water. 0.9

14

expanded scale. The bacteria profile is now closer to that™]
expected from a cylinder. The estimated reading error quoteds {

in Fig. 4b is the amplitude of the noise signal at the peak of thé

echo. The signal-to-noise ratio is approximately 10:1 for* 10§ “1

cells/ml. This figure is similar to that obtained by Potétral.
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(2) (signal-to-noise= 4:1 for 2 x 10" cells/ml).

The long-term aim of this work is to investigate the possi- ¢~

FURTHER EXPERIMENTS

64 © o ©

74

bility of imaging bacteria adsorbed onto GAC in a commercial FIG. 5. Graphs of log{ M(27)/M(0)} versusr for (a) bacteria suspension
water filter. In order to gain some insight into the feasibility ofopen circles) and (b) a mixture of bacteria and carbon (closed squares).

such experiments and to obtain useful additional informati )
concerning bacteria concentration some additional experime

drHtiaI parts of the curves show the unbounded diffusion of the intracellular ar

tracellular water. At echo timesr reater than approximateR*/D,, the
sion of the intracellular water becomes bounded, the signal from tt

were carried out in which the RF surface probe was p_ositiongﬁracellular water is quickly lost, and the plot becomes linear.iThe
directly over the center of the circular glass well containing th@ntinuous line is a theoretical fit using Egs. [1] and [6] as discussed in the te
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where A is the proportion of intracellular wateb),, is the and 3x 10" cells/ml. The uncertainty is mainly due to our lack
diffusion coefficient of the intracellular wateB.,,, is the dif of knowledge ofD,, although it is not inconsistent with the
fusion coefficient of the extracellular water, aRds the mean direct count of 16" cells/ml.
bacteria radius. Extrapolation of the linear sections of Figs. 5aAnalysis of the early part of Fig. 5a showsradependence
and 5b back tar = 0 both giveA = 0.26 = 0.02. Thus the indicative of free diffusion. Referring to the first term in Eq. [6]
ratio of bacteria to nutrient solution is the same in the twgivesD,, = 1.2 X 10 ° m*s™". The overall fit using Eq. [6] (or
samples, as expectedidte.the absolutenumber of bacteria more accurately Eq. [1]) witlD., = 1.2 X 10° m’s™,
cells per milliliter in the bacteria—carbon sample was aboutR{/D,, = 6.8 X 10 ' m®s, andA = 0.26 isshown by the
factor of 10 less than in the sample of Fig. 5a. This is reflectedntinuous line in Fig. 5a. In the case of Fig. 5b, the early pa
in the relative displacement of the noise floors in Figs. 5a andithe curve varies more slowly thar. This indicates that the
5hb.] extracellular water is not diffusing freely and no estimate c
As shown by the second term of Eq. [6], the gradient of thHe., was possible.
linear section is proportional 8'G?/D,,. Although no defin The value obtained fob,, = 1.2 X 10° m’* for the
itive value forD,, is available it is reasonable to assume thdttacteria suspension is significantly less than that of pure u
it lies between 10 and 100% of that of pure water, i.e., (0.Zenfined water which, under the same experimental conditior
2.3) X 10° m*s™". SinceG = 18.3 Tm !, the gradients give was measured to be 2:8 10°° m’s ' in agreement with the
R = 0.85* 0.25um for the bacteria suspension (Fig. 5a) andccepted value. This surprising result could be due to :
R = 0.7 = 0.2 um for the bacteria—carbon mixture (Fig. 5b)increase in the viscosity of the extracellular water caused |
These dimensions are in good agreement with those quotedhia presence of extracellular polymeric substance secreted
Ref. (7). The 20% decrease in mean radius obtained in thkiee bacteria. However even in polysaccharide gels, for exal
bacteria—carbon mixture is consistent with a loss of water pde, D is typically 95% that of free water. Another possible
the very dry carbon. reason for the low value d ., is a tortuosity factor, estimated
The effects of exchange between the intracellular and extta-be 0.85, caused by the presence of the bacteria at th
cellular water can be included by multiplying the second termelatively large concentrations. However these two effects a
in Eq. [6] by a factor exp{-27/T,,), whereT,, is the exchange unlikely to account for such a low value. At this stage nc
time constant. When the bacteria are surrounded by dry cartsatisfactory explanation has been found. Apart from this di
and the nutrient solution is adsorbed on the carbon, the @&xepancy, the results are in good agreement with expectatio
change of water might be severely inhibited, so the exchangem Fig. 5a, it is estimated that the signals from the bacter
would affect the slope of Fig. 5a more than that of Fig. 5land from the water are comparablerat 500 us and support
Assuming a value fofl, of order 20 ms (based on our PFGhe choice ofr = 1000us for the imaging experiment, Fig. 4b.
experiments), the increase in gradient of the linear portion Bfom the noise floor in Fig. 5a it is estimated that the signa
Fig. 5a is only about 8% and therefore is easily masked byt@noise ratio at = 1000us is approximately 25:1. This figure
2% uncertainty irR. Without an independent measurement aé better than the 10:1 obtained for the imaging experime

R, it is impossible to separate out these effects. because the sample remains stationary throughout. The fig
The change in slope between Figs. 5a and 5b could be dwgresponds to a detection limit of»4 10° cells/ml. Although
to a number of other reasons: this is at the upper end of the typical value for the concentratic

of bacteria in GAC and soil (about 1@ells/g) (L2), it shows
that, with improvements, the STRAFI technique may be aj
plicable to a real situation.

(i) A decrease irD;, due to dehydration,
(i) a change in theT, of the intracellular water due to

dehydration,
(i) an increase in susceptibility effects from paramagnetic
centres in the activated carbon. It is well known that suscep- CONCLUSIONS

tibility differences can cause large local internal gradients of
orderBOAy/d, wher.ed IS atyp_lcallpore S|ze_:l(1). Even if it 'S The new surface probe technique allows one-dimension
assumed that a typical pore size in the activated carbon is oplg . . .
s . — . ransverse projection profiles to be obtained across the STRA
10 wm and thatAy =~ 107, then withB, = 2 T, the internal L ; . ST :
: sensitive slice. The in-plane resolution is limited by the dimer
gradients would be of order 2 Trhand therefore small com ~. .
i sions of the probe and was of the order of 1 mm in thes
pared to the STRAFI gradient of 18.3 T . . .
experiments. By rotating the sample between successive p
However in all three cases the effect would be to increase thiles, it should be possible to produce two-dimensional imag
slope as carbon is added, not decrease it as is observed. of bacteria concentration using standard back-projection tec
The constanA is directly related to the bacteria concentraniques. We have been able to detect bacteria in concentratic
tion. Assuming bacteria of mean radigsthe cell countishA X down to approximately &« 10° cells/ml, even in the presence
10 °/47R® cells/ml. WithR = 0.85 = 0.25 um andA = of significant quantities of paramagnetic impurities such &
0.26 + 0.02,this corresponds to a figure of betweex5.0" those found in activated carbon.
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