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Complementary data acquired with different microscopy tech-
niques provide a basis for establishing a more comprehensive
understanding of health and disease at a cellular level, particularly
when data acquired with different methodologies can be correlated
in both time and space. In this Communication, a brief description
of a novel instrument capable of simultaneously performing con-
focal optical and magnetic resonance microscopy is presented, and
the first combined images of live Xenopus laevis oocytes are shown.

lso, the potential benefits of combined microscopy are discussed,
nd it is shown that the a priori knowledge of the high-resolution
ptical images can be used to enhance the boundary resolution and
ontrast of the MR images. © 2000 Academic Press

Key Words: magnetic resonance microscopy; confocal scanning
uorescent microscopy; integrated microscopy; cellular research;
enopus laevis oocytes.

It is well recognized that magnetic resonance micros
(MRM) and confocal optical microscopy (OM) each has t
unique advantages and disadvantages when applied to s
of live cells (1–3). For example, while optical images can
acquired with a high spatial and temporal resolution, the
plication of OM is largely limited to transparent and stai
samples. Conversely, while MRM is well suited to optic
opaque samples and generally requires no exogenous co
agents, the method is sensitivity limited. In practice, this m
that both the temporal and the spatial resolution achieved
MRM is generally considerably less than that achieved
OM. Despite these shortcomings, however, MRM is extrem
useful as it can provide both biophysical and biochem
information that cannot be obtained with OM and tha
particularly useful for understanding health and disease
cellular level (4–16). Therefore, correlating the OM and MR
data provides significant advantages over each of the me
ologies individually.

In principle this approach can be realized by carrying

1 To whom correspondence should be addressed at Pacific Northwe
ional Laboratory, P.O. Box 999, MS K8-98, Richland, WA 99352. Fax: (
76-2303. E-mail: robert.wind@pnl.gov.
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cells from one type of microscope to another (17). This ap-
roach has the advantage that it is relatively easy to imple
nd is especially well suited to studying fixed immobili
ells. However, when working with live cells a major dis
antage is that any change in the cell position, structure
hemical composition that occurs between successive me
ents inevitably jeopardizes an accurate correlation o
uired data. Moreover, imaging with different microsco
recludes studies of dynamic events where repetitive mea
ents are a prerequisite. These problems are avoided

ombined microscope where the same sample can be s
imultaneously with different methodologies. This Comm
ation describes initial results for an integrated confocal
agnetic resonance microscope which is designed to

arge single biological cells and cell agglomerates up to
m in diameter.
The combined OM/MR microscope employs a modula

hitecture that separates optical and NMR component
etailed description of the instrument will be published s
ately; here only a brief overview will be given. Figure 1 sho
sketch of the combined OM/MRM microscope. It utilizes

9-mm diameter, vertical-bore Oxford magnet, operatin
1.7 T, into which a bottom-loading OM probe and a t

oading MRM probe are inserted. Proton magnetic reson
mages are acquired using a Varian, Unity-Plus imaging s
rometer. The MRM probe consists of two parts: an outer p
ontaining the gradient coils, and an inner probe containin
F circuit and the sample compartment. The sample com
ent housing is machined from Torlon and has a glass win

n the bottom. It contains the NMR coil wound onto a h
ontally aligned silica capillary sample tube (1-mm O
.8-mm ID, 6-mm length) and the remaining volume is fi
ith deionized deuterium oxide (D2O) to improve both th

optical and the magnetic properties of the test section.
sample tube is part of a perfusion system, which is use
transport the cells to the test section and to maintain
viability. In order to locate the cells in the center of the co
polystyrene rod with a 0.25-mm diameter is mounted pe

a-
)
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372 WIND ET AL.
nently in the capillary at the outlet end, which is adequa
stop larger cells with a diameter of 0.4 mm and above. Sm
cells are retained by inserting a 0.53-mm-diameter solid p
styrene bead as an extra obstruction, injected into the cap
prior to inserting cells. The NMR coil is a solenoid with
length of 2 mm, consisting of eight turns of copper wire w
a thickness of 30mm and a wire spacing of 220mm between
the wires. This thin wire is used to minimize distortions in
optical images due to the presence of the coil. The2O
surrounding the coil has a magnetic susceptibility close to
of copper and serves to reduce the susceptibility broaden
the NMR lines due to the copper wires. It was found that
D2O does not induce any observable decrease in NMR pe-
mance of the coil at the 500-MHz proton Larmor frequen
With this setup a linewidth of about 0.003 ppm was obse
in a water volume of 0.23 0.2 3 0.2 mm3 selected in th
center of the coil, which is more than adequate for cel
research, where the linewidths are typically at least an ord
magnitude larger (16).

The confocal scanning microscope consists of the bot
loading probe with a custom objective manufactured f
nonmagnetic materials by Special Optics. Additional de

FIG. 1. Combined
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requirements were a field of view 23 2 mm2 and a long
orking distance design as dictated by the gradient coil g
try. The objective contains 10 elements and has the hi
ractical numerical aperture of 0.45. Following the objectiv
series of relay and scan lenses that place the galvano

canners 2 m away from the sample region. The objective
e moved in the vertical direction for three-dimensional im

ng. A small 488-nm laser, with a fiber optic link, and
onfocal detection system were placed about 3 m from the
agnet to avoid interference. An isotropic resolution in

y-plane up to 1mm could be achieved, whereas the po
spread function in thez-direction perpendicular to the pla
has a half-intensity width of about 33mm. We compared th
point-spread functions of our microscope with that of a c
mercial confocal microscope (Sarastro, manufactured by
lecular Devices), with the same numerical aperture. It
found that in our microscope the resolution in thexy-plane is
about 85%, and the resolution in thez-direction is about 50%
of that obtained with the Sarastro microscope. The reason
this reduced image quality are under investigation and p
bly are a result of the fact that our confocal microscope
more complex system than usual. The NMR coil wires

croscope architecture.
mi
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373COMMUNICATIONS
partly present in the optical window, causing intensity va
tions in the optical field of view. These intensity distortio
have been removed by normalizing the intensity of each im
pixel with confocal imaging data acquired with the sam
chamber uniformly filled with a fluorescent dye.

Initial testing of the combined microscope was perform
using Xenopus laevisoocytes. These amphibian cells are
tensively studied with light and confocal microsco
(3, 18, 19) because of their unique biology and relevanc
human cells (20). In the current study, they were ideal
esting because their enormous sizes (0.2–1.3 mm) en
etailed imaging—even with MRM (21–25). Moreover, the
o not require an extremely high spatial resolution in
ptical images, so that air objectives with a long work
istance and a large field of view can be used.
Confocal fluorescence images and MR water and lipid

ges were obtained on oocytes of different growth stages.
o the image experiments, the oocytes and their surroun
ollicle particles were stained with rhodamine-123, a nont
uorescent dye selective for active mitochondria. Then
tained oocytes were injected into the perfusion system
ith Barth’s medium, and the flowing medium transported
ocytes into the sample chamber and pressed them agai
onstriction in the perfusion tube, c.f. Fig. 1. This process
onitored in real time with a video camera and white-li

ront-face illumination microscopy utilizing the same objec
s that used for the confocal imaging. When the cells
ositioned in the field of view, the flow was stopped in orde
void flow artifacts in the MR images. Then a confocal

mage was obtained, followed by MR 3D imaging and c
luded by another confocal image to ensure that the cell
ot move during the experiments. Hence the OM and M
xperiments were not rigorously performed simultaneo
this does not mean, however, that the experiments could
een performed with separate microscopes, because m

he sample chamber from one microscope to the other w
ause major dislocations in the cell positions).
In order to register and calibrate the OM and MRM im

paces a 0.53-mm translucent polystyrene bead was in
rior to the insertion of the oocyte cells. This bead is ea

maged with MRM as a dark sphere in the surrounding
ium, and also with OM, as the medium produced a we
uorescent signal resulting from a small fraction of the
eaking from the oocytes into the medium. Moreover, the
nd MRM images of the medium also revealed the positio

he tube walls. It was found that the information about the b
nd tube locations was sufficient to obtain registration w

he optical and MR image planes with accuracy mainly dict
y the MR voxel size. The registration in the direction perp
icular to the optical plane is less accurate as a result o
elatively large optical point-spread function in this direct
t is estimated that the accuracy in the image registration in
irection is about 40mm. Currently phantom samples are un

development to better characterize and improve this situa
-
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Figure 2 shows a 3D rendering of the MR water ima
obtained with the combined microscope. Two stage 3 oo
with diameters of 0.6–0.7 mm are observed, connected to
other. The transparent object is the top half of the bead
some smaller oocytes and connective tissue are located ne
bottom of the sample tube. Also shown is the MR image
horizontal plane near the diameter of the lowest stage 3 o
(with an average diameter of 0.62 mm) and the bead, an
contour plot of the OM image. In Fig. 3 the 2D OM and MR
images of the same plane are shown. With MRM, the d
bution of both water and mobile lipids were imaged. In the
image the right side of the bead and the top right side o
oocyte are poorly defined. This is due to the presence of
small oocytes in the optical path and below the OM pl
which produce shadows in the plane of interest. The high
intensity at the oocyte boundary is believed to arise from
mitochondria in the surrounding follicle cell layer, while
interior is optically opaque. Additional features include sta
connective tissue near the oocyte, a fluorescing layer alon
inner wall of the sample tube, and a slight horizontal ban
due to imperfect wire correction. As discussed previously
quality of the optical image is less than optimal, resultin
some blurring of the sharp features.

The corresponding water MR image (Fig. 3b) is not affe

FIG. 2. Three-dimensional rendering of the MR image of a sample
sisting of two stage 3Xenopus laevisoocytes, a polystyrene bead, and so
connective tissue and smaller oocytes. Experimental details are given
legend to Fig. 3. The scale bars in thex-, y-, andz-directions are 0.2 mm
length. The blue contour plot shows the OM image plane coinciding wit
horizontal MR plane, both shown in Fig. 3. The dotted lines represent the
boundary of the 0.8-mm-ID sample tube. The MR rendering was zero-fil
yield an apparent 10-mm isotropic resolution.
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374 WIND ET AL.
by optical transmission effects and clearly shows the e
bead boundary. Also, the image shows a water-intensiv
cleus and a layer of enhanced water intensity in the cytop
near the outer membrane. This enhanced intensity is m
due to the fact that this water has a relatively shortT1 value and
that a short repetition time was used in the experiment.
cytoplasmic water distribution is complemented by the l
distribution in image (Fig. 3c), i.e., the water concentratio
lower where the lipid distribution is higher and vice versa.
dark circles, observed in the water image on either side o
oocyte, are small air bubbles.

The OM/MR overlay images (Figs. 3e and 3f) combine
superior spatial resolution of OM with the rich chemical in
mation and insensitivity to optical effects of MR. This sim
integration of the techniques illustrates how OM can be us
enhance MR resolution, and MRM can complement OM
in opaque areas. Further, combined images can be us

FIG. 3. Two-dimensional combined confocal optical (OM) and magn
a 0.62-mm-diameter stage 3Xenopus laevisoocyte (bottom object) in an
mitochondrial dye. The images represent the same horizontal plane thr
partial optical obstruction by the NMR coil wires; (b) a water-selective M
from image (a); (e) an overlay of the water MR image with the OM relief im
image plane was collected as part of a 25-plane 3D stack. The in-plane
entire stack was collected in about 5 min. An identical OM stack (not sho
for intensity distortions in the optical images due to the presence of the
a 3D FT spin warp MRI sequence using a repetition time of 0.5 and 0.3 s,
steps were performed independently in each of the two directions mutua
tube axis direction (frequency resolution is 200 Hz), yielding an isotropi

ater and lipid MR images were collected in 140 min with 4 repetitions a
2-kHz bandwidth) was employed to obtain chemically selective images
re
u-
m
ly

e

s
e
he

e

to
ta

to

identify features observed with the other imaging moda
Finally, Figs. 3e and 3f show that within the uncertain
imposed by the spatial resolution, contrast, and the sign
noise ratio of acquired images, excellent spatial registrati
observed.

Figure 4 shows similar confocal and MR images obtaine
a smaller stage 2 (0.38-mm-diameter) transparent oocy
contrast to results obtained on the larger oocyte (Fig. 3)
confocal image clearly shows the mitochondrial cloud (Figs
and 4d). In the water MR image (Fig. 4b) only the inside la
of enhanced water intensity is detected. The mitochon
cloud is not prominent in this image, although in other
images of similar-size oocytes (not shown) a compartmen
similar dimension as the mitochondrial cloud and incre
water intensity was visible. Further investigations are con
ing to see whether indeed these compartments are mito
drial clouds and under which conditions they become vis

resonance (MR) images of a 0.53-mm-diameter polystyrene bead (top
-mm-ID glass capillary tube. The oocyte was stained with the rhodam
h the center of the bead: (a) an OM image, corrected for intensity varidue to
image; (c) a lipid-selective MR image; (d) an OM relief contour image,ined
e; and (f) an overlay of the lipid MR image with the OM relief image. The
tical image resolution is 3.93 3.9 mm2, the plane thickness is about 33mm, and the
) of the sample chamber filled with fluorescent dye was collected and usrect
l wires in the optical field of view. Water and lipid MR images were obtausing
pectively, and an echo time of 12 and 10 ms, respectively. Sixty-four phaoding
orthogonal to the tube axis, and 128 frequency-encoding points were sad in the
atial resolution of 20mm. No zero filling was applied to the images in this figu
210 min with 10 repetitions, respectively. A spectrally selective RF excition pulse
he scale bar shown in (c) is 0.2 mm in length.
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FIG. 4. Combined confocal optical (OM) and magnetic resonance (MR) images of a 0.38-mm-diameter stage 2Xenopus laevisoocyte stained wit
rhodamine-123 mitochondrial dye. The images represent the same horizontal plane through the center of the oocyte: (a) an OM image, correctednsity
ariations due to partial optical obstruction by the NMR coil wires; (b) a water-selective MR image; (c) a lipid-selective MR image; (d) an OM relientour
mage, obtained from image (a); (e) an overlay of the water MR image with the OM relief image; and (f) an overlay of the lipid MR image with the O
mage. The image conditions are the same as given in the legend to Fig. 3, except that the in-plane resolution of the confocal image was enhanced3 2 mm2.
The scale bar shown in (c) is 0.2 mm in length. No zero filling was applied to the images in this figure.
er image of
olution and
e bounda
tensities. T
nd use
as appl
FIG. 5. Application of confocal image data to enhance the resolution and contrast of MR images at object boundaries. (a) The same MR wat
the stage 2 oocyte as shown in Fig. 4b; (b) a contour plot, obtained from the optical image shown in Fig. 4a; (c) an MR image with enhanced res
contrast near the contour boundaries. Enhancement was achieved by overlaying images (a) and (b) to distinguish MR image pixels containing thries
between the cell and the surrounding medium. Next, these MR boundary pixels were segmented by the confocal boundaries and assigned new inhe
intensity calculations preserve the total intensity of the original pixel, employ the areas of the compartments in a pixel as determined by OM, athe
intensities in adjacent pixels completely embedded within a certain compartment. The scale bar shown in (b) is 0.2 mm in length. No zero filling wied
o the images in this figure.



y a
at

th

pro
h o
ile
ge
th

luti
low

p th
b his
i ag
o 5b
c . B
o MR
i d t
s h
t ns
t ptio
o ws
t gn
c ed
p om
b tra
c op
c -
p ea
i ge
(

/M
m ch
n tic
a ica
d lar
c ptic
i ctiv
M d
r ad
o se
t ica
a o
a e—
s /m
i u-
m mi
p oc
A ini
s en
T tic
i str
m cit

a ch.
T next
g

ences
ent of
ed at

1

1

1

1

1

1

376 WIND ET AL.
with MRM. As expected for previtellogenic oocytes, onl
very weak lipid image was observed, with an intensity th
at least a factor of 20 lower than the lipid signal observed in
larger stage 3 oocytes.

The results clearly illustrate that combined microscopy
vides significantly more information than obtained with eac
the techniques individually. The MR images provide deta
information about the intracellular structure of the lar
opaque oocyte that is not observed with OM. On the o
hand, in the smaller transparent oocytes, the high-reso
optical images can be used to complement the relatively
resolution MR images. Moreover, thea priori knowledge

rovided by the confocal image can be used to improve
oundary resolution and the contrast in the MR images. T

llustrated in Fig. 5. Figure 5a shows the same MR water im
f the stage 2 oocyte as that given in Fig. 4b, and in Fig.
ontour plot is given of the optical image shown in Fig. 4a
verlaying both images pixels can be identified in the

mage containing the boundary between the oocyte an
urrounding medium. Then the average intensity in eac
hese pixels can be redistributed into each compartment i
hese pixels, following the procedure described in the ca
f Fig. 5. Figure 5c shows the resulting MR image. It follo

hat both the boundary resolution and the contrast are si
antly enhanced. Hence integrated OM/MRM can be us
roduce images in which the optical spatial resolution is c
ined with the MR contrast (and it is expected that this con
an be further improved, e.g., by doping the cells with a pr
ontrast agent (26, 27)). In spirit, this is similar to the ap
roaches currently used for improving low-resolution n

nfrared optical images using the higher resolution MR ima
28).

In summary, we have demonstrated that integrated OM
icroscopy can significantly enhance the utility of both te
iques. It is anticipated that a complete integration of op
nd MR microscopy could result in a variety of new techn
evelopments. For example, boundaries of organelles in
ells or specific areas in cell agglomerates observed in o
mages could, in principle, be used to guide volume-sele

RM experiments (29) to obtain MR spectra of identifie
egions. Moreover, time-dependent cellular phenomena re
bserved with optical microscopy could, in principle, be u

o synchronize quantitative MR studies to a physiolog
ctivity. This is especially important for events that oscillate
short time scale compared to the MRM measuring tim

uch as the release of insulin triggered by glucose (ca. 3
n pancreatic beta cells (30). In future applications, the instr

ent described here will be exploited for studying dyna
rocesses such as transport and stress responses in o
lso, a second integrated microscope capable of exam
ingle layers of live mammalian cells is under developm
his will be used to study cell apoptosis, a process of cri

mportance to cancer therapy. It is anticipated that both in
ents will, ultimately, greatly enhance the speed, specifi
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nd utility of OM and MRM methods in biomedical resear
herefore, combined OM–MRM may become one of the
eneration microscopy instruments for cellular research.
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2. S. Paüser, A. Zschunke, A. Khuen, and K. Keller, Estimation of
water content and water mobility in the nucleus and cytoplasm of
Xenopus laevis oocytes by NMR microscopy, Magn. Reson. Imag-
ing 13, 269–276 (1995).
3. Z. Gottesfeld and M. Neeman, Ferritin effect on the transverse
relaxation of water: NMR microscopy at 9.4 T, Magn. Reson. Med.
35, 514–520 (1996).

4. S. Posse and W. P. Aue, 1H spectroscopic imaging at high spatial
resolution, NMR Biomed. 2, 234–239 (1989).

25. R. E. Jacobs and S. E. Fraser, Magnetic resonance microscopy of em-
bryonic cell lineages and movements, Science 263, 681–684 (1994).
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