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Nuclear magnetic resonance imaging (NMRI) techniques were
mployed to identify and selectively image biological films (bio-
lm) growing in aqueous systems. Biofilms are shown to affect
oth the longitudinal (T1) and transverse (T2) NMR relaxation
ime values of proximal water hydrogens. Results are shown for
iofilm growth experiments performed in a transparent parallel-
late reactor. A comparison of biofilm distributions by both NMR
nd optical imaging yielded general agreement for both an open-
ow system and an idealized porous system (the reactor without
nd with packed glass beads, respectively). The selective imaging
f biofilm by relaxation NMRI is dependent upon the resolution of
elaxation times for the fluid phases, dynamic range, and signal-
o-noise ratio. For open-flow systems, the use of a rapid and
uantitative T2-sorted NMRI technique was preferred. For porous
ystems where T2 values are generally more similar, a T1-weighted
echnique was preferred. © 1999 Academic Press

Key Words: biofilm; porous media; selective imaging; relaxation
MRI; image sorting.

INTRODUCTION

Biological remediation processes in trickling filters, por
ioreactors, and soils rely on agent growth and formation. Mo

he biomass is in the form of a biological film or biofilm, i.
icroorganism colonies anchored to the medium surface b

reted saccharide polymers (1). In porous systems, hydrau
onductivity, pore velocity distribution, biofilm thickness, a
urface roughness affect the delivery rate of nutrients and
ants to growing cells (2), and thus the rate of bioremediatio
uantitation of the processes controlling transport will lead
etter understanding of the kinetics of biotransformation, m
ial growth, and the ecology of active microorganisms.
Experimental studies of biofilms in porous media typic

se columns packed with sand, glass beads, or soil ma
2–4). The concentration of free cells in the pore fluid may
etermined from fluid samples, but the amount and sp
istribution of biofilm must be found by dismantling the c
mns and assaying their contents for organic carbon (3). Thus,
nondestructive assay is needed to specifically monito

oncentration of surface-attached cellsin situ.
Nuclear magnetic resonance (NMR) has been used

ariety of ways to study bacteria and biofilms. Brownstein
 an
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arr (5) used NMR relaxometry of water molecules to st
iffusion in biological cells. Pettegrew (6) studied the effect
f cell size and shape upon NMR relaxation decay chara

stics.
NMR imaging (NMRI) techniques provide a nondestruc
ethod of assessing biofilm growth. Lewandowskiet al. (7–
0) employed NMRI to image velocity fields surround
iofilms growing in an open flow bioreactor. Potteret al. (11)
emonstrated a one-dimensional NMRI method based on
iffusion measurements for assaying bacteria in a 0.
uartz sand pack. This method yields spatially resolved b
ial cell concentrations, but requires the use of strong diffu
radients (;75 G/cm). Steppet al.(12) used NMR microscop
ifference imaging to identify the boundary between bio
nd pore wall surfaces in a 53 7 mm sand pack.
In this study, we demonstrate the application of relaxa
MRI techniques for the selective imaging of biofilms
queous (nonporous and porous) systems. Biofilm ident

ion was validated by performing experiments in transpa
ioreactors.

BACKGROUND

Biofilms are known to reduce both the longitudinal (T1) and
he transverse (T2) NMR relaxation time values of proxim
ater hydrogens (5). This observation is consistent with t
iofilm surface impeding the motion of proximal water mo
ules, thereby enhancing NMR relaxation (13). This surface

nduced reduction of NMRT1 andT2 values is also observe
or fluid in porous media (14). The biofilm-associated sign
erives primarily from intracellular and extracellular wa
ydrogens close to the film, enhancing sensitivity for bio
etection.
NMRI is inherently influenced by NMRT1 and T2 relax-

tion times. For two weakly interacting fluid phases (a andb)
ith one resonance per phase and TR@ TE, the local NMRI

ntensity I ( x, y) is described by

I ~ x, y! 5 I 0a~ x, y!@1 2 e$2TR/T1a~ x,y!%#@e$2TE/T2a~ x,y!%#

1 I 0b~ x, y!@1 2 e$2TR/T1b~ x,y!%#@e$2TE/T2b~ x,y!%#,
[1]
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68 HOSKINS ET AL.
here I 0a( x, y) is the total intensity (proportional to th
oncentration of nuclei) andT1a( x, y) and T2a( x, y) are the
patially resolved relaxation times for phasea. TheT1 andT2

eighting terms in Eq. [1] are controlled by separate exp
ent variables, the subinterval repetition time TR and the

ime TE, respectively (15).
The selective imaging of the biofilm-associated water p

ia relaxation-weightedNMRI is effective if there is an orde
f-magnitude or larger difference inT1 or T2 between the flui
hases. A more reliable and quantitative approach is to em
elaxation NMRImethods (16), i.e., the acquisition of multiple
ariably relaxation-weighted imagesI ( x, y), followed by at-
enuation analysis to indirectly determine the total intens
0( x, y) and eitherT1( x, y) or T2( x, y). A relaxation mode
exponential, biexponential, etc.) that adequately describe
ata is employed. ForT2 NMRI, the resultantI 0( x, y) inten-
ities are corrected forT2 relaxation and are therefore quan
ative.

EXPERIMENTAL

Bioreactor growth studies. Biofilm growth experiment
ere performed in a transparent parallel-plate bioreactor
). The bioreactor was constructed from two 1.27-cm-t
ieces of Plexiglas. The flow channel (8.6 cm length3 3.75
m width 3 0.3 cm depth), O-ring groove, flow distributo
nd flow connectors were cut into one of the Plexiglas pie
he flow channel was sealed by securing the remaining P
las piece on top of a Viton O-ring using four Teflon scre
istributors (troughs 32 mm long and 2 mm wide placed 5

FIG. 1. Schematic drawing of the transparent parallel-plate biore
sed in bioreactor growth experiments.
p
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rom each end of the flow channel) helped to provide a li
ow across the bioreactor. The fluid inlet, outlet, and
njection port were connected at the distributors. Nutrient
as introduced through the inlet and outlet ports, while

eria were introduced through the injection port. In a sec
eactor (schematic not shown), the flow connections w
ttached directly through the top plate.
The bioreactor was saturated with nutrient and then in

ated with 3 ml of Escherichia coli-enriched nutrient. Th
acterial suspension was allowed to stand inside the biore

or 1 h. Subsequently, the nutrient flow (1.04 ml/min rate)
estarted and continued until a visible amount of biofilm
rown, approximately 5 days. The bioreactor was transferr

he test section of the NMR imager, and images were obta
fter NMR imaging, the sample was transported to ano

aboratory where photographs were obtained (Nikon F
5-mm camera with a Tamron 90-mm lens) and later digit

or a comparison with the NMR images.
The experiments were repeated with the bioreactor pa
ith 1.0- to 1.5-mm glass beads. The flow rate was reduc
.44 ml/min (minimum pump setting) to reduce shear stre
cting on the biofilm. After growth and NMRI experiments,
ioreactor was flooded with an immersion oil with the sa
efractive index as the glass beads, rendering the glass
ransparent and leaving the biofilm as the only visible mate
hotographs of the bioreactor were obtained and digitize
omparison with NMRI.

NMR experiments. All NMR experiments were performe
sing a Unity SIS85/310 imaging spectrometer (Varian N

nstruments, Palo Alto, CA) operating at a1H resonance fre
uency of 85.492 MHz. A 5-in.-diameter “saddle” RF c
erved for both signal excitation and detection. The ima
eld of viewwas 8 by 16 cm with a 2-cm slice thickness a
ielded a top-down view of the model bioreactor. Two hund
fty-six frequency-encoding steps were sampled in the
irection, and 128 phase-encoding steps were performed

ateral direction, yielding 0.62-mm pixel resolution in ea
irection. T1-weighted spin-warp two-dimensional Four

ransform (conventional 2DFT) NMRI (17) experiments em
loyed sixty-four 1-s repetitions (TE5 10 ms) for a total tim
f 8.6 min. Inversion recovery (IR-T1) NMRI experiments
mployed sixty-four 13-s repetitions (TE5 10 ms; t ir 5
.0125, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 1

or a total time of 19.3 h. (The longT1 NMRI acquisition time
as deemed necessary in order to perform a full mult
xponential analysis.) Carr–Purcell–Meiboom–Gill (CPM
2 NMRI experiments employed sixteen 4-s repetitions
choes spaced 20 ms apart) for a total time of 17.1 min.
The procedure for obtainingT2-sorted biofilm images is a

ollows. First, the 20 CPMG-T2 NMRI echoes were Gaussi
ltered, Fourier transformed, and phased to yield 20
ncreasinglyT2-weighted 2D NMR images. Next, pixel-b
ixel T attenuation analysis employing a biexponential re

r
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69SELECTIVE IMAGING OF BIOFILMS BY NMR RELAXATION
tion model yielded twoT2 relaxation time images (T2a and
2b) and their corresponding intensity coefficient imagesI 0a

nd I 0b). Attenuation analysis involved an unconstrained n
inear least-squares fit, employing a Levenberg–Marquard
orithm (18).
Finally, a sorting routine (19) was used to resolve NMR

ignal components based on theirT2 values, presumably co
esponding to biofilm-associated and bulk water phases
0:T2 image pairs from theT2 analysis were sorted with
redetermined threshold valuetdiv. If T2i (i 5 a, b) was less

han tdiv, then its correspondingI 0i value was added to th
iofilm imageI f, else it was added to the bulk water imageI w.
urthermore, intensities with a correspondingT2 less thantcp

ere discarded as unreliable fitting values. Where poss
div was determined from a histogram of allT2i image pixe
alues, otherwise it was determined by trial and error.
T1-sorted biofilm images were obtained by attenuation a

sis and data sorting in a fashion analogous to theT2 data.
onventionalT1-weighted NMRI data were processed
aussian filtering to reduce noise, followed by 2D Fou

ransformation.

RESULTS AND DISCUSSION

Figure 2 compares a photograph withT1-sorted biofilm
2-sorted biofilm, and conventionalT1-weighted NMR image

or E. coli in a transparent bioreactor (Figs. 2a–2d, res
ively; this reactor does not correspond with the schemat
ig. 1). Conventional NMRI (Fig. 2d) clearly shows the en
uid content of the reactor and the volume excluded by
ubbles. (In these and subsequent figures, only the i
ixels representing the model flow section are displayed

he images are cropped.) The bright circular features c
pond with the fluid inlet and outlet lines, which protrude fr
he top plate. The portions of the tubes extending out o
mage plane are not observed by NMRI. The inoculation
s seen as the diagonal line above the lower flow connec

The T1 and T2-sorted biofilm NMRI (Figs. 2b and 2
espectively) are in general agreement with thetrue biofilm
istribution as shown in Fig. 2a,T2-sorted NMRI showing
etter the lower density colonies. Both show a clean isola
f the biofilm-associated fluid phase. The sorting thresh

div (determined by trial and error) were 2.2 and 0.1 s for
1 and T2 images, respectively.T1-sorted NMRI probabl

oses detail from extended diffusion exchange of water
ween bordering bulk and biofilm phases during the longT1-
ensitizing experiment time (t ir } T1), which is over an orde
f magnitude larger than for theT2-sorted image (tcp } T2).
NMRI spatial resolution studies (20) (results not shown

ere performed in which biofilm colonies were grown on a
lates for varying lengths of time. The colony dimensi
height and radius) were measured by bothT1-weighted NMRI
nd optical methods and compared. These experiments sh
owi
-
l-
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hat the biofilms are spatially resolved to the limits of the im
ixel resolution.
Figures 3a and 3b compare aT1-weighted NMR image o

he parallel plate, open-flow bioreactor (Fig. 1) with an opt
mage. The distributors appear as high-intensity lines nea
op and bottom of Fig. 3a because these locations contain
ater. Main features are clearly visible in the NMRI, i.e.,
iofilm colonies shown in gray, the flow channels swep
iofilm, and a few gas bubbles in the lower distributor.
Figure 3c shows a difference image created by subtra

inary optical and NMR images. (Binary NMRI and opti
mages were obtained from Figs. 3a and 3b, respectivel
electing a minimum threshold intensity that yielded an im
n visual agreement with the transparent model. The op
mage resolution was reduced to match that of the N
mage.) Figure 3c shows false-positive biofilm locations

FIG. 2. Comparison of (a) optical, (b)T1-sorted NMR, (c)T2-sorted
MR, and (d) conventional NMR biofilm images for a bioreactor gro
xperiment (the reactor does not correspond with the schematic in Fig.
in
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70 HOSKINS ET AL.
lack, false-negative locations in white, and locations in ag
ent with the optical image in gray. The NMRI and opti

mages agreed for 80.6% of the locations, with a net erro
2.0% false-negative locations.
Most of the discrepancy in Fig. 3c lies within the la

hannel and along the bioreactor walls, indicating pos
mage misregistration. Some detached and floating bioma
he large channel was redistributed when the sample
emoved from the NMRI laboratory to take photographs.
her quantitative uncertainty was introduced by the marg
uality of both the optical and NMR images.
Figures 4a and 4b compare aT1-weighted NMR image o

iofilm in the glass-bead-packed bioreactor and an op
mage of the same reactor after it was flooded with immer
iquid, respectively. A binary difference image (Fig. 4c) w
reated using the same method as in Fig. 3c. The NMR
ptical images agreed for 77.9% of the locations, with a
rror of 8.1% false-negative locations. The images demon

hat NMR imaging can rapidly and noninvasively detect
ize, shape, and location of biofilm in a model saturated po
nvironment.
Figures 5a–5c compareT2-sorted NMRI, optical, and di

erence images of biofilm in the glass-bead-packed biorea
he NMRI and optical images agreed for 82.3% of the lo

ions, with a net error of 1.8% false-positive locations. Opt
mages were not as reliable for the bead-packed bioreacto
lose manual visual inspection showed biofilm not seen in
ptical image. There appeared to be more biofilm in the re

FIG. 3. Comparison of (a)T1-weighted NMRI, (b) optical image, and
rown in flowing nutrient. TheT1-weighted NMRI and the optical image a
e-
l
f

le
in

as
r-
al

al
n

d
t
te

e
us

or.
-
l
nd
e
or

han indicated by the optical image and less than indicate
he NMR image.

Resolution of biofilm byT1-weighted NMRI is partially
ependent upon theintensity threshold,leading to a variabl
pparent biofilm boundary. In comparison, biofilm resolu
y T2-sorted NMRI depends upon arelaxation time threshol

div. With adequateT2 resolution,tdiv can be determined fro
histogram plot ofT2 image values. Contributions of overla
ing fluid phases to a single pixel can be resolved with m

iple-exponential analysis. The result is a more indepen
nd complete isolation of biofilm-associated and bulk fl
ignals.
Figure 6 shows the histogram of all (T2a plus T2b) image

ixel values for an open-flow biofilm growth experiment. I
onporous biofilm growth experiment, the histogram p

ypically start out with a unimodal distribution represent
ulk fluid. The histograms usually develop a bimodal distr

ion during the experiment, representing bulk and biofi
ssociated fluid. Figure 7 shows the distribution of sig

ntensities over the same range ofT2 values plotted in Fig. 6
.e., the summation of bothI 0a andI 0b over their correspondin

2 values. The area under the signal intensity curve can be
o determine the relative volumes of biofilm and bulk fluid

Figure 8 shows the histogram of allT2a andT2b image pixe
alues for the porous biofilm growth experiment in Fig. 5a.
ulk and biofilm fluid phases were not clearly resolved w
rowth. TheT2 distribution has a reduced mean value

ncreased variance, due to pore surface relaxation in addit

a binary difference image of a transparent bioreactor containingE. coli colonies
ed for 81% of the locations, with a net error of 12%.
(c)
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71SELECTIVE IMAGING OF BIOFILMS BY NMR RELAXATION
iofilm surface relaxation. This lack of phase resolution foT2

xperiments was a general trend in the porous systems, n
heless Fig. 5a compares reasonably closely with the op
mage.

FIG. 4. Comparison of the (a)T1-weighted NMRI, (b) optical image,

1-weighted NMRI and the optical image agreed for 78% of the locatio

FIG. 5. Comparison of the (a)T2-sorted NMRI, (b) optical image, an
-resolved NMRI and the optical image agreed in 82% of the locations
2
er-
al

Several NMR relaxation images were analyzed to deter
range ofT1 andT2 values that represent bulk fluid (measu
efore biofilm growth) and biofilm-associated fluid. Tabl
hows these values for both the open-flow and bead-pa

(c) binary difference image of the biofilm in the bead-packed bioreact
with a net error of 8.1%.

c) binary difference image of the biofilm in the bead-packed bioreact
ith a net error of 2%.
and
d (
, w
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72 HOSKINS ET AL.
xperiments. The bulk fluidT2 values are approximately thr
imes shorter in the bead-pack than in the open-flow ex
ent. The biofilm-associatedT1 and T2 values each fall i

imilar ranges for both experiments. Nonimaging relaxa
easurements of the bulk fluid showed some dependence

he Luria broth nutrient concentration (T1 5 2.2–2.9 s;T2 5
.81–1.12 s),both relaxation times decreasing with increas
oncentration.
The selective imaging of biofilm in the presence of b
ater via sorted relaxation NMRI is subject to several co

ions. Systems with a largerT1 or T2 contrast are easier to s
or a given experiment noise level. Clayden and Hesler21)
sed simulations to show that a robust biexponential fit w

FIG. 6. Histogram of allT2 image pixel values (biexponential model)
n open-flow biofilm growth experiment. The bimodal distribution reflects
resence of two distinct fluid phases (bulk and biofilm-associated water
olid line represents the moving average of three consecutive data poi

FIG. 7. Distribution of image intensities overT2 image values for a
pen-flow biofilm growth experiment.
ri-

n
on

i-

a

0:1 ratio ofT2 times requires a signal-to-noise ratio of 10:1
etter. For a 2:1 ratio ofT2 times, a signal-to-noise ratio
000:1 or better was recommended.
Additionally, the biofilm-associated signal must be dete
ithout distortion in the presence of the total signal plus no

hus the NMR acquisition hardware must have adequate
amic range (22). A 16-bit analog-to-digital converter is ad
uate for aM f:M o ratio ' 1:500, yielding a possible 12

ntensity increments overM f without distortion, whereM f and
o are the biofilm and total time-domain NMR signal int

ities, respectively. Other ways to ensure adequate dyn
ange are to reduceM o by avoiding excess bulk fluid in th
mage, e.g., by careful choice of image slice location, an
mplementingT1-weighting techniques to increase theM f:M 0

atio.
These conditions are more difficult to meet for biofilms

orous medium, where theT1 andT2 relaxation time distribu
ions are reduced and broadened by competing pore su
ffects, and the signal is reduced by the excluded volumT1

ifferences are generally greater in the porous growth ex
ents, thusT1-weighted andT1-sorted methods are preferre

R-T1 experiments are prohibitively long, soT1-weighted
MRI or possiblyT1-sorted imaging based upon saturati

ecovery (22) methods is preferred for porous media biofi
rowth studies.

e
he

FIG. 8. Histogram of allT2 values (biexponential model) for the poro
rowth experiment shown in Fig. 5. The bulk and biofilm-associated s
omponents are not resolved.

TABLE 1
NMR Imaging Relaxation Times for Biofilm-Associated

and Bulk Water

Experiment Fluid phase T1 (s) T2 (s)

Open-flow Bulk 2.1–2.6 0.32–1.1
Biofilm associated 0.3–1.9 0.07–0.

Bead-pack Bulk 0.5–2.5 0.12–0.4
Biofilm associated 0.3–2.2 0.05–0.
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73SELECTIVE IMAGING OF BIOFILMS BY NMR RELAXATION
CONCLUSIONS

NMRI can be used for the selective, nondestructive de
ion and imaging of biofilms. The NMR-derived images ar
eneral agreement with the optical images and with v

nspection of the transparent bioreactor. The phase reso
apability of relaxation NMRI is subject to relaxation tim
atios, signal-to-noise ratio, and dynamic range considera

sorting method to separate fluid phases with relaxation
alues approaching a 2:1 ratio was demonstrated. Wher
licable, the additional processing effort is rewarded b
leaner, more quantitative resolution of biofilm.T1-based
ethods are preferred for porous media biofilm studies.
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